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D R A F T June 12, 2017, 10:25am D R A F T



X - 2 WILSON AND ARNDT: RADIOCARBON CONSTRAINT ON DOC DILUTION

Key Points.

◦ Dissolved Organic Carbon

◦ Radiocarbon

◦ Recalcitrance of dissolved organic carbon

◦ Dilution of dissolved organic carbon

Abstract. The recalcitrance of dissolved organic carbon (DOC) that leads3

to its accumulation in the deep ocean is typically considered a function of4

its reactivity. Yet, recent experimental evidence has shown that DOC from5

the deep ocean, if concentrated, can support significant microbial growth.6

This supports an alternative hypothesis that [DOC] may become too dilute7

to support microbial growth. The radiocarbon signature of DOC is a key con-8

straint on the DOC cycling that allows testing of the plausibility of this hy-9

pothesis. Here, we use a box model of diluted DOC in the deep ocean and10

its radiocarbon signature that is constrained on the basis of the new exper-11

imental evidence, as well as current knowledge of deep ocean DOC cycling12

to quantitatively test the dilution hypothesis. We explore the uncertainty in13

model results across a range of plausible dilution thresholds, additional pro-14

cesses, and fluxes of DOC to the deep ocean. Results show that the model15

is able to predict the observed radiocarbon signature for a dilution thresh-16

old close to the observed deep ocean [DOC] and for fluxes close to published17

estimates. Sensitivity analysis shows that this result is highly sensitive to vari-18

ations in the dilution threshold, and the assumption that diluted DOC is able19

to survive ocean overturning. The experimental findings can be alternatively20

reconciled over a large range of different conditions assuming a small pool21
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of diluted DOC with a modern radiocarbon signature, consistent with re-22

cent observations, and offering a parsimonious interpretation of dilution with23

existing hypotheses on DOC recalcitrance.24
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1. Introduction

Dissolved Organic Carbon (DOC) forms the largest reservoir of organic carbon in the25

ocean with an inventory of 662 Pg C [Hansell et al., 2009]. The majority of DOC in the26

ocean is formed by phytoplankton during photosynthesis (∼21 Pg C year−1) with addi-27

tional smaller sources from atmospheric deposition, rivers and hydrothermal systems (all28

<0.36 Pg C year−1) [Carlson and Hansell , 2015]. Key features of ocean DOC cycling have29

previously been described using its radiocarbon signature (∆14C) by the two-component30

model first proposed by [Williams and Druffel , 1987]. Observations show that both pro-31

files of DOC concentration and ∆14C decrease monotonically from the surface of the ocean32

before becoming almost uniform at depths >1000 m. The radiocarbon signature of surface33

ocean DOC, ∆14C, is depleted by ∼300 h relative to that of dissolved inorganic carbon34

(DIC), while deep ocean DOC (>1000 m) is generally characterised by bulk conventional35

radiocarbon ages of 4000 in the Atlantic to 6000 years in the North Pacific (∆14C ∼ -392h36

to -526h) [Bauer et al., 1992]. Mass balance calculations and mixing models show that37

the consistent 300h depletion in surface waters can be explained by two distinct DOC38

pools 1) a dynamic DOC pool that cycles on short timescales (10−1 to 101 years) and is39

characterised by radiocarbon signatures close to that of DIC and 2) a well mixed, radio-40

carbon depleted pool that cycles on the timescales of millennia [Williams and Druffel ,41

1987; Beaupré and Aluwihare, 2010].42

A DOC pool that persists over millennial timscales in the deep ocean is central to the43

concept of the ”microbial carbon pump” (MCP) [Jiao et al., 2010, 2014]. Similar to the44

solubility, soft-tissue, and carbonate pumps that maintain a vertical gradient of DIC and45

D R A F T June 12, 2017, 10:25am D R A F T



WILSON AND ARNDT: RADIOCARBON CONSTRAINT ON DOC DILUTION X - 5

alkalinity in the ocean against erosion by ocean circulation [Volk and Hoffert , 1985], the46

MCP is posited to maintain a gradient of DOC from short-lived, highly reactive DOC in47

the surface ocean to longer-lived, less reactive DOC in the deep ocean [Legendre et al.,48

2015]. This gradient is supported by the production of structurally recalcitrant DOC,49

produced from the successive degradation of labile DOC in the surface ocean by marine50

microbes [Legendre et al., 2015]. Changes in the production or removal of recalcitrant51

DOC via the MCP could therefore exert an influence of atmospheric pCO2 via changes in52

the size of the recalcitrant DOC pool [e.g., Sexton et al., 2011; Ridgwell and Arndt , 2015].53

A key question in this context is why DOC persists in the deep ocean for thousands54

of years. One leading hypothesis relates the persistence of this radiocarbon-depleted55

pool to its intrinsically recalcitrant molecular structure that prevents degradation by het-56

erotrophic organisms [Jiao et al., 2010; Hansell , 2013; Benner and Amon, 2015; Dittmar ,57

2015]. Although this hypothesis is supported by experimental evidence from incubation58

experiments [e.g., Ogawa et al., 2001; Koch et al., 2014], a large proportion of recalcitrant59

oceanic DOC remains unidentified [Dittmar , 2015]. In addition, the exact fate of such60

recalcitrant DOC in the deep ocean is still a matter of debate [Legendre et al., 2015] and61

suggested sinks include photodegradation via UV irridation in the surface ocean [Mopper62

et al., 1991], interactions with sinking and suspended particles [Druffel et al., 1998] and63

interactions with hydrothermal systems [Hawkes et al., 2015].64

An alternative explanation for the persistence of DOC in the deep ocean is that DOC is65

composed of a large diversity of molecules that bacteria could, in theory, degrade but that66

are present in concentrations that are too low to support the energetic requirements for67

uptake and degradation [Jannasch, 1994; Dittmar , 2015]. In a recent study, Arrieta et al.68
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[2015a] provided experimental evidence in support of this alternative dilution hypothesis.69

Samples of seawater from the deep Pacific and Atlantic (1000 m to 4200 m) were spiked70

with in-situ DOC to increase ambient DOC concentrations by a factor of 2, 5, and 10.71

Arrieta et al. [2015a] hypothesized that if DOC degradation were inherently limited by72

structural recalcitrance then no significant increase in bacterial growth should be observed73

in those samples during incubation. However, their incubation results revealed an increase74

in bacterial abundance and specific growth rates that were consistent with a Monod growth75

model. Monod models were fitted to the incubation data to infer an average concentration76

at which bacterial growth could no longer be supported, the so-called ‘”dilution threshold”.77

The mean dilution threshold across 9 experiments was 30.7 ± 5.4 mmol m−3, close to the78

lowest observed concentrations of DOC in the deep ocean of 34 mmol m−3. Arrieta et al.79

[2015a] therefore suggest that the bioavailability of DOC in the deep ocean is primarily a80

function of dilution (i.e., concentration), rather than recalcitrant molecular structures.81

Dilution and recalcitrant molecular structures are not mutually exclusive hypotheses.82

Jiao et al. [2014] recognise that DOC in the deep ocean may be comprised of both a83

fraction that is intrinsically recalcitrant and a fraction that is bioavailable but cannot be84

degraded due to its low concentration. Jiao et al. [2015] alternatively suggest that bacterial85

growth observed in Arrieta et al. [2015a] was supported by a smaller bioavailable DOC86

fraction that was either present in the original DOC sample or was produced by processes87

such as viral lysis, chemolithoautotrophic activities, or grazing during the experiment88

rather than a release from dilution by enrichments . Furthermore, recent observations89

show that 8% - 30% of DOC in the deep ocean possesses modern ∆14C values (>-50h)90

that would likely be associated with the heterotrophic degradation of sinking particulate91
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organic carbon [Follett et al., 2014; Druffel et al., 2016; Walker et al., 2016]. The remaining92

DOC in the deep ocean then has to be characterised by more depleted ∆14C values than the93

bulk (e.g., -456 h to -800 h), consistent with observations of significantly radiocarbon-94

depleted black carbon [Ziolkowski and Druffel , 2010].95

Models are ideal tools to test the plausibility and robustness of a given hypothesis in96

a quantitative framework. Because the precise sources and sinks of DOC in the deep97

ocean are uncertain, a three-dimensional ocean biogeochemical model would be difficult98

to constrain and would thus offer few certain insights into the dynamics of a dilution lim-99

ited, but bioavailable DOC pool. Constraining simpler mass balance models (box models)100

requires less data and mechanistic understanding. Such simple models still provide im-101

portant insights into the dynamics of a deep ocean DOC pool and allow for the testing102

of key constraints on different hypotheses. The following key constraints are available103

to estimate ∆14C of diluted, bioavailable DOC in the deep ocean: estimates of global104

DOC production [Hansell , 2013]; observations of the rate of DOC degradation by bac-105

teria above a dilution threshold from Arrieta et al. [2015a]; and the volume of the deep106

ocean. To this end, a box model of dilution-limited, but bioavailable DOC in the deep107

ocean is developed to assess the plausibility of dilution as a key driver of DOC persis-108

tence in the deep ocean. In addition, a sensitivity study is conducted over a wide range109

of plausible dilution thresholds and DOC input fluxes to the deep ocean to explore the110

robustness of model results. We explore whether the degradation rates are significant in111

a global context, whether a diluted-DOC pool is consistent with observed ∆14C, as well112

as whether model results support alternative interpretations.113
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2. Methods

2.1. Model Description

The conceptual model of deep ocean diluted DOC and its radiocarbon signature devel-114

oped here is illustrated in Figure 1 and model parameter values are summarized in Table115

1. Model code is provided in the supplementary material.116

The model comprises of a single well-mixed box representing the global deep ocean117

below 1000 m where [DOC] is present at concentrations between ∼34 mmol m−3 in the118

oldest waters of the deep North Pacific to ∼45-50 mmol m−3 in the deep North Atlantic119

[Hansell et al., 2009; Hansell , 2013]. The model explicitly accounts for a single pool of120

well mixed, bioavailable, deep ocean DOC and predicts the concentration of this pool121

([DOC]) and its 14C signature (as the ratio between 14C/12C) in response to the input122

flux of DOC and 14C to the deep ocean, (Finput), as well as a number of characteristic123

removal processes (
∑
R) (see section 2.2 and 2.3 for details):124

d[DOC]

dt
= Finput −

∑
R (1)125

d(14C)

dt
=14 CinputFinput −

∑
14CR− λ14C[DOC] (2)126

The model is run to equilibrium to find a steady-state solution for a set of given pa-127

rameters.128

2.2. Input Fluxes

2.2.1. DOC129

The deep ocean box receives a constant input flux of bioavailable DOC, Finput, that130

represents photosynthetically-derived organic matter which is considered the dominant131
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source of DOC in the ocean [Carlson and Hansell , 2015]. Finput reflects a net-input132

to the deep ocean (>1000 m) and we do not resolve the exact source, e.g., whether it is133

exported via ocean circulation or associated with the export of particulate organic carbon.134

Note that, because the input flux is constant, the model implies that the degradation of135

DOC in the deep ocean has no effect on the total production and export of DOC from136

the surface ocean. As the magnitude of the bioavailable DOC flux reaching the deep137

ocean is poorly constrained, Finput is varied systematically between 10% and 200% of the138

estimated DOC export to 500m (0.2 Pg C year−1) [Hansell , 2013] to cover a wide range139

of plausible scenarios. The highest Finput value is consistent with the magnitude of POC140

fluxes at 2000m [0.43 Pg C year−1; Honjo et al., 2008]. Although the export of DOC from141

the surface [1.5 Pg C year−1; Hansell , 2013] is an absolute upper limit, we found that142

important details at lower fluxes were obscured and that results differed very little using143

fluxes above 0.2 Pg C year−1. We therefore choose 0.2 Pg C year−1 as an upper limit.144

2.2.2. ∆14CDOC145

It is assumed that the ∆14C signature of the DOC input to the deep ocean reflects146

photosynthetically derived organic matter recently formed in the surface. The ∆14C value147

corrects for the effect of fractionation during processes such as the formation of organic148

matter. The DOC input therefore inherits the area-weighted global mean ∆14C of DIC149

for the modern surface ocean (0-100m) calculated from the GLODAP dataset [Key et al.,150

2004], giving a value of 59±51 h. Note that observations of radiocarbon include excess151

radiocarbon from nuclear bomb tests and so reflect modern values.152

2.3. Removal Processes

2.3.1. Heterotrophic degradation of DOC above dilution threshold153
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Characteristic uptake rates of DOC by prokaryotes in the deep ocean are derived from154

the incubation experiments described in Arrieta et al. [2015a]. The net uptake of DOC155

is calculated from the DOC concentrations (mmol m−3) reported at the beginning and156

end of three sets of incubation experiments (K, L, N; we adopt the same labelling of157

experiments from Arrieta et al. [2015a]) and converted to uptake rates by dividing the158

difference with the duration of each experiment to generate an average uptake rate (mmol159

m−3 day−1). The data from experiment M is not considered here due to a second phase of160

growth being observed during the incubation [Arrieta et al., 2015a]. The average uptake161

rates are estimated as a function of [DOC] on the basis of a Monod model used by Arrieta162

et al. [2015a]:163

Ruptake = Vmax ·
[DOC]

K + [DOC]
− b (3)164

Where Vmax denotes the maximum uptake rate (mmol m−3 day−1), K is the half sat-165

uration constant (mmol m−3) and b is an intercept parameter (mmol m−3 day−1) that166

allows the model to predict a zero uptake rate for a DOC concentration greater than zero.167

Parameters Vmax, K and b were derived by fitting equation 3 to the combined estimated168

uptake rates from experiments K, L and N using nonlinear least squares regression (Figure169

2; Table 1). The fitted model predicts uptake rates similar in magnitude to first-order170

rates alternatively calculated using an estimated substrate affinity by Arrieta et al. [2015b]171

(Figure 2). Parameters are reported in units of year−1 in Table 1 for consistency with172

other terms.173

A dilution threshold ([DOC]min) is calculated by solving equation 3 for [DOC] when174

Ruptake=0:175
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[DOC]min =
−bK

b− Vmax

(4)176

Our fit predicts that Ruptake=0 for [DOC]min=38.6 mmol m−3 (Figure 2) differing from177

the mean dilution threshold of 30.7 mmol m−3 found by Arrieta et al. [2015a] derived from178

fits to individual experiments that range from 10 mmol m−3 to 57 mmol m−3. The 95%179

confidence interval on our fit shows that this variability could reflect uncertainty in the180

non-linear fit to the data (Figure 2). For our fit, the lower limit for [DOC]min is 0 mmol181

m−3 and the upper limit falls between 76 and 77 mmol m−3 giving errors of approximately182

± 38.0 mmol m−3. In addition, as suggested by Jiao et al. [2015] the total concentrations183

of DOC in the experiment may reflect a mixture of recalcitrant DOC and bioavailable184

DOC that already existed in the control, e.g., bioavailable DOC may have made up 6% of185

the total DOC. As a consequence, the estimated dilution threshold derived on the basis of186

the Monod-fit to total [DOC] concentrations, may be overestimated. To explicitly explore187

the effect of uncertainty in the dilution threshold, we add a scaling term (x, unitless) into188

equation 3 that reflects the linear change in parameters when fitting equation 3 assuming189

that bacterial growth is supported by a smaller proportion of bioavailable DOC [Jiao190

et al., 2015] (see Text S1 for a full derivation). This provides a way of scaling equation 3191

for use with different dilution thresholds that is consistent with alternative interpretations192

of the data:193

Ruptake =

Vmax ·
[DOC]

Kx+ DOC
− b , if [DOC] ≥ [DOC]newmin

0 , otherwise
(5)194

where x =
[DOC]newmin

[DOC]min

.195
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2.3.2. Degradation of deep-water DOC in the surface ocean196

A second removal term is included in the model to represent the consumption of DOC via197

upwelling and degradation (heterotrophic degradation and/or photochemical degradation)198

in the surface ocean. We do not explicitly resolve ocean circulation and surface ocean199

consumption processes in this model. Instead, we include a first order consumption term200

that assigns DOC a deep ocean lifetime that equals the timescale of ocean overturning201

[e.g. Anderson et al., 2015]:202

Roverturning = k · [DOC] (6)203

where k is a first order rate constant (year−1) that is constrained by the characteristic204

residence time of water in the deep ocean of approximately 1000 years [Matsumoto, 2007]205

(Table 1).206

2.3.3. Removal of radiocarbon207

Deep ocean 14C is is consumed during the degradation of DOC but is not fractionated208

during these processes, i.e., it is removed at the same isotopic ratio. In addition, 14C also209

decays with a half-life of 5730 years (λ=1/8267 year−1, equation 2) [Stuvier and Polach,210

1977]211

2.4. Experiments

We explore the simulated steady-state deep ocean DOC concentration and its ∆14C212

signature for three sets of experiments:213

1. Testing the plausibility of the dilution hypothesis according to Arrieta et al. [2015a]:214

We first use the model to explore a hypothetical scenario where DOC that is available for215
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uptake by prokaryotes in the deep ocean is limited by dilution only, i.e., the first-order216

reaction rate term in the model (k) is set to zero. The dilution threshold is constrained217

on the basis of experimental results (DOCmin= 38.6 ± 38.0 mmol m−3) to explicitly test218

whether the hypothesis of Arrieta et al. [2015a] that dilution is consistent with observa-219

tions of ∆14C in the deep ocean.220

2. Testing the robustness of model results: The dilution threshold found by Arrieta221

et al. [2015a] is an average of values ranging from 10 to 57 mmol m−3 that may reflect222

some unknown variability in the data [Jiao et al., 2015] or equally uncertainty in the fitting223

of the Monod function as demonstrated in Figure 2. Therefore, we test the robustness of224

the model results for a range of different dilution thresholds ([DOC]min= 10 to 42 mmol225

m−3).226

3. Testing the sensitivity of the model to the assumption that dilution is the key re-227

moval process: Lastly we explore a scenario where dilution-limited DOC is removed from228

the deep ocean with ocean overturning. If concentration is the key limiting factor for229

heterotrophic degradation then we may expect that upwelled DOC is bioavailable and230

will be degradaded in the surface ocean where concentrations are much higher, poten-231

tially violating the observation that deep ocean DOC is uniformly distributed throughout232

the water column [Williams and Druffel , 1987]. In addition, DOC in the surface ocean233

will be subject to photodegradation. To explore this, we set the additional first-order234

degradation rate (equation 6) to reflects an average lifetime of water in the deep ocean of235

approximately 1000 years (k: Table 1) [Matsumoto, 2007]. Note that in the model, deep236

ocean DOC above the dilution threshold is still consumed by heterotrophic degradation237

but it now has an upper limit to its lifetime in the deep ocean.238
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Because the magnitude of the DOC input to the deep ocean, Finput, is uncertain we239

systematically explore the results across a range between 10% and 200% of global DOC240

export to 500m suggested by Hansell [2013] in all experiments.241

3. Results

3.1. Dilution-limited degradation of DOC

Model results show that across the range of tested DOC input fluxes Finput, deep ocean242

DOC concentrations are maintained within 1 mmol m−3 of the dilution threshold of 38.6243

mmol m−3 (Figure S3). This finding is robust if Vmax is reduced by an order of magnitude,244

as well as if the input flux is increased to the estimated export of DOC from the surface245

ocean [1.9 Pg C year−1; Hansell , 2013]. Model results thus show that heterotrophic246

degradation rates of DOC in the deep ocean could maintain DOC concentrations close to247

the dilution threshold, mainly because the input rate of DOC to the the large deep ocean248

reservoir (volume=1.338x1018 m3) is relatively small in comparison to the degradation249

rate (0.01x10−2 to 2.49x10−2 mmol m−3 year−1 cf. maximum uptake rate of 171.04 mmol250

m−3 year−1). Therefore, the degradation rates infered from the experiments of Arrieta251

et al. [2015a] are significant in the context of global DOC cycling in the deep ocean [Jiao252

et al., 2015; Arrieta et al., 2015b].253

Yet, the model indicates that the radiocarbon signature ∆14C of the deep ocean DOC254

pool is sensitive to the influx of DOC to the deep ocean (Figure 3). ∆14C becomes255

more depleted with smaller input fluxes. Low DOC input to the deep ocean leads to a256

longer residence time of DOC in the deep ocean and, as a consequence, radiocarbon decay257

depletes 14C. At higher input fluxes, deep ocean DOC concentrations increases at a faster258

rate leading to an increase in the prokaryote degradation rates and therefore a more rapid259
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turn-over of DOC. The ∆14C and inferred input fluxes are robust to the uncertainty in260

radiocarbon signature of the input flux (dashed lines in Figure 3).261

Model results show that is possible to find ∆14C values that are close to the bulk262

observed ∆14C of -392 h to -526 h at a dilution threshold of 38.6 mmol m−3 (Figure 3),263

thus suggesting that the dilution hypothesis can, under certain conditions, be reconciled264

with radiocarbon observations. In our model this requires DOC input fluxes to the deep265

ocean of between 0.062 and 0.102 Pg C year−1. The lower part of this range is consistent266

with a previous model estimate of 0.043 Pg C year−1 for recalcitrant DOC production,267

derived from modelled DOC production, observed removal rates and the mis-fit between268

model and observed [DOC] fields [Hansell et al., 2012]. The ∆14C is slightly sensitive269

to the ∆14C of the input. Varying this within 1 standard deviation gives a total range270

of 0.057 to 0.114 Pg C year−1. Therefore, a modelled dilution-limited DOC pool in the271

deep ocean can produce ∆14C values consistent with observations at a plausible rate of272

input to the deep ocean. However, we note that the model predicts that the degradation273

rates are 0.1 to 0.2 mmol m−3 year−1 which are two orders of magnitude larger than274

degradation rates in the deep ocean estimated from DOC observations [0.004 µmol kg−1
275

year−1; Hansell et al., 2012] and that the tested dilution threshold is slightly higher than276

the lowest observed concentrations in the deep ocean (∼34 mmol m−3).277

3.2. Sensitivity to uncertainty in dilution thresholds

Figure 4a shows how the concentration of DOC varies as a function of both the DOC278

input flux and now the dilution threshold. As with the previous set of experiments, deep279

ocean DOC is always maintained close to the dilution threshold, as indicated by the hor-280
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izontal contour lines, i.e., for a given dilution threshold, deep ocean DOC concentrations281

remain within 1 mmol m−3 across the entire range of assumed DOC input fluxes.282

In addition, model results show that ∆14C is sensitive to both the DOC input flux and283

the dilution threshold (Figure 4b). As before, ∆14C becomes less depleted with higher284

input fluxes. In addition, lower dilution thresholds also result in lower ∆14C because deep285

ocean DOC concentrations close to the dilution threshold are quickly reached resulting286

in a lower residence time. Notably a large fraction of the parameter space is associated287

with ∆14C that is less depleted than observed (Figure 4b) indicating that the dilution288

hypothesis can only be reconciled with available radiocarbon constraints for a narrow289

range of dilution thresholds (DOCmin ≈ 34 to 42 mmol m−3) and deep ocean DOC input290

(Fin ≈ 0.05 to 0.1 Pg C year−1) (see 4b indicated by dashed line), indicating that reactivity291

might be a more likely explanation for DOC persistence in the deep ocean .292

However, as discussed earlier, dilution and recalcitrant molecular structures are not293

mutually exclusive explanations for the persistence of deep ocean DOC. One could imagine294

a bioavailable but dilution-limited DOC pool, [DOC]diluted, that represents a small fraction295

of the total deep ocean, [DOC]bulk. Its radiocarbon signature ∆14C is a small component296

of the average ∆14C values of the total pool and the dilution hypothesis could thus be297

reconciled with radiocarbon observations over a wider range of different dilution thresholds298

and deep ocean DOC fluxes. We therefore use mass balance (equation 7) to explore what299

∆14C values of the remaining DOC pool and ∆14C are required to match the bulk ∆14C300

between -392 h and -526 h.301

∆14Cremain =
[DOC]bulk∆14Cbulk − [DOC]diluted∆

14Cdiluted

[DOC]remain

(7)302
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To cover the range of observed deep ocean [DOC]bulk and ∆14Cbulk, we generate 1000303

randomly sampled [DOC]bulk and ∆14Cbulk couples within a range of 34 to 42 mmol m−3
304

and -392 and -526 h, respectively. Figure 4c illustrates the resulting mean ∆14Cremain and305

1 standard deviation of these mass-balance calculations is shown in Figure 4d. Figure 4c306

shows that there is a wide range of [DOC]remain and ∆14Cremain combinations for which307

simulated DOC and ∆14Cbulk cannot be reconciled with observations because it would308

require unrealistic ∆14Cremain values of >150 h or <-1000 h(radiocarbon dead). These309

results are robust to choice of [DOC] and ∆14Cbulk (Figure 4d).310

Figure 4c shows that for most dilution thresholds, the ∆14Cremain required to match311

observations are similar to the observed deep ocean ∆14C or older. In other words, we312

would either require a recalcitrant and diluted DOC pool with similar ∆14C values to each313

other or a bioavailable, but diluted pool with ∆14C values close to modern (-100 permil314

to 0 h) and a recalcitrant pool with values that are more depleted (<-600 h).315

3.3. Sensitivity to additional DOC consumption on the timescale of ocean

overturning

The additional removal of dilution-limited deep ocean DOC by ocean overturning and316

consumption in the surface ocean results in simulated deep ocean DOC concentrations317

below the dilution threshold across the parameter space (Figure 5a). DOC in the model is318

still available to be removed over a given dilution threshold but now has an upper limit to319

its lifetime in the deep ocean. Model results show that deep ocean DOC concentrations are320

mainly controlled by input fluxes. At low input fluxes, consumption processes maintain321

deep ocean DOC concentrations at very low levels (<11 mmol m−3) across the full range of322

dilution thresholds tested (vertical contours in Figure 5a). As DOC input fluxes increase323
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(> 0.2 Pg C year−1), deep ocean DOC concentrations reach the dilution threshold and are324

maintained close to this threshold in a similar way to the dilution-only scenario (Figure325

5a cf. 4a). The strong control of DOC input fluxes on deep ocean DOC simulated326

here indicates that the results of the dilution-only scenario and, in particular, the strong327

link between deep ocean DOC and dilution threshold require that the diluted-DOC is328

not consumed in the surface ocean (i.e., its ability to undergo multiple cycles of ocean329

overturning).330

The model predicts a constant ∆14C value of -55 h for diluted DOC across most of331

the parameter space (Figure 5b). Because deep ocean DOC concentrations fall below the332

dilution thresholds, DOC is merely consumed by the additional consumption processes.333

Process rates are controlled by the constant, first-order degradation rate constant k and334

the residence time of the DOC is thus also constant. ∆14C values become less depleted335

for high input fluxes that result in deep ocean DOC concentrations above the dilution336

thresholds.337

Repeating the same mass balance calculation as in the previous experiments shows that338

the much less depleted ∆14C of the simulated DOC pool can easily be reconciled with the339

bulk DOC pool. In this experiment, the diluted-DOC constitutes only a small fraction of340

the bulk DOC pool (Figure 5c). All ∆14C values are close to or more depleted than the341

observed value in the deep North Pacific of ∼-526 h. Again, these results are relatively342

robust to choice of [DOC] and ∆14C (Figure 5d).343
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4. Discussion

4.1. Reconciling Model Results and Observations

The growth of prokaryotes and the consumption of deep ocean DOC when concentrated344

challenges the hypothesis that heterotrophic degradation of DOC in the ocean is limited by345

the recalcitrant nature of deep ocean DOC and indicates that dilution limits heterotrophic346

activity and leads to the persistence of DOC in the deep ocean [Arrieta et al., 2015a].347

We have presented a set of box model experiments to test the plausibility of the dilution348

hypothesis as supported by recent experimental evidence and explore whether a dilution-349

limited pool of DOC in the deep ocean is consistent with ∆14C observations. Model350

results suggest that there are, in theory, two plausible interpretations of the experimental351

results presented by Arrieta et al. [2015a] that are consistent with ∆14C observations: 1)352

dilution limits the heterotrophic degradation of DOC in the deep ocean or 2) dilution-353

limited DOC forms a relatively small fraction of the total deep ocean DOC which is354

cycled relatively rapidly. We find that the observations of uptake rates for DOC by355

prokaryotes are significant enough to maintain a pool of DOC at a dilution threshold and356

produce ∆14C values that are within the range of observed values for the deep ocean for357

a dilution threshold close to the observed concentration of DOC in the deep ocean and358

fluxes consistent with modelling and data estimates.359

However, model results also show that the dilution hypothesis can only be reconciled360

with available radiocarbon constraints for a narrow range of dilution thresholds (DOCmin361

≈ 34 to 42 mmol m−3) and deep ocean DOC input (Fin ≈ 0.05 to 0.1 Pg C year−1)362

couples. In addition, the results of the dilution-only scenario and, in particular, the strong363

link between deep ocean DOC and dilution threshold are sensitive to key assumptions,364
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alternatively suggesting that bioavailable, but diluted DOC could form a smaller fraction365

of the total deep ocean DOC, either because of a lower dilution threshold and/or because366

it is limited by degradation in the surface ocean, with a relatively enriched ∆14C signature.367

Given the observations of Arrieta et al. [2015a] and basic constraints on DOC cycling368

in the deep ocean, our model can estimate ∆14C at global fluxes matching model and369

data estimates (Figure 3) providing support for dilution as a mechanism explaining the370

persistence of DOC in the deep ocean. However, this solution may arise for other reasons.371

The depletion of radiocarbon reflects the average time of DOC in the deep ocean, or the372

residence time (τ). In the case of a system at steady state, such as our model, this is equal373

to the quotient between concentration (M) and flux in or out (F ) of the system: τ = M
F

.374

Because the uptake rates observed by Arrieta et al. [2015a] are sufficient to maintain the375

concentration of DOC at the dilution threshold close to the observed concentration and376

we are looking to find the observed ∆14C, it therefore follows that we find a flux similar377

in magnitude to other studies, e.g., Hansell et al. [2012]. We therefore need to explore378

whether this interpretation is consistent with other observations.379

There is increasing evidence that the observed ∆14C for DOC in the deep ocean rep-380

resents an average of a plethora of different ∆14C values ranging from -918h [Ziolkowski381

and Druffel , 2010] to bomb-radiocarbon (∆14C > -50 h) [Follett et al., 2014; Druffel382

et al., 2016; Walker et al., 2016]. The range of values suggests that there multiple pools383

of DOC in the deep ocean that cycle at different timescales. For example, the presence384

of bomb-radiocarbon in the deep ocean that has been estimated to represent up to 8-10%385

of total DOC in the North Atlantic [Druffel et al., 2016] and up to 30% in the central386

Pacific Ocean [Follett et al., 2014] suggests that the hydrolysis of sinking POC is a source387
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of deep ocean DOC. In addition, DOC relatively enriched in ∆14C is also associated with388

high molecular weight in a relationship consistent with reactivity [Walker et al., 2016]. A389

predominantly bioavailable, but diluted DOC pool in the deep ocean would be hard to390

reconcile with these observations.391

Model results indicate that relationship between prokaryote uptake rates and concen-392

tration observed by Arrieta et al. [2015a] can be more easily reconciled with observations393

if they are related to a much smaller dilution threshold and/or significant removal in the394

surface ocean. These results are also consistent with the magnitude of fluxes associated395

with POC as a source for this DOC. We therefore suggest that the parsimonious inter-396

pretation of the results of Arrieta et al. [2015a] is that they reflect the presence of a small397

fraction of bioavailable DOC in the deep ocean rather than indicative of dilution as a398

key mechanism. This result is also parsimonious with a relationship between molecular399

size and reactivity [Walker et al., 2016], the existence of a persistent, slowly cycled pool400

of DOC that is uniformly distributed through the water column [Williams and Druffel ,401

1987; Beaupré and Aluwihare, 2010] and the potential for the microbial carbon pump to402

sequester CO2 [Jiao et al., 2010, 2014].403

4.2. Further Work

4.2.1. Observations404

The findings of Arrieta et al. [2015a] have suggested that bioavailable DOC exists in the405

deep ocean but further work is needed to elucidate the source, inventory and significance of406

this DOC. Mass balance calculations of 14C measurements at the beginning and end of an407

experimental setup similar to that of Arrieta et al. [2015a] could help further distinguish408

between the two model scenarios presented in this paper. For example, relatively enriched409
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∆14C for the DOC consumed during incubations would add strong evidence towards410

a smaller sized bioavailable DOC pool. Such an approach would need to consider the411

variability in 14C ages that has been previously observed across different size classes of412

DOC, with age increasing inversely with size [Guo et al., 1996], as well as across different413

compounds [Aluwihare et al., 2002; Loh et al., 2004; Repeta and Aluwihare, 2006].414

4.2.2. Modeling415

Although the model we have applied here is relatively simplistic and conceptual, it416

demonstrates that there are a number of basic constraints on DOC cycling in the deep417

ocean. However, there are key caveats to the results presented that relate to the rep-418

resentation of DOC and the resolution of the model. Firstly, bioavailable DOC in our419

model is represented as a single pool in a similar way that ocean biogeochemical models420

commonly represent DOC as distinct pools with varying characteristic decay rates, see421

Anderson et al. [2015]. In contrast, the dilution hypothesis posits that it is the concentra-422

tion of the diverse individual DOC compounds that are limiting [Jannasch, 1994; Dittmar ,423

2015; Arrieta et al., 2015a]. Other key factors that may also be important to consider in424

terms of the bioavailability of DOC include the biomass of consuming organisms, their425

ability to produce specific exoenzymes or their requirements for specific compounds, and426

environmental conditions. In this context, our box model represents a scenario where427

all compounds are equally available, or at least available in fixed ratios, and consumers428

are always present and able to consume once concentrations are high enough. An al-429

ternative approach that explicitly includes these factors may increase our estimates of430

14C-based ages of diluted DOC in the deep ocean and exacerbate the key constraints we431

have identified with our box model.432
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Constraining the dynamics of diluted DOC in the deep ocean and the associated poten-433

tial for multiple cycles of DOC further, as well as the implications for the microbial carbon434

pump, ideally requires a model with 3-D resolution to resolve the spatial patterns of ocean435

circulation and biological activity. This may be particularly important if diluted DOC is436

linked to processes such as POC fluxes which are spatially and temporally variable. How-437

ever, this requires further observations of diluted DOC with which to validate the model.438

If the solubilization of POC is a key source for diluted DOC then we should expect to439

observe non-conservative behavior in bulk DOC consistent with the spatial variability in440

POC [Follett et al., 2014] as well as changes in ∆14C through time associated with changes441

in bomb-radiocarbon in the atmosphere and surface ocean. Further work building on non-442

conservative behavior in observations, [e.g., Hansell and Carlson, 2013; Follett et al., 2014;443

Bercovici and Hansell , 2016], may be therefore required to help constrain a model with444

a 3-D resolution. Finally, another challenge for incorporating the dilution and dynamic445

cycling of DOC into more complex biogeochemical models is developing a mechanistic446

representation that includes both the controls of dilution and structural recalcitrance as447

limits on the degradation of DOC. One potential approach may be to explicitly model the448

cycling of DOC using the relationship between molecular size and reactivity, e.g., Walker449

et al. [2016]. Such an approach could link diluted DOC in the deep ocean directly to POC450

fluxes and would provide a mechanistic model with which to explore the dynamics of a451

microbial carbon pump.452
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5. Conclusions

The dilution of DOC below a dilution threshold has been posited as an explanation for453

the apparent persistence of DOC in the deep ocean Arrieta et al. [2015a]. We have pre-454

sented a box model of dilution-limited DOC in the deep ocean that uses observed prokary-455

ote uptake rates of concentrated DOC from Arrieta et al. [2015a] to explore whether this456

is consistent with observed ∆14C and the constraints it places on DOC cycling. Although457

it is possible to predict observed ∆14C using the model at magnitudes of production sim-458

ilar to previously predicted, this result is very sensitive to the accuracy of the dilution459

threshold estimate and the assumption that there are no significant removal processes460

occurring such as degradation in the surface ocean. Our model suggests that taking these461

uncertainties into account results in a pool of diluted DOC that is rapidly turned over462

producing near modern ∆14C values and which makes up a small proportion of the total463

DOC in the deep ocean. We suggest that this result is most consistent with the range464

of observations in the ocean providing a parsimonious interpretation of diluted DOC and465

hypotheses surrounding reactivity. Ultimately, the presence of diluted DOC in the deep466

ocean suggests the possibility that cycling of DOC is more complex requiring further work467

to elucidate the sources and sinks of bioavailable DOC and a modeling approach that can468

accommodate the various controls on DOC cycling.469
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(‰)

Deep Ocean (>1000m)
volume = 1.338x1018 m3Inputs Removal

heterotrophic degradation
 above dilution threshold

(eqns 3,4,5) 

degradation in surface ocean
(eqn 6) 

 DOC
(�xed at % of 0.2 Pg C yr-1)

Δ14C of  DOC
(�xed at 59 ‰) radiocarbon decay

(half life of 5730 yrs)

Figure 1. A schematic of the box model. The model predicts the concentration of DOC and

isotopic ratio of radiocarbon for a given fixed production of DOC and associated radiocarbon

ratio using degradation predicted by the uptake rates observed by Arrieta et al. [2015a] and

removal on the timescale of upwelling to the surface ocean. Black and grey denote processes for

DOC and radiocarbon respectively.
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Figure 2. The Monod model used to predict DOC uptake rates above the dilution threshold

(see equation 3). The Monod model (black line) is fitted to the data available from Arrieta

et al. [2015a] using non-linear least squares regression. The 95% confidence interval for the fit is

also shown (dashed lines). The concentration at which the fitted model predicts zero uptake is

shown as 38.6 ± 38.0. The grey lines illustrate alternative estimates of DOC uptake calculated

by Arrieta et al. [2015b] assuming a fixed specific substrate affinity of 1x10-11 L cell−1 day−1 and

maximum prokaryote abundances indicated above each line in prokaryotes L−1.
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Figure 3. Steady state model results for ∆14C at different DOC input fluxes with an explicit

dilution-limited DOC pool tested for the dilution threshold of 38.6 mmol m−3 from the fit to

incubation experiments in Figure 2. Dashed lines indicate the 1 standard deviation uncertainty

in the mean ∆14C of the DOC input flux. Each circle is a steady-state solution for ∆14C for a

given DOC input flux. The grey shading indicates the range of ∆14C values in the deep ocean

for comparison.
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Figure 4. Steady state model results for DOC and ∆14C with an explicit dilution-limited

DOC pool tested over a range of DOC input fluxes and dilution thresholds. a) Contours of the

predicted concentration of DOC, b) contours of the predicted ∆14C. The area within the dashed

lines represents the range of ∆14C observed in the deep ocean (392 h to 526 h). c) Contours of

mean ∆14C calculated from mass balance (see equation 7) tested across a range of assumptions

and d) the standard deviation of ∆14C in the panel c. White areas in panels c and d indicate

where ∆14C is >150 h or <-1000 h.
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Figure 5. Steady state model results for DOC and ∆14C with a dilution-limited DOC pool

with additional degradation occurring on the timescale of ocean overturning. a) Contours of the

predicted concentration of DOC, b) contours of the predicted ∆14C. c) Contours of mean ∆14C

calculated from mass balance (see equation 7) tested across a range of assumptions and d) the

standard deviation of ∆14C in the panel c.
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