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Understanding the stable carbon isotopic composition of oceanic DBC 10 

 11 

The stable carbon isotopic composition of oceanic DBC1 may appear to result from large 12 

contributions of DBC derived from charred, 13C-enriched C4 plants2. Although this 13 

explanation would seem feasible, given that 50% of charcoal is produced in savannah 14 

environments, we do not observe a 13C-enriched isotopic signature for DBC in major 15 

rivers1, including those which drain large areas of fire-affected savannah3. One study has 16 

shown that atmospherically-deposited wildfire ash leaches DBC with a 13C-depleted 17 

isotopic signature, however, the atmospheric deposition of ash and smoke to coastal 18 

surface waters did not supply DBC in sufficient quantities to meaningfully shift marine 19 

DBC δ13C signatures4. The inferred presence of a marine source for oceanic DBC also 20 

assumes that DBC δ13C values are consistent with that of their unburned biomass source 21 

and that the isotopic composition of DBC is not fractionated (or altered) during riverine 22 

and coastal transit. On average, PBC has lower 13C values relative to bulk POC and 23 

DOC, which suggest some degree of isotopic fractionation occurs during soil organic 24 

matter production, biomass burning, and/or transport5. Furthermore, although we expect 25 

DBC δ13C values to be consistent with the isotopic composition of BC in the original 26 

particulate charcoals, fractionation of DBC during leaching has not been directly tested. 27 

Photodegradation is identified as a major loss mechanism for DBC in sunlit surface 28 

waters6 , therefore photo-fractionation of DBC δ13C values is possible and may partially 29 

explain the observed isotopic offset between riverine and oceanic endmembers. A large 30 

input of polyaromatic hydrocarbons and other semi-volatile aromatic-like compounds by 31 

diffusive air–water exchange is a newly identified source of DBC to oceanic surface 32 

waters7, which could contribute to the δ13C signatures observed for oceanic DBC, but the 33 

isotopic composition of these semi-volatile aromatic-like compounds that are quantified 34 

and characterized as DBC is unknown. It was recently discovered that anaerobic 35 

methanotrophs are capable of synthesizing elemental carbon8. Therefore, marine biotic 36 

sources of condensed aromatic material that is characterized as DBC and PBC are also 37 

possible. 38 

 39 

 40 

7-component box model 41 

 42 

We use a model dividing the ocean into 7 boxes, adapted from9,10, to simulate age and 43 

concentration of two DBC pools in the ocean. The model simulates an overturning 44 

circulation with water exchange between surface and subsurfaces boxes as detailed in 45 

Toggweiler et al. 1998, but the intensity of water exchange between model boxes has 46 
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been modified here to achieve an ideal water mass age of 1200 years as in11,12 47 

(Supplementary Fig. 1). This modification is needed in order to obtain a reasonable water 48 

mass age that impacts the ageing of DBC as it travels along the overturning circulation. 49 

The model is spun up for 30000 years until stabilization of DBC concentration and age, 50 

and the last year is used for evaluation. The model is solved using the ode45-solver in 51 

Matlab (R2018a). 52 

 53 

DBC concentration of the fast overturning pool DBC1 and the slowly-overturning DBC 54 

pool DBC2 is computed as follows, including various sources γ from rivers, sediments and  55 

aerosol, as well as sinks following a first-order kinetic and photodegradation: 56 

 57 
𝑑𝐷𝐵𝐶1

𝑑𝑡
=  +𝜀 ∙ 𝛾𝑟𝑖𝑣𝑒𝑟 + 𝛾𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡1 + 𝛾𝑎𝑒𝑟𝑜𝑠𝑜𝑙1 − 𝑘1 ∙ [𝐷𝐵𝐶1] − 𝜆𝑈𝑉 ∙ [𝐷𝐵𝐶1]  (1) 58 

 59 
𝑑𝐷𝐵𝐶2

𝑑𝑡
=  +(1 − 𝜀) ∙ 𝛾𝑟𝑖𝑣𝑒𝑟2 + 𝛾𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡2 + 𝛾𝑎𝑒𝑟𝑜𝑠𝑜𝑙2 − 𝑘2 ∙ [𝐷𝐵𝐶2] − 𝜆𝑈𝑉 ∙ [𝐷𝐵𝐶2]  (2) 60 

 61 

𝐷𝐵𝐶 =  𝐷𝐵𝐶1 + 𝐷𝐵𝐶2 (3) 62 

 63 

DBC age ADBC is computed individually for both pools, and a concentration-weighted 64 

average is computed for total DBC age: 65 

 66 
𝑑𝐴𝐷𝐵𝐶1

𝑑𝑡
=  1 + ∑

𝛾

𝐴𝐷𝐵𝐶1
∙ (𝐴𝛾 − 𝐴𝐷𝐵𝐶1)𝑟𝑖𝑣𝑒𝑟,𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡,𝑎𝑒𝑟𝑜𝑠𝑜𝑙   (4) 67 

 68 
𝑑𝐴𝐷𝐵𝐶2

𝑑𝑡
=  1 + ∑

𝛾

𝐴𝐷𝐵𝐶2
∙ (𝐴𝛾 − 𝐴𝐷𝐵𝐶2)𝑟𝑖𝑣𝑒𝑟,𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡,𝑎𝑒𝑟𝑜𝑠𝑜𝑙    (5) 69 

 70 

𝐴𝐷𝐵𝐶 =
[𝐷𝐵𝐶1]

[𝐷𝐵𝐶]
∙ 𝐴𝐷𝐵𝐶1 +

[𝐷𝐵𝐶2]

[𝐷𝐵𝐶]
∙ 𝐴𝐷𝐵𝐶2 (6) 71 

 72 

 73 

Parameters are described in more detail in Supplementary Table 1. Three different 74 

scenarios are simulated and DBC age and concentration assessed: Simulation 1 includes 75 

both pools with first-order degradation rates as specified in 13, for example, with a turnover 76 

time on centennial (here: 100) and >105 (here: 10000) years. Loss due to 77 

photodegradation is only implemented for surfaces boxes, and the degradation rate 78 

constant is adjusted to achieve a total loss of 2-4 Tg DBC per year (Table 1). The intensity 79 

of the photoproduction scales with the fraction of UV light reaching the surface area of 80 

each box, with the distribution calculated using short-wave radiation data from the ERA5 81 

reanalysis as in 14,15. Input of DBC comes from rivers, distributed according to latitude as 82 

in 2.  Simulation 2 includes sources and sink processes as in simulation 1, and an 83 

additional input of pre-aged sediment for pool DBC2 in the subsurface box. Uncertainties 84 

range over several orders of magnitude for this flux. To address this large uncertainty, an 85 

additional simulation was performed with a 10x larger sediment input flux. Simulation 3 86 

includes sources and sink processes as in simulation 2, but an additional input of ages 87 

riverine input (for example, dissolution of PBC) and pre-aged DBC input from aerosols. 88 

Parameter values and prescribed fluxes for all simulations can be found in supplementary 89 

table 1.  90 
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 91 

 92 
 93 

Supplementary Figure 1.  Modelled ideal water mass age with the 7-box model, 94 

computed with static age 0 at the surface and aging upon transport to deeper waters with 95 

circulation in the model. Numbers indicate box numbers (compare supplementary table 96 

2). 97 

 98 

 99 

 100 

 101 

 102 
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 103 
Supplementary Figure 2.  Modelled DBC concentrations (left) and DBC ages (right) 104 

using the 7-box model.  a) and b) simulation 1 with riverine input, UV loss at the surface 105 

and first-order chemical sinks of two DBC pools. c) and d) simulation 2 as in simulation 1 106 

but with additional pre-aged sediment input, e) and f) simulation 2 but with 10x higher 107 

sediment input flux, g) and h) simulation 3 as in simulation 2 (high sediment flux) but with 108 

input of aerosols and dissolution of particle riverine flux at the surface.  109 

 110 

 111 

 112 

 113 

 114 
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 119 
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Supplementary Table 1: Box model parameters and values. Values in [brackets] 122 

indicate individual values for boxes 1-7 (see supplementary figure 3 for box numbering). 123 

 124 

Symbol Parameter Unit Simulation 1 Simulation 2 Simulation 3 
[𝐷𝐵𝐶1] Concentration of 

DC pool 1 (fast 
overturning pool) 

mmol C m-3 Prognostic 
variable 

Prognostic 
variable 

Prognostic 
variable 

[𝐷𝐵𝐶2] Concentration of 
DC pool 1 (fast 

overturning pool) 

mmol C m-3 Prognostic 
variable 

Prognostic 
variable 

Prognostic 
variable 

ADBC1 Age of DBC pool 
1 

yr Prognostic 
variable 

Prognostic 
variable 

Prognostic 
variable 

ADBC2 Age of DBC pool 
2 

yr Prognostic 
variable 

Prognostic 
variable 

Prognostic 
variable 

𝛾𝑟𝑖𝑣𝑒𝑟 DBC flux from 
rivers to DBC 
pool 1 

Tg yr-1 Total: 18 Tg 
[0 0 16.2 1.8 0 

0 0] 

Total: 18 Tg 
[0 0 16.2 1.8 0 

0 0] 

Total DBC: 18 
Tg 

[0 0 16.2 1.8 0 
0 0] 

Total DBC 
from PBC 
(assumed 

additional 10% 
with similar 
distribution): 

1.8 Tg 
[0 0 1.62 0.18 

0 0 0] 
 

𝜀 Partitioning factor 
for riverine 

sources between 
DBC pool 1 and 

2 

- 0.7 
(manually 
optimized) 

0.7 
(manually 
optimized) 

0.8 
(manually 
optimized) 

Aγriver Age of riverine 
input 

yr 0 0 DBC: 0 
DBC from 

PBC: 3700 yr 

𝛾𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡1 DBC flux from 
sediments to 
DBC pool 1 

Tg yr-1 - 0 0 

𝛾𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡2 DBC flux from 
rivers to DBC 

pool 2 

Tg yr-1 - 0.12 Tg yr-1 

& 1.2 Tg yr-1 
1.2 Tg yr-1 

Aγsediment Age of sediment 
input 

yr - 50000 yr 50000 yr 

𝛾𝑎𝑒𝑟𝑜𝑠𝑜𝑙1 DBC flux from 
rivers to DBC 

pool 1 

Tg yr-1 - - 0 

𝛾𝑎𝑒𝑟𝑜𝑠𝑜𝑙2 DBC flux from 
rivers to DBC 

pool 2 

Tg yr-1 - - Total: 1 Tg yr-

1, distributed 
evenly 

according to 
surface area 

of box) 
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Aγaerosol Age of aerosol 
input 

yr - - 50000 yr 

𝑘1 Rate constant 
first order sink 

pool DBC1 

yr-1 0.01 
 

0.01 0.01 

𝑘2 Rate constant 
first-order sink 

pool DBC2 

yr-1 0.0001 
 

0.0001 0.0001 

𝜆𝑈𝑉 Rate constant for 
photodegradation 
(multiplied by UV 

scaling factor) 

yr-1 0.04 x [0.035 
0.042   0.862   
0.0605 0 0 0] 
(optimized to 

yield an 
integrated 

annual loss of 
3.5 Tg C, 
Table 1) 

0.04 x [0.035 
0.042   0.862   
0.0605 0 0 0] 
(optimized to 

yield an 
integrated 

annual loss of 
3.5 Tg C, 
Table 1) 

0.04 x [0.035 
0.042   0.862   
0.0605 0 0 0] 
(integrated 

annual loss of 
3.3 Tg C) 
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