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Abstract  

Long-term carbon cycling and climate change are strongly dependent on organic carbon 

(OC) burial in marine sediments. Radiocarbon (14C) has been widely used to constrain the 

sources, sinks, and processing of sedimentary OC. To elucidate the dominant controls on the 25 

radiocarbon content of total organic carbon (14CTOC) accumulating in surface sediments we 

construct a box model that predicts 14CTOC in the sediment mixed layer (measured as fraction 

modern, Fm). Our model defines three distinct OC pools (“degradable,” “semi-labile,” and 

“refractory”) and assumes that 14CTOC flux to sediments is exclusively derived from surface 

ocean primary productivity, and hence follows a “generic” surface ocean dissolved inorganic 30 

carbon (DIC) bomb curve. Model predictions are compared to a set of 75 surface sediment 

samples, which span a wide geographic range and reflect diverse water column and depositional 

conditions, and for which sedimentation rate and mixed layer depth are well characterized. Our 

model overestimates the Fm value for a majority (65%) of these sites, especially at shallow water 

depths and for sites characterized by depleted 13CTOC values. The model is most sensitive to 35 

sedimentation rate and mixed-layer depth. Therefore, slight changes to these parameters can lead 

to a match between modeled and measured Fm values at many sites. Because of model 

sensitivity, slight changes in sedimentation rate and mixed layer depth can allow predictions to 

match measured Fm at many sites. Yet, in some cases, we find that measured Fm values cannot 

be simulated without large and unrealistic changes to sedimentation rate and mixed layer depth. 40 

These results point to sources of pre-aged OC to surface sediments and implicate soil-derived 

terrestrial OC, reworked marine OC, and/or anthropogenic carbon as important components of 

the organic matter present in surface sediments. This approach provides a valuable framework 
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within which to explore controls on sedimentary organic matter composition and carbon burial 

over a range of spatial and temporal scales.   45 
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1. INTRODUCTION 

Organic carbon (OC) burial in marine sediments represents an important sink for carbon 

on geological time scales. The dynamics and magnitude of OC burial are closely linked to 50 

atmospheric oxygen concentrations and the cycling of both major and minor elements, and thus 

have important implications for atmospheric carbon dioxide and its role in climate variability 

(Berner, 1982; Hedges and Keil, 1995; Burdige, 2007). Many studies have sought to clarify the 

sources, sinks, and controls on OC processing and burial. Yet significant gaps remain in our 

understanding of the factors that determine global variations in the content and characteristics of 55 

organic matter accumulating in marine sediments (Eglinton and Repeta, 2003). A well-cited 

synthesis of spatial variations in marine surface sediment OC content highlighted the importance 

of continental margins in organic matter burial (Premuzic et al., 1982). However, we lack similar 

information on the origin of the OC buried in these environments. Indeed, while ~ 90% of OC 

burial occurs in deltaic and margin settings that are strongly influenced by processes on the 60 

adjacent continents (Hedges and Keil, 1995), the fate of terrestrial OC in the coastal ocean 

remains unclear (Hedges et al., 1997; Burdige, 2005). The present study examines this problem 

by constructing a model that predicts the radiocarbon content of total organic carbon (14CTOC) in 

the sediment mixed layer, and by comparing modeled predictions to the observed distribution of 

14CTOC in marine surface sediments.  65 

Understanding how OC burial varies over space and time requires knowledge of major 

sources, sinks, and transformations. Yet the origin of the organic matter that is buried within 

continental margin sediments represents one of the long-standing questions in marine 

geochemistry.  This question has been difficult to resolve because of myriad sources, the 



 5

complex sedimentological and biogeochemical processes at work, and our limited ability to 70 

structurally characterize and assign provenance to the bulk of organic materials present (Lee et 

al., 2004).  

Particulate OC arriving at the sediment surface has several possible sources, including 

particles that rain down from the surface ocean as part of the marine “biological pump,” 

terrestrial particles delivered via rivers and wind, and reworked sedimentary particles from re-75 

suspension events, down-slope sloughing, or other lateral transport processes. There is also a 

large body of evidence suggesting that OC is highly attenuated and degraded in transit to marine 

sediments by microbes in soils, rivers, estuaries, and the marine water column (Hedges and 

Oades, 1997; Hedges et al., 1997; Lee et al., 1998; Lee et al., 2004).  

During its protracted residence in the marine sedimentary mixed layer, OC may be 80 

oxidized completely to carbon dioxide, transformed into new organic compounds by benthic 

fauna and microbes, altered by physical and chemical processes, or buried without alteration. 

There is evidence that sedimentary OC contains components with a range of reactivity 

determined by source composition and diagenetic processing (Westrich and Berner, 1984; 

Middelburg, 1989).  Likewise, environmental factors such as oxygen penetration depth, mineral 85 

associations, benthic community composition, and bottom currents would be expected to exert 

some control on the fate of OC (Mayer, 1994; Sayles et al., 1994; Hedges and Keil, 1995; 

Hartnett et al., 1998). The magnitude of different inputs as well as the rates of these processes 

strongly influence the fate of OC in sediments, and have clear implications for 

paleoceanographic reconstructions (see Ohkouchi et al., 2002; Zonneveld et al., 2010) as well as 90 

for the global carbon cycle. Yet our ability to predict which inputs and processes dominate at 

specific times and locations in the ocean remains rudimentary.  
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Oceanographers have developed and applied a suite of sophisticated geochemical tools to 

characterize the source and fate of OC in marine sediments. These include, among others, 

measurements of OC/N ratios, stable carbon isotopes (12C, 13C), and the abundance and isotopic 95 

composition of biomarker compounds reflecting both terrestrial (e.g., plant wax n-alkanes, lignin 

phenols) and marine algal (e.g., phytoplankton sterols, haptophyte-derived alkenones) inputs. For 

example, numerous studies have shown that 13C values for sedimentary OC increase along river 

to ocean transects (e.g., Gearing et al., 1977; Prahl et al., 1994), suggesting terrestrial carbon 

removal. These tools have helped clarify marine OC dynamics but are often limited by 100 

ambiguous or non-representative signatures, narrow geographic scope, environmental 

heterogeneity, and non-conservative behavior. For example, a typical 13CTOC value for 

sediments on the Northwest African margin (-20‰) could point to a dominant marine OC source 

or may simply reflect a 50:50 mixture of terrestrial C3 (~ -27‰) and C4 (~ -13‰) plant derived 

OC from the adjacent continent. Interpretations based on elemental ratios, including OC/N and 105 

OC/P, may be confounded by poorly defined end-members and/or the differential degradation of 

certain biochemicals (Ruttenberg and Goni, 1997). And although biomarker compounds are 

highly source-specific, they tend to occur in trace concentrations, so inferences about overall OC 

content are difficult to make. Thus, there is significant uncertainty associated with each of these 

approaches for apportioning marine and terrestrial organic matter (OM) sources.  110 

Radiocarbon (14C) adds an additional layer of specificity, and has been used together with 

13C to more fully constrain OC sources (Wang and Druffel, 2001; Blair et al., 2003; Nagao et al., 

2005; Drenzek et al., 2007). While dual isotope approaches may still be ambiguous, radiocarbon 

has the potential to constrain OC sources and transport timescales. For example, radiocarbon 

measurements have provided some of the strongest evidence for the presence of petrogenic 115 
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(fossil) OC in marine sediments (Dickens et al., 2004; Galy et al., 2007b). Studies of the 

radiocarbon content of terrestrial biomarkers have also shed light on the lifetime of terrestrial OC 

prior to deposition in ocean margin sediments (Eglinton et al., 1997; Eglinton et al., 2002; 

Ohkouchi et al., 2003; Drenzek et al., 2009). Multiple-tracer approaches improve our ability to 

assign sedimentary OC sources and transport timescales, but these studies are time-consuming, 120 

expensive, and difficult to execute on a large scale.  

The purpose of the present study is to examine the distribution of 14CTOC in a broad range 

of continental margin surface sediments (Figs. 1 and 2).  Throughout this paper we express 

14CTOC content as fraction modern (Fm), where large Fm values correspond to young 14C ages. In 

Fig. 2, Fm values generally decrease with increasing water depth, although considerable 125 

variability is evident, especially at shallow water depths. We investigate this relationship by 

comparing observations to box model predictions of 14CTOC content in the sediment mixed layer. 

Our model (wrongly) assumes that the only source of OC to sediments is from contemporaneous 

marine surface ocean primary productivity and therefore reflects the radiocarbon content of 

dissolved inorganic carbon (DIC) in surface waters. In the past, differences between the modeled 130 

and actual radiocarbon content of surface sediments from the northeastern Pacific and the Middle 

Atlantic Bight have been used to suggest sources of pre-aged OC (Anderson et al., 1988; Hwang 

et al., 2005). When given global reach, this approach has the potential to identify dominant 

factors controlling surface sediment 14CTOC and also highlight regions where further, in-depth 

geochemical and sedimentological studies would be appropriate and cost-effective.  135 

 

 

2. METHODS 
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2.1. Database Construction 

 A database of 326 core-top Fm values was compiled from existing literature and our own 140 

previously unpublished data (see electronic annexes EA-1 and EA-3). Ancillary data for each 

sample (%TOC,13CTOC, sedimentation rate, and mixed layer depth) were included in the 

database when available. Most samples are the 0 - 1 cm section of cores collected with a multi-

corer or box corer. While the depth interval of some other samples differed from 0 - 1 cm, all 

samples were obtained from the sedimentary mixed layer as defined below. Ocean margin sites 145 

dominate the database, but abyssal ocean and estuarine regimes are also represented (Fig. 1). Our 

modeling effort (described below) focuses on a subset of 75 sites for which Fm values are 

accompanied by measurements of sedimentation rate and mixed layer depth, which range from 

0.075 - 425 cm ky-1 and 0.1 - 27 cm, respectively (“Subset 1”). The data for this subset, 

including all of the available ancillary information and literature references are presented in 150 

electronic annexes EA-2 and EA-3.   

2.1.1. Case Study: 14CTOC in NW African Margin sediments 

The database includes 24 core-tops from the NW African margin that were collected in 

July 2007. The top 0 - 1 cm of each multi-core was isolated and stored frozen in pre-combusted 

glass jars before being freeze-dried, then crushed and homogenized with a mortar and pestle. 155 

These samples were analyzed for 14C at the National Ocean Sciences Accelerator Mass 

Spectrometry (NOSAMS) facility at the Woods Hole Oceanographic Institution. At NOSAMS, 

inorganic carbon was removed with 10% HCl (Trace Metal Grade) at 60 oC. The solids 

remaining after acid treatment were rinsed with distilled water and dried.  Each sample was then 

combusted to CO2, converted to graphite, and analyzed by AMS to determine a 14C/12C ratio.  160 
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Measured 14C values are expressed according to convention (Stuiver and Polach, 1977; Stuiver, 

1980) and all 14CTOC values have been corrected for decay since collection.  

2.1.2. Sources of error in 14CTOC measurements 

The average instrumental error for the 75 cores of Subset 1 is 0.005 Fm units. Also, when 

measuring OC isotopes, the acidification method used to remove inorganic carbon may introduce 165 

bias. This can stem from incomplete removal of recalcitrant carbonate minerals such as dolomite 

(Galy et al., 2007a). Conversely, more aggressive methods may preferentially remove 14C- (and 

13C-) enriched labile organic matter, and lead to fractionations in 14C on the order of 0.005 to 

0.01 Fm units (Komada et al., 2008 and references therein). In both cases, non-optimal 

acidification methods would bias our measured Fm values towards smaller values (older 14C 170 

ages). However, these errors are considered to be small when compared to the overall range of 

measured Fm values in Subset 1 (0.251 to 1.015).  

 

2.2. Mixed Layer OC Model 

 A schematic of our model of marine surface sediment OC is shown in Fig. 3. Similar to 175 

Emerson et al. (1987), we assume a homogeneous mixed layer, but whereas the Emerson model 

used one component of OC, our model uses three components of varying reactivity. Thus, the 

model consists of six equations: 12C and 14C in each of the three OC fractions. Because of the 

possible significance of bomb 14C in the mixed layer, the model includes a time-varying flux of 

14CTOC to the sea floor. The general, governing equation for the radiocarbon in the OC fraction is: 180 

dCi

dt


Fi(t)
h

 (  ki)Ci 
sCi

h
     (1) 

Ci is the concentration of each component of OC (i = degradable, semi-labile, or refractory) and 

Fi is the flux of that component to the sea floor.   is the radioactive decay constant for 14C (1.21 
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x 10-4 y-1), s is the sedimentation rate (cm y-1) and h is mixed layer depth (cm). The equation for 

12C in fraction i is the same as (1), but without the radioactive decay term. We have neglected 185 

13C in these equations, thus the total OC in fraction i is the sum of 12C and 14C. We assume that 

there is a constant flux of total OM (from surface ocean productivity) with a variable flux of 14C 

that is described by a representative 14C vs. time curve, determined by measurements of corals 

(Guilderson et al., 2004). “Degradable” OC was assumed to be 90% of the flux to the sea floor 

with an assigned decay constant (kD) of 1 y-1; “semi-labile” (kSL = 0.04 y-1) and “refractory” (kR = 190 

0) components were each assumed to be 5% of the flux (Soetaert et al., 1996; Sayles et al., 

2001). We also assume that the three OC fractions have the same age upon deposition into the 

surface sediment mixed layer. A single value for the flux of total OC to the sea floor 

(flux12cTOT) of 40 µmol C cm-2 y-1 was used (Reimers et al., 1992; Lohse et al., 1998; Martin 

and Sayles, 2004). Initial values for Ci (at t = 0, corresponding to the year 1950) were derived 195 

from a steady-state solution to the governing equation assuming the flux had a constant pre-

bomb Fm value (Fmpre-bomb = 0.95). The governing equation was solved in MATLAB at 0.1 y 

intervals using the ordinary differential equation solver ode15s, and modeled OC concentrations 

were recorded for the year each sample was collected. The 14C content of mixed-layer (“ml”) 

TOC was then calculated by: 200 

14 C
12C











ml


14 CD

14CSL
14CR

12CD
12CSL

12CR

     (2) 

This 14C/12C ratio is then converted to a fraction modern (Fm) value: 

Fm =
(14 C 12C)ml

(14 C 12C)"modern" ref









     (3) 

where the “modern” reference is 0.95 times the specific activity of NBS Oxalic Acid I, 

normalized to a 13CVPDB of -19‰ (Stuiver and Polach, 1977). Accordingly, the denominator in 205 
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equation (3) is equal to 1.176 x 10-12 (Karlen et al., 1968). We do not further normalize modeled 

Fm values to a 13CVPDB of -25‰ because this correction is negligible (< 1.4%) for the observed 

range of 13C values (-19‰ to -30‰).  

 

2.3. Sensitivity Analysis 210 

Each of the variables in the model (kD, kSL, h, s, flux12cTOT, fD) was assigned an average 

value based on observations and previous studies (Boudreau, 1994; Sayles et al., 1994; Soetaert 

et al., 1996; Middelburg et al., 1997; Martin and Sayles, 2004) (Table 1). The sensitivity of the 

model to a particular variable was then determined by testing a range of expected/observed 

values while holding all other variables constant at the assumed average value. Sensitivity is 215 

expressed as the absolute change in Fm for a given percent deviation from the assumed average 

value (Fig. 4a,b; electronic annex EA-4). The range for each parameter was chosen to provide 

full coverage of expected/observed values. For example, sedimentation rate (s), which varies 

over five orders of magnitude, is tested across a much wider range than the fraction of incoming 

OC that is “degradable” (fD).  220 

Our results suggest that modeled Fm values are most sensitive to sedimentation rate (s) 

and mixed layer depth (h). As expected, varying the sedimentation rate changes model sensitivity 

to mixed layer depth, and vice versa (Fig. 4b). Therefore, we confined our study to a subset of 75 

cores (Subset 1; Fig. 1) for which sedimentation rate and mixed layer depth information was 

available.  225 

 The same assumed average values of kD, kSL, flux12cTOT, and fD (see Table 1) are used 

for all samples because of the model’s insensitivity to these variables (Fig. 4a). In fact, 

flux12cTOT (the total flux of OC to sediments) is a dummy variable that has no effect on 
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modeled Fm values. Because Fm depends only on the ratio of 14C/12C, the model simply requires 

that we know how the 14C/12C ratio of the OC flux to sediments changes with time. We assume 230 

that each pool of OC in the sinking flux has the same 14C/12C ratio and that this ratio is defined 

by a single “generic” bomb curve derived from tropical W. Pacific corals (peak Fm at 1.12 in 

1985) (Guilderson et al., 2004). While actual surface ocean DIC bomb curves exhibit regional 

variability in peak height and timing, they share a common shape. We tested the effect of using a 

“generic” curve with a higher peak (Fm = 1.16) derived from Florida corals (Druffel and Linick, 235 

1978) and found that modeled Fm values increased on average by 0.0014, which is much less 

than the average instrumental error associated with 14C measurements. Under the conditions of a 

“generic” bomb curve and the assumed average values shown in Table 1, bomb 14C has a small 

but non-negligible effect on mixed layer OC (Fig. 5). Additionally, running the model with a 

constant 14C/12C flux successfully replicated the steady state solution.  240 

 

2.4. Sedimentation Rates and Mixed Layer Depths 

 The sedimentation rates and mixed layer depths used as model inputs were compiled 

from the literature or measured directly when corresponding sediment cores were available. 

These data are available in EA-2 along with information about methods and references (EA-2 245 

and EA-3). The majority of mixed layer depth estimates were derived from sediment profiles of 

unsupported 210Pb (210Pbxs), while sedimentation rates were determined using gradients in the 14C 

of foraminifera (or bulk CaCO3) in the mixed layer, TOC below the mixed layer, 210Pbxs, or 

230Th.  

The radioisotopes 210Pb (t1/2 = 22.3 y), 14C (t1/2 = 5730 y), and 230Th (t1/2 = 75,380 y) 250 

decay at different rates, making each suitable for estimating mixing and sedimentation rates in 
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specific depositional environments (Smith et al., 1993). 230Th was used to determine 

sedimentation rates for slowly accumulating sediments of the abyssal Pacific (Druffel et al., 

1984), while 210Pb was more appropriate at high accumulation (> 100 cm ky-1) shelf and slope 

sites where mixed layer residence times are short (< 100 y). At sites with intermediate 255 

sedimentation rates, estimates can be highly sensitive to the choice of tracer. For example, in the 

Cascadia Basin 210Pb-derived sedimentation rates exceed 14C-derived rates by two orders of 

magnitude (Hedges et al., 1999). At Station M off the coast of California the sedimentation rate 

was 28.4 cm ky-1 using 210Pb (Cai et al., 1995) versus 1.36 cm ky-1 with 14C (Wang et al., 1998). 

When run through our model, this difference in sedimentation rate translates into ~ 0.3 Fm units 260 

in 14CTOC, or more than 3000 radiocarbon years. In the case of Station M we use the 14C 

sedimentation rate because the residence time of particles in the mixed layer (5 cm) is long on 

210Pb timescales but short (180 - 3700 y) relative to the half-life of 14C. The downside is that 14C 

gradients below the mixed layer reflect sedimentation rates for some time in the past rather than 

the present day. On the other hand, 210Pb-derived sedimentation rates are almost always 265 

overestimates because of the effects of mixing.  

 For ten cores collected along the NW African margin we use 210Pb to estimate mixed 

layer depth. We assume that 210Pbxs decays much faster than it can be buried (at low 

sedimentation rate sites) and the presence of 210Pbxs below the sediment surface is primarily due 

to downward mixing by benthic fauna. The mixed layer depth is therefore defined as the depth at 270 

which 210Pbxs is zero. We calculate Holocene sedimentation rates using planktonic foraminifera 

14C data provided by P. deMenocal at Lamont-Doherty Earth Observatory or available in the 

literature (see EA-2 and EA-3). At sites where foraminiferal data were unavailable, 

sedimentation rates were determined by 14CTOC profiles below the mixed layer. We limit 
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ourselves to Holocene records when possible since glacial cycles are known to change 275 

sedimentation rates (Mollenhauer et al., 2002).  

 

3. RESULTS AND DISCUSSION 

Fig. 2 shows a plot of the 14C content (expressed as Fm) of TOC in surface sediments as a 

function of water column depth.  Three general features emerge from this plot.  First, the greatest 280 

variability in Fm is apparent in sediments from water depths shallower than 1000 m (shelf and 

upper slope environments). These settings include sites with substantial quantities of aged carbon 

(small Fm values). Second, there is a general tendency for Fm values to decrease with increasing 

water depth along the young (right-side) edge of the distribution. The curved lines shown in Fig. 

2 represent a model of non-reactive OM, which defines mixed layer 14C age simply as h/s, where 285 

s decreases with depth (Middelburg et al., 1997) and h is held constant at values (5 cm and 15 

cm) that bracket the global mean (9.8 cm; Boudreau, 1994). Finally, although the variability is 

greatest at shallow depths, substantial variability exists across all depths.  Important information 

on OC source may be embedded within this variability.  

We can begin to uncover factors controlling 14CTOC variability in surface sediments by 290 

analyzing how observations and modeled values differ as a function of other geochemical 

properties. We reiterate that our model assumes that sedimentary OC is exclusively derived from 

contemporaneous marine production, which has the same radiocarbon content as surface ocean 

DIC. Thus, by excluding pre-aged OC inputs, our model results are intentionally biased toward 

large Fm values and young radiocarbon ages.   295 

 

3.1. Comparing Measured and Modeled Core-top 14CTOC Content 



 15

The sensitivity of our model to sedimentation rate and mixed layer depth require that we 

limit our comparative analyses to Subset 1 for which these parameters are well known. Our 

model overestimates the Fm value of surface sediments at 65% of sites, pointing to significant 300 

contributions of aged OC (Fig. 6). Discrepancies between modeled and measured values reflect 

both physical processes not considered by this simple model and some degree of uncertainty in 

model inputs. In general, sites where the model underestimates Fm are twice as sensitive to 

changes in sedimentation rate and mixed layer depth (Fig. 6). In other words, the average “error 

bar” of a site below the 1:1 line is twice as large as that above the line, suggesting that Fm 305 

overestimates are generally less likely to be the result of inaccurate model inputs. These results 

lend support to the claim that Fm overestimates may reflect pre-aged OC inputs not considered 

by our model. The source and magnitude of this aged OC pool has important implications for 

models of OC cycling and burial in the oceans, as well as for the interpretation of sedimentary 

records.  310 

3.1.1. Model Overestimates Fm 

There are a variety of reasons why our model would overestimate the Fm value of surface 

sediments. A primary reason mentioned above is that the model does not include a pre-aged OC 

input term. Therefore, if pre-aged inputs were important for a particular site, the model would 

likely overestimate Fm. Sources of pre-aged OC can include reworked marine sediments, 315 

terrestrial OM that has aged in-transit to marine sediments, mobilized bedrock containing fossil 

(petrogenic) OC, methane gas hydrates, hydrocarbon seeps, combustion-derived black carbon, 

and anthropogenic petrochemicals.  

Additional information can help us better characterize the mixture of pre-aged OC 

sources at specific locations. Sediment grain size distributions and 230Thxs have been used to 320 
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identify sediment transport, winnowing, and focusing (Premuzic et al., 1982; Kienast et al., 

2007; Broecker, 2008). Molecular-level biomarker analyses have also provided key insights into 

OC sources to marine sediments (Prahl et al., 1994; Eglinton et al., 1997; Pearson et al., 2000; 

Ohkouchi et al., 2002; Gordon and Goni, 2003; Drenzek et al., 2007). Both approaches may be 

used in concert with our modeling approach to corroborate the presence of pre-aged carbon and 325 

constrain its origin at specific sites.  

Anthropogenic disturbance of sediments via trawling and dredging operations could also 

lead to Fm overestimates in heavily fished areas on continental shelves due to enhanced sediment 

resuspension and direct mixing of deep, old sediments into the surface layer (Churchill, 1989; 

Martin et al., 2008). Another alternative (discussed above in section 2.1.2) is that measured Fm is 330 

biased towards smaller values by aggressive inorganic carbon removal methods that may remove 

younger, more labile carbon (Komada et al., 2008).  

3.1.2. Model Underestimates Fm 

Underestimates of Fm may result from direct inputs of modern terrestrial OC with near-

atmospheric 14C values, or as an artifact of measuring surface sediments (often the top few 335 

centimeters) while modeling the 14C inventory of the entire mixed layer. Total organic carbon 

and 14CTOC concentrations often decrease with depth in the sediment, reflecting degradation and a 

transition from high proportions of labile (young) organic matter to more refractory OM. 

Therefore, if the top 1 cm of sediment preferentially captures this labile material the sample will 

return a higher Fm value than the modeled mixed layer depth integrated Fm.  340 

Modeled Fm values are increasingly sensitive to changes in s at low sedimentation rate 

sites (Fig. 4) where the majority of Fm underestimates exist (see below and Fig. 7c). Thus it is 

important to rule out systematic biases (related to tracer timescales, mixing, and methodology), 
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especially at low accumulation sites. In general, small discrepancies between modeled and 

measured 14CTOC ages can be resolved by adjusting model inputs (mainly s, h) within reported or 345 

expected ranges of uncertainty. Resolving the larger discrepancies may require additional OC 

input terms or alternative mechanistic explanations.  

3.1.3. Geochemical Properties and Patterns 

Discrepancies between modeled and measured Fm values (“∆Fm (modeled-measured)”) 

are plotted against six sediment characteristics in Fig. 7. When Fm is positive, the modeled Fm 350 

value exceeds the measured value (i.e., the measured 14CTOC age is greater than the modeled 

age). There are correlations between ∆Fm and water depth (Fig. 7a), 13CTOC (Fig. 7b), 

sedimentation rate (Fig. 7c), and latitude (Fig. 7d), but no apparent relationships with mixed-

layer depth (Fig. 7e) or %TOC (Fig. 7f). Overestimates of Fm were common (i) at water depths 

less than 2000m, (ii) when the 13CTOC values were lower than -20‰, (iii) at high OM 355 

accumulation sites (s > 0.05 cm y-1), and (iv) at intermediate to high latitudes, both in the 

northern and southern hemispheres (Fig. 7a - d).  

The results for shallow water depths and near-shore high latitude sites suggest that 

proximity to continental sources may be an important determinant of mixed-layer sedimentary 

OC. The trend toward increasingly positive ∆Fm values at high latitudes may also reflect longer 360 

terrestrial OC residence times in these environments or a higher proportion of pre-aged terrestrial 

or petrogenic OC relative to marine OC. The fact that sites with highly depleted 13C values also 

display positive ∆Fm values suggests an important role for terrestrial OC in explaining the 

discrepancy between modeled and measured 14CTOC content. The relationship between 

sedimentation rate and ∆Fm is also particularly strong, and we hypothesize that pre-aged OC 365 
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inputs are in fact characteristic of high accumulation sites such as river-dominated margins, 

sediment drifts, and sediment depocenters (Ohkouchi et al., 2002; Mollenhauer et al., 2005).  

3.1.4. Sources of aged carbon 

Assuming the model is robust, then depending on the source(s) of aged carbon there are 

different implications: (i) If the source of aged carbon stems from terrestrial biomass, then this 370 

has implications regarding the importance of marine sediments as a sink for CO2 removed from 

the atmosphere by terrestrial photosynthesis, as well as the temporal lag between carbon fixation 

on land and burial in the ocean; (ii) If the source is marine carbon that has aged through the 

processes of deposition, resuspension, and lateral transport, then this has consequences for 

across-margin carbon transport, the role of margin-derived carbon in fueling benthic 375 

biogeochemical processes and carbon burial in the deep sea (Jahnke, 1996; Dunne et al., 2007), 

and our ability to interpret sedimentary records of past surface ocean properties; (iii) If the 

source is predominantly fossil carbon from bedrock erosion on adjacent hinterland, then (a) only 

a small amount of infinite age carbon is needed to change the measured 14C age of TOC, and (b) 

erosion and reburial of this petrogenic carbon has no net effect on atmospheric CO2/O2 (Galy et 380 

al., 2008); (iv) Finally, there is abundant evidence that anthropogenic inputs of fossil fuel-

derived carbon to the coastal ocean may be significant. These may take the form of combustion 

residues (black carbon), oil spills, organic materials synthesized from petrochemical feedstocks 

or other inputs (Griffith et al., 2009). Natural sources of fossil carbon emanating from the 

seafloor may also be significant (e.g., petroleum or methane seeps) (Kvenvolden and Harbaugh, 385 

1983; Hill et al., 2006; Pohlman et al., 2009).  

3.1.5 Gradients and Diagenesis 
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 Applying our database to issues related to OC cycling in the ocean depends on a better 

understanding of how diagenesis and sedimentological factors shape the character of 

accumulating OC. In particular, since our model assumes a homogeneous mixed layer, it is 390 

necessary to evaluate possible biases due to the occurrence of concentration gradients in surface 

sediments. Mixed layer gradients in %TOC and 14CTOC can result from a combination of 

diagenetic and transport processes. On mixed layer timescales, microorganisms may gradually 

remove intermediate reactivity (“semi-labile”) OC. Additionally, subsurface maxima in 210Pbxs, 

%TOC, and 14CTOC have been attributed to certain non-diffusive particle mixing processes such 395 

as “subductive” transport (Smith et al., 1997), which carries particles from the sediment surface 

to specific depth intervals below the surface. Finally, mixed layer 14CTOC gradients may be 

attributable to the variable 14C content of the flux to the sea floor over time. For example, bomb 

radiocarbon that was incorporated into semi-labile and refractory OC in sediments could 

influence mixed layer gradients and provide a subject for future modeling studies.   400 

 

3.2. Comparing Depositional Settings 

Given the possible importance of sedimentation rate, mixed layer depth, and pre-aged 

organic matter inputs, we explored whether depositional setting might shed light on the 

discrepancy between modeled and measured values.  405 

3.2.1. Open Ocean Sites 

Oxygenated open ocean sites are shown as orange circles in Figs. 6 and 7. Our model 

underestimates Fm for all of the open ocean sites except one at the Antarctic polar front. 

Together with enriched 13C values (Fig. 7b Region I), this suggests that primarily fresh marine-
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derived OC inputs dominate at these sites. Yet, abyssal sites with particularly large negative Fm 410 

values may require additional explanation.  

Take, for example, the N. Pacific site (0 - 0.5 cm; 5584 m) with a reported sedimentation 

rate of 0.075 cm ky-1 and mixed layer depth of 7.5 cm (Druffel et al., 1984). Our model 

underestimates the Fm of this core-top sample by nearly 0.3 units (~13,000 years). At first this is 

surprising because our model assumes that flux to the sediments has a surface ocean 14C/12C 415 

ratio, meaning it should be biased towards modern values. The most reasonable explanation in 

this case is that there is a distribution of ages in the mixed layer and the uppermost sediments 

that were sampled are in fact much younger than the integrated mixed layer. This effect may be 

particularly severe for low accumulation sites with pronounced gradients through the upper 

portion of the mixed layer. An alternate physical explanation could invoke large, direct inputs of 420 

“atmospheric” carbon (e.g. extremely fresh terrestrial OC), but this is extremely unlikely in the 

abyssal N. Pacific. It is possible that the sedimentation rate determined for this core (using 

230Th/232Th) was artificially low, resulting in a very old modeled age. In fact, moderate 

manipulations to mixed layer depth (27% decrease) and sedimentation rate (factor of 4 increase) 

were sufficient to match the measured Fm. While our model is increasingly sensitive at low 425 

sedimentation rates (Fig. 4a,b), it is possible that biases due to mixed layer 14CTOC gradients are 

especially large for abyssal sites where the sedimentation rate is low and the sampled core-top 

depth interval is small relative to the entire mixed layer depth.  

3.2.2. NW African Margin 

The purple squares (Figs. 6 and 7) represent a group of NW African continental slope 430 

sites near the perennial upwelling regions of Cape Ghir and Cape Blanc (Helmke et al., 2005). 

This subset was chosen because we have a high degree of confidence in the sedimentation rate 
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(based on foraminiferal 14CCaCO3) and mixed layer depth (based on 210Pbxs), which were 

measured on the same cores as 14CTOC. Karakas (2006) observed lateral offshore transport of 

shelf sediments off Cape Blanc. Yet, for all but one of these sites our model underestimates the 435 

Fm of core-top OC, although to a lesser extent than the open ocean sites. The reasons for this are 

unclear, although they may be related to mixed layer 14CTOC gradients, attenuation of young 

(labile) OC below the top centimeter of the mixed layer, direct eolian inputs from sources on the 

African continent, and/or rapid lateral transport of modern OC (see Mollenhauer et al., 2006; 

Kusch et al., 2010).  440 

3.2.3. Peru and Benguela Upwelling Regions 

Sites from the upwelling regions off Peru and Namibia are shown as red diamonds (Figs. 

6 and 7) and are characterized by high surface ocean primary productivity and exceptional OM 

preservation in underlying anoxic sediments (i.e. mixed layer depth ~ 0 cm). Enriched 13C 

values point to OC sources derived from marine productivity. Remarkably, however, the model 445 

overestimates Fm for these surface sediments, suggesting that a significant fraction of the OC is 

pre-aged, possibly due to the resuspension and lateral transport of marine-derived OC (Fig. 7b 

Region II) (Mollenhauer et al., 2007).  

3.2.4. River-Dominated Washington Margin 

The green triangles (Figs. 6 and 7) correspond to a shelf-slope transect immediately 450 

offshore from the Columbia River. This subset was again chosen due to high confidence in the 

quality of the sedimentation rate and mixed layer depth information, and because it represents a 

river-dominated ocean margin. The model overestimates the Fm of surface sediments for all but 

one site in this subset, implicating pre-aged OC inputs. This subset is also characterized by 

depleted 13CTOC values (Fig. 7b Region III), suggestive of terrestrial and/or fossil OC 455 
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contributions. It is notable that even within this very well characterized subset we find an outlier, 

where the measured Fm is significantly larger than predicted by the model (Fm = -0.32; Fig. 7). 

While this type of outlier reinforces the importance of interpreting each result in the appropriate 

regional context, it also highlights a potential strength of this approach in identifying specific 

locations that do not conform to expected trends. These are sites where our modeled view of the 460 

world must adapt, and in doing so we may discover novel inputs and processes.  

 

3.3. Explaining Age - Water Depth Relationships 

At many sites, sedimentation rate and mixed layer depth are unavailable and costly to 

obtain, which precludes using the model described here. Yet when combined with ancillary data, 465 

extensive measurements of 14CTOC over a range of spatial scales have the potential to yield new 

information on OC source, transport, and preservation. This is illustrated by Fig. 8, which shows 

14CTOC content (Fm) as a function of depth in three distinct continental margin settings 

(oxygenated open marine, river-dominated, and upwelling systems with associated oxygen 

minimum zones).  470 

Although these data are limited and exhibit considerable scatter, there appear to be 

differences in Fm-depth relationships.  Perhaps surprisingly, sediments underlying the oxygen 

minimum zones off Namibia and Peru show the greatest decrease in Fm with increasing water 

depth, despite being characterized by rapid OC burial and dominated by organic matter derived 

from marine productivity. Sedimentological information such as sedimentation rate and mixed 475 

layer depth would provide important insights on these patterns. For instance, decreasing Fm with 

water depth on the oxygenated and river-dominated margins could be explained by decreasing 

sedimentation rate in traversing from shelf to slope, and slope to basin (Middelburg et al., 1997). 
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Differences in mixed layer depth or sedimentation rate need to be ruled out explicitly in 

explaining the lower Fm values in the upwelling-dominated margins. However, it appears that a 480 

different explanation can be used to interpret these upwelling-margin data. Inthorn et al. (2006) 

suggest that lateral particle transport in bottom nepheloid layers is particularly important for the 

dispersal across highly productive continental margins such as the Benguelan upwelling system, 

and for enhanced accumulation of OC in slope sediments by maintaining elevated sedimentation 

rates. Aging of particulate OC could occur through repeated cycles of deposition and 485 

remobilization into bottom nepheloid layers. Support for this process as a factor influencing 

core-top 14CTOC content stems from comparisons of the 14C age of specific algal biomarkers 

(alkenones) with co-occuring planktonic foraminiferal carbonate.  Since the carbon in both of 

these types of organism stems from the surface ocean they should exhibit similar 14C ages.  

Discrepancies therefore imply an influence of pre-depositional processes.  Mollenhauer et al. 490 

(2005) found a relationship between the magnitude of the alkenone-planktonic foram 14C age 

difference and the OC content of the sediment, whereby alkenones exhibited the oldest ages 

relative to forams for sediments with the highest OC contents. For example, in slope depocenters 

on the margin underlying the Benguela upwelling zone the alkenones are as much as 4,000 yr 

older than the foraminifera (Mollenhauer et al., 2003). As a result of continuous resuspension 495 

and the low settling velocities of OC in fluffy aggregates, the material could reside in the benthic 

boundary layer for extended periods of time while being laterally transported according to the 

flow conditions. 

This example shows the power of combining data sets from different geographic regions, 

applying the reasoning arising from a simple model incorporating diagenetic and 500 

sedimentological factors, and using the broadest possible range of ancillary data to aid 
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interpretation. The creation of a global dataset and further refinement of the interpretive model 

described here may ultimately enhance our knowledge of OM source, pathways, and 

preservation on continental margins. 

 505 

4. CONCLUSIONS 

Results from this work suggest that the 14C content of mixed layer OC adds important 

constraints on the sources of OM preserved in continental margins and on sedimentological 

processes. Our simple model of 14CTOC of marine surface sediments was highly sensitive to 

sedimentation rate and mixed layer depth. However, at several well-characterized sites, there 510 

were no reasonable combinations of sedimentation rate and mixed layer depth that would allow 

the model to match the measured 14CTOC content of surface sediments. The model tended to 

return larger Fm values (younger ages) than actually observed. This finding provides strong 

evidence for inputs of pre-aged OC to the sediment surface at these sites. While it is tempting to 

invoke this idea for all samples with overestimated Fm values, we have yet to resolve the effect 515 

of possible sampling biases and down-core concentration gradients. Nonetheless, if pre-aged 

inputs are driving the deviation between modeled and measured Fm, it may be possible to 

separately quantify the global burial of newly-formed and pre-aged carbon using our model 

deviations and estimates of OC burial at each of our sites.  

In order to develop a predictive capability for the model that could be broadly applied, it 520 

will be important to link 14C data to key depositional and water column properties or 

oceanographic regimes (e.g., Seiter et al., 2004) and expand our coverage of regions and water 

depths. Extending this approach to a larger suite of cores will require many additional 

measurements, or the use of global estimates for mixed layer depth (Boudreau, 1994) and 
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sedimentation rate (Middelburg et al., 1997). Yet additional analyses would also help to validate 525 

the observed range of deviations between modeled and measured 14CTOC content, and thus inform 

how far 14C measurement precision could be reduced (thereby increasing sample throughput and 

decreasing cost) in this context. This information is important as 14C measurement technology 

advances and our understanding of the global distribution of sedimentary 14CTOC improves.  
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Tables 

Table 1. Summary of Model Parameters  

Parameter Units Assumed 
Average Value* 

Unique Value 
for Each Site? Description

kD  y-1 1 N Rate constant for the “degradable” OC pool 

kSL y-1 0.04 N Rate constant for the “semi-labile” OC pool 
kR y-1 0 N Rate constant for the “refractory” OC pool 
h cm 10 Y Mixed layer depth 
s cm y-1 0.01 Y Sedimentation rate 

flux12cTOT mol cm-2 y-1 40 N Total OC flux to sediments 
 fD - 0.9 N Fraction of the OC flux in the degradable pool 

*see text for references 760 
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Figure Legends 

Fig. 1. Map showing the location of 326 core-top 14CTOC measurements (gray diamonds) as well 

as 75 locations (Subset 1, red circles) where mixed layer depth and sedimentation rate are also 765 

well characterized.  

 

Fig. 2. The 14C content (measured as fraction modern, Fm) of TOC in surface sediments varies 

as a function of the depth of the overlying water column. Red circles indicate locations where 

information on sediment accumulation rate and sediment mixed layer depth are available. The 770 

curved lines assume well-mixed, non-reactive OC with an age (and Fm value) defined by h/s, 

where h is the mixed layer depth and s is the sedimentation rate defined by Middelburg et al. 

(1997) as a function of water depth. Fm values of 1 correspond to a “modern” (1950) 

radiocarbon signature; the smallest Fm shown here corresponds to a radiocarbon age of 23,000 

years. The average analytical error in Fm (0.0036) is smaller than the symbols.  775 

 

Fig. 3. Model of OC in the sediment mixed layer used to predict the Fm of surface sediments. 

The incoming flux of OC has a 14C/12C ratio that varies with time according to a “generic” 

surface ocean DIC bomb curve. See section 2.2 for details.  

 780 

Fig. 4. (a) The model is more sensitive to mixed layer depth (h) and sedimentation rate (s) than 

to OC degradation rate constants (kD, kSL), the incoming OC flux (flux12cTOT), or the fraction of 

OC in the degradable pool (fD; where (1 - fD) / 2 = fSL = fR). “Fm (modeled)” is the change in 

modeled Fm for a given percent change in the assumed average value (see Table 1); (b) As for 
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(a) but showing how the choice of assumed average value changes model sensitivity to 785 

sedimentation rate and mixed layer depth.  

 

Fig. 5. The effect of bomb radiocarbon on the 14C content of mixed-layer organic matter through 

time as determined by the model described in section 2.2 and using the assumed average 

parameter values given in Table 1. While the degradable OC fraction tracks the bomb curve 790 

closely, it is quickly degraded and therefore has little influence on mixed layer 14C. Refractory 

OC, with a residence time of 1000 years (t = h/s), is not affected by bomb 14C, and its 

quantitative importance limits the total effect of bomb radiocarbon on the mixed layer. However, 

since the intermediate-reactivity fraction is significant, bomb 14C has a small contribution to 

mixed layer OC. 795 

 

Fig. 6. Comparison of modeled and measured Fm for Subset 1. Several depositional settings are 

highlighted. They include a shelf-slope transect near the Columbia River (green triangles), a 

group of cores along the NW African continental margin (purple squares), upwelling regions off 

of Peru and Namibia (red diamonds), and open ocean sites (orange circles). The 1:1 line is shown 800 

to indicate where modeled and measured values are equal. Error bars reflect the modeled 

response to a concurrent 10% increase (decrease) in sedimentation rate and 10% decrease 

(increase) in mixed layer depth.   

 

Fig. 7. Discrepancies between modeled and measured Fm values as a function of (a) water depth, 805 

(b) 13CTOC, (c) sedimentation rate, (d) latitude, (e) mixed layer depth, and (f) %TOC. Positive 

(negative) values of Fm (modeled-measured) indicate that the model has overestimated 
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(underestimated) the actual Fm value. Depositional settings are highlighted by color and include 

a shelf-slope transect near the Columbia River (green triangles), a group of cores along the NW 

African continental margin (purple squares), upwelling regions off of Peru and Namibia (red 810 

diamonds), and open ocean sites (orange circles). We hypothesize that Fm underestimates in 

Region I result from mixed layer OC gradients, while overestimates in Regions II and III reflect 

redistributed marine OC and pre-aged terrestrial/fossil OC respectively.   

 

Fig. 8. The Fm of TOC in surface sediments varies as a function of water column depth for 815 

transects across oxygenated (NW Atlantic, black circles), river-dominated (NE Pacific 

Washington/Oregon, green triangles), and upwelling-dominated (Peru and Namibia, red 

diamonds) margins. Dashed lines are color coded for each margin system and are provided as 

visual aids only. They should not be interpreted as implying any functional relationships. Note 

that these data points are a subset of those presented in Fig. 2. 820 
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Electronic Annex Captions 

EA-1. Full Database (326 sites, latitude, longitude, water depth, core depth, core type, fraction 

modern, reference) 

 825 

EA-2. Subset 1 Database (75 sites, latitude, longitude, water depth, core depth, core type, 

%TOC, 13CTOC, sedimentation rate (s), s method, s reference, mixed layer depth (h), h method, 

h reference, fraction modern, reference) 

 
EA-3. Full citations for database references in electronic annexes EA-1 and EA-2 830 
 

EA-4. Tabulated sensitivity analysis results. Each variable is analyzed across a range of 

reasonable/observed values while all others are held constant at the assumed average value 

(shown in bold and italics). These values are also displayed graphically in Fig. 4a.  

 835 
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