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Abstract 30 

Mobile bottom-contact fishing gear disturbs a large area of the continental shelf each year. How 31 
much carbon that releases depends on how fast the disturbed material is mineralised. Assessments 32 
represent that with a first-order rate constant, and because its value is unmeasured they sample it 33 
across five orders of magnitude, which makes it their dominant uncertainty. Here the constant is 34 
derived instead of assumed. Organic matter arriving at the seabed is described as a reactivity 35 
continuum, each component is transported through an accreting and bioturbated bed, and the mass-36 
weighted rate constant of the layer a gear removes follows in closed form. Two independent 37 
numerical solutions confirm it. Sweeping the parameters over shelf ranges then shows where the 38 
answer comes from. With the arriving material held fixed the rate constant varies 39-fold; letting it 39 
vary widens the spread to four orders of magnitude. Four fifths of that wider spread is carried by the 40 
age of the arriving material and one thousandth by the depth the gear cuts to. No gear reaches fresh-41 
deposit reactivity at any cutting depth, because reactive components are consumed before they can 42 
accumulate: the sediment surface is already 1.4 to 56 times less reactive than the material landing 43 
on it. Rapidly accumulating, weakly mixed beds give rate constants about thirty times higher than 44 
slowly accumulating, well-mixed beds. Measurement effort should therefore go to the material 45 
settling from the water column rather than to the disturbance, but only pays once that material is 46 
constrained to within a factor of eight, which no published regional inversion achieves. 47 

Keywords: bottom trawling; organic carbon reactivity; reactive continuum; bioturbation; early 48 
diagenesis; continental shelf sediments 49 

Highlights 50 
• Trawling carbon budgets assume the rate at which disturbed sediment carbon breaks down. 51 

Here it is derived in closed form from the reactivity mixture arriving at the seabed and three 52 
mappable site properties: cutting depth, accumulation rate and mixing intensity. 53 

• Across the conditions found on continental shelves the rate constant spans 1.59 decades, with a 54 
median of 5.5 × 10-3 yr-1, when the arriving mixture is known. It spans 4.11 decades when the 55 
arriving mixture is unknown. 56 

• Of that wider spread the apparent initial age of the arriving material accounts for 0.792 ± 57 
0.001, and the cutting depth for 0.001. The reactivity of disturbed carbon is set by what settles 58 
on the seabed, not by the fishing that disturbs it. 59 

• No gear reaches freshly deposited reactivity, however shallow the cut, because reactive 60 
components are consumed before they accumulate. The surface is 1.4 to 56 times less reactive 61 
than the arriving material at a fixed mixture, and 1.0 to 131 times once the mixture varies. The 62 
shortfall is governed by Db/w

2 at a fixed mixture and by Db/(a w2) in general. Estimates built 63 
on a fresh-deposit constant are therefore high, by about an order of magnitude in muddy, well-64 
mixed beds. 65 

• Mapping accumulation, mixing and cutting depth removes 1.34 of the 4.11 decades with 66 
existing methods. Constraining the arriving material removes more only once its apparent 67 
initial age is known to better than 0.91 decades, against the two decades reached so far. 68 

• The ordering survives seven sensitivity analyses: compaction, seasonal supply, depth-69 
dependent mixing, a non-local conveyor, a lognormal continuum and a widened parameter 70 
box. The deposited code reproduces every number and figure from the parameter values alone. 71 



1 Introduction 72 

Organic matter arriving at the seabed is a mixture whose components decay at rates spanning many 73 
orders of magnitude (Middelburg, 1989; Boudreau and Ruddick, 1991; Arndt et al., 2013). The fast 74 
components are consumed first, so the residual grows less reactive as it ages. Reactivity at a given 75 
depth is therefore a record of how long that material has been in the bed. Two transport processes 76 
set that residence time. Burial carries material downward at the accumulation rate, and burrowing 77 
animals mix it through the top few centimetres (Middelburg et al., 1997; Solan et al., 2019). Mixing 78 
acts in both directions, returning old material to the surface as well as carrying fresh material down, 79 
so sediment age depends jointly on burial velocity and mixing intensity rather than on either alone 80 
(Meile and Van Cappellen, 2005). Global compilations use that dependence to fit continuum 81 
parameters to measured profiles, and report values that differ systematically between depositional 82 
settings (Freitas et al., 2021; Pika et al., 2023; Xu et al., 2023). Mobile bottom-contact fishing gear 83 
disturbs a large area of the continental shelf each year, and the carbon this releases is contested. 84 
Published estimates span 17 to 400 Mt C yr-1, a range assembled by Khedri et al. (2025); the global 85 
figures in it are from Sala et al. (2021) and Atwood et al. (2024), while Epstein et al. (2022) and 86 
Hiddink et al. (2023) contest those rather than replace them. 87 

What separates the estimates is not the mass of sediment mobilised, which follows from gear 88 
characteristics and vessel monitoring data. It is what becomes of the organic carbon once mobilised, 89 
and every assessment represents that by prescribed first-order rate constants. Sala et al. (2021) took 90 
values typical of freshly deposited surface material, 0.275 to 16.8 yr-1 by region, applied to a labile 91 
fraction assigned by sediment type. Hiddink et al. (2023) replied that the bulk sediment a trawl 92 
disturbs is far less reactive. Khedri et al. (2025) declined to choose and treated the constant as 93 
unknown, sampling its full published range of 10-4 to 101 yr-1 and propagating the ensemble to 270 94 
kt C yr-1 for the northwest European shelf, with an interquartile range of 620 kt C yr-1. They identify 95 
reactivity as the leading source of that uncertainty and call for experiments to constrain it. 96 

The forward problem is solved. Kuderer and Middelburg (2024) coupled particle tracking to age-97 
dependent kinetics and showed that bioturbation flattens reactivity profiles, and Rooze et al. (2023) 98 
built an Eulerian moment model for age and reactivity continua under mixing. Neither answers the 99 
question a trawling assessment asks, which is what rate constant to assign to the particular depth 100 
interval a gear removes. Measurement has approached from the other side: Bartl and Thrush (2025) 101 
related resuspension-induced CO2 production at 57 sites to sediment properties, but what they report 102 
is an areal flux, not a rate constant. Three ingredients needed to answer that question already exist 103 
and have not been composed. Gear penetration depth fixes the depth interval. Accumulation and 104 
bioturbation fix how long the material in it has been buried. A reactivity continuum converts that 105 
residence time into a rate constant. 106 

This work carries out that composition and then tests what the result depends on. The organic 107 
matter reaching the seabed is described as a distribution over first-order rate constants, and for 108 
every component in it the steady balance between biodiffusive mixing, burial and decay is solved. 109 
The balance is linear, and its coefficients are constant over the few centimetres a gear reaches, so 110 
each component has an exponential profile and the rate constant of the disturbed layer reduces to 111 
one integral over components. No parameter is fitted: every input is a quantity shelf surveys already 112 
report. The result is verified twice, component by component against a collocation solve and, once 113 
assembled, against a finite-volume solver that reproduces the quadrature, the surface flux and the 114 
depth integration independently. It is then mapped across shelf ranges, its spread is split among the 115 
five parameters, and seven assumptions are tested, among them depth-dependent mixing, 116 
compaction, a non-local mixing operator, a lognormal continuum and a seasonally varying supply. 117 



2 Methods 118 

2.1 Reactivity continuum of the deposited organic matter 119 

Organic carbon reaching the seabed is a mixture of compounds whose decay rates differ by many 120 
orders of magnitude. Instead of tracking individual compounds, the mixture is described by a 121 
distribution over first-order decay rate constants. The gamma form of Boudreau and Ruddick (1991) 122 
was used, in which the deposited mass density g(k) (yr) depends on the rate constant k (yr-1), a 123 
dimensionless shape parameter ν, and the apparent initial age of the mixture a (yr): 124 

𝑔(𝑘) =
𝑎𝜈  𝑘𝜈−1 𝑒−𝑎𝑘

𝛤(𝜈)
.    (1) 125 

The shape ν sets how wide the mixture is, and the age a sets where it sits: raising a slides the whole 126 
distribution toward lower reactivity without changing its width. The age is apparent rather than real, 127 
being the age a mixture of this shape would need in order to be as unreactive as the material 128 
observed. Their ratio ν/a is the mean rate constant of the mixture and is used throughout as a single 129 
summary of how reactive the arriving material is. Γ(ν) is the gamma function, the standard 130 
extension of the factorial to non-integer arguments. It appears here only as the constant that makes 131 
g(k) integrate to one, so that the mixture carries unit mass; it has no units, no physical role, and 132 
cancels from every result below. 133 

Both parameters are obtained by inversion against field data, although not always together: Freitas 134 
et al. (2021) fit ν and a to measured sediment profiles, Pika et al. (2023) hold ν at 0.151 and fit a 135 
alone to diffusive oxygen uptake, and Xu et al. (2023) fit a lognormal form instead. The ranges 136 
adopted here are listed in Table 2. 137 

A component is defined as all the organic matter that decays at a given rate k. Compounds are 138 
grouped by decay rate and by no other property, because no other property enters the calculation. 139 
The quadrature of Sect. 2.4 resolves the mixture into 20 000 components. All symbols and units are 140 
collected in Table 1. 141 

2.2 Transport and reaction in the bed 142 

Each component is buried, mixed by bioturbation and lost by decay, and exchanges with no other 143 
component. Bioturbation is represented as a diffusive flux, which is standard for beds mixed by 144 
many small displacements (Boudreau, 1986a; Meysman et al., 2003, 2010). The steady-state mass 145 
balance for one component relates its concentration Ck (g C cm-3) to depth below the sediment-146 
water interface z (cm), the biodiffusion coefficient Db (cm2 yr-1) and the accumulation rate w (cm yr-147 
1): 148 

𝐷𝑏  
d2𝐶𝑘
d𝑧2

− 𝑤 
d𝐶𝑘
d𝑧

− 𝑘 𝐶𝑘 = 0.    (2) 149 

The processes retained in Eq. (2) and those omitted are listed in Table 3. 150 

The biodiffusive closure is a local approximation. It holds when particle displacements are small 151 
and frequent relative to the depth interval of interest, so that the flux at any depth is set by the local 152 
concentration gradient (Boudreau, 1986a; Meysman et al., 2003). Head-down deposit feeders 153 
violate both conditions: ingestion at depth and egestion at the interface displaces particles across the 154 
whole feeding zone in a single event, so the flux at a given depth depends on the concentration 155 
several centimetres away (Meysman et al., 2010). A non-local operator of that form is substituted 156 
for biodiffusion in Sect. 3.2.3, and the resulting shift in kdist is given in Table 5. 157 



Db is taken as constant over the few centimetres a gear reaches. Equation (2) then has constant 158 
coefficients, and every component has an exponential profile. The solution that decays with depth is 159 

𝐶𝑘(𝑧) = 𝐶𝑘(0) 𝑒
𝜆𝑘𝑧 ,  𝜆𝑘 =

𝑤 −√𝑤2 + 4𝐷𝑏𝑘

2𝐷𝑏
,    (3) 160 

where λk (cm-1) is the negative root of Dbλ
2 − wλ − k = 0. The surface concentration follows from 161 

the flux condition at the interface: the flux of a component is advective plus diffusive, and at z = 0 it 162 
equals the depositional supply F g(k), so 163 

𝐶𝑘(0) =
𝐹 𝑔(𝑘)

𝑤 − 𝐷𝑏𝜆𝑘
,    (4) 164 

where F (g C cm-2 yr-1) is the total depositional flux of organic carbon. It multiplies every 165 
component equally and cancels from Eq. (5), so no result below depends on it. 166 

2.3 The rate constant of the disturbed layer 167 

A gear penetrating to depth PD (cm) removes or resuspends everything above that depth. A one-168 
pool trawling model assigns that material a single rate constant, and the consistent choice is the 169 
mass-weighted mean over the components present, kdist (yr-1): 170 

𝑘dist(𝑃𝐷) =
∫ ∫ 𝑘

𝑃𝐷

0

∞

0
 𝐶𝑘(𝑧) d𝑧 d𝑘

∫ ∫ 𝐶𝑘
𝑃𝐷

0

∞

0
(𝑧) d𝑧 d𝑘

.    (5) 171 

Each component decays exponentially with depth, so the inner integral has a closed form: 172 

∫ 𝐶𝑘

𝑃𝐷

0

(𝑧) d𝑧 = 𝐶𝑘(0) 
𝑒𝜆𝑘𝑃𝐷 − 1

𝜆𝑘
.    (6) 173 

Substituting Eqs. (4) and (6) into Eq. (5) leaves one quadrature over k. Equations (1) to (6) are the 174 
whole model. It has five parameters: ν and a describe the arriving mixture, and w, Db and PD 175 
describe the bed and the gear. 176 

2.4 Numerical implementation 177 

The quadrature. The integral over k was evaluated on a logarithmic grid whose limits, resolution 178 
and convergence are given in Table 4. The coarsest grid used anywhere costs 5 × 10-5 decades in 179 
kdist, three orders of magnitude below the smallest effect any conclusion rests on. 180 

The inert component. For ν < 1 the density in Eq. (1) diverges as k → 0, so any finite lower limit 181 
kmin omits real mass. That mass reacts too slowly to contribute to the numerator of Eq. (5), but it is 182 
not negligible in the denominator. It was therefore carried as an explicit k = 0 component of weight 183 
P(ν, a kmin), the regularised lower incomplete gamma, rather than redistributed by renormalising the 184 
grid. Appendix A6 gives its profile and the error renormalisation would introduce. With it carried, 185 
the mean rate constant of the deposit is ν/a exactly. 186 

The solver. The scenarios of Sect. 3.2.3 that relax constant Db, add compaction, or substitute a non-187 
local operator have no closed form and were solved by finite volumes. The upper boundary 188 
prescribes the depositional solid flux, the lower applies a radiation condition dCk/dz = λkCk. A fixed 189 
concentration is inadmissible there, because a nearly inert component has an advective decay length 190 
w/k longer than any practical domain; Sect. 3.2.3 reports what that substitution costs. Organic 191 
carbon is a solid-phase species, so every term carries the solid volume fraction 1 − φ rather than the 192 
porosity φ. Domain length, node count and convergence are in Table 4. 193 



2.4.1 Application 194 

Every range below is a working prior for a northwest European shelf bed. None is fitted, and none 195 
is the full span of what has been measured. Where a prior is narrower than the published 196 
measurements, that is stated and its effect is tested in Sect. 3.2.3. 197 

Accumulation rate, 0.02 to 0.6 cm yr-1, the interval commonly quoted for shelf muds and sands 198 
(Middelburg et al., 1997; Solan et al., 2019). 199 

Biodiffusion, 1 to 150 cm2 yr-1. This holds about 85 % of the shelf records in the compilation of 200 
Solan et al. (2019), whose full spread below 200 m of water runs from 10-4 to 6.7 × 103 cm2 yr-1. It 201 
is an envelope for a typical bed, not an outer bound. Kuderer and Middelburg (2024) cite the same 202 
sources for 0.001 to 10 cm2 yr-1, which overlaps the interval used here over exactly one decade, and 203 
apply it to coastal, slope and deep-sea settings alike. 204 

Gear penetration depth, 1 to 5 cm, covering the central values assigned to otter trawls, beam 205 
trawls and dredges by sediment type (Pitcher et al., 2022; Khedri et al., 2025). Those assignments 206 
themselves run from 0 cm on gravel to 5.4 cm for a dredge in mud. 207 

Continuum shape, 0.10 to 0.30, bracketing the 0.1 to 0.2 that Freitas et al. (2021) find in almost all 208 
of their inversions and admitting their higher outliers. 209 

Apparent initial age, 1 to 1000 yr. This is the one prior markedly narrower than the measurements. 210 
Freitas et al. (2021) report a over 10-3 to 107 yr, most values falling between 1 and 104 yr, and Pika 211 
et al. (2023) return 0.6 to 2 × 106 yr. Sect. 3.2.3 therefore repeats the whole decomposition over 0.1 212 
to 105 yr. 213 

All five are listed with their sources in Table 2. 214 

The comparison in Sect. 3.3 centres its constraint on an apparent initial age of 10 yr, a plausible 215 
shelf value rather than the geometric centre of the prior range, which is 32 yr. Section 3.3 reports 216 
what that choice costs. 217 

Seven assumptions were tested rather than asserted. Table 5 gives, for each scenario, what was 218 
changed, what it was changed to, and the resulting shift in kdist. Three of the seven were run at two 219 
settings each, so the table has more rows than assumptions, and the seventh, the numerical solution 220 
itself, is a verification rather than a scenario and appears at the head of Sect. 3.2.3. The parameters 221 
that enter only these scenarios are given in Table 5 and used nowhere else: the porosity profile, the 222 
mixed-layer taper, the conveyor feeding zone and exchange rate, and the amplitude and period of 223 
the deposition cycle. 224 

2.5 Verification and splitting the spread 225 

The solution was verified twice, at two different levels. Equation (3) was checked component by 226 
component against an independent collocation solve of Eq. (2), written without shared code, with 227 
the depositional flux imposed at the interface and the concentration vanishing at depth. That check 228 
cannot reach the quadrature or the inert fraction, so the assembled constant of Eq. (5) was checked 229 
separately against the finite-volume solver of Sect. 2.4, which reproduces both independently of the 230 
closed form. 231 

The spread was then split among the parameters using Sobol indices, estimated by Saltelli sampling 232 
on log10 kdist. A total Sobol index is the share of the variance that one parameter accounts for, 233 
including everything it contributes through interactions with the others; it runs from zero, meaning 234 
no influence, to one, meaning the parameter alone determines the answer. 235 

Three choices are worth stating. The logarithm was used because the quantity spans decades and 236 
because the assessments that consume it sample it log-uniformly. A scrambled Sobol′ low-237 



discrepancy sequence replaced pseudo-random draws, because with the latter the first-order index 238 
of the dominant parameter exceeded its own total index, which is impossible and signals estimator 239 
noise. Uncertainty on each index was taken across five independent scrambles rather than across 240 
sample sizes, since the latter share draws and would understate the spread. Convergence was 241 
checked from base sample sizes of 128 to 2048. 242 

Table 1. Model variables, their units, and the conditions imposed at the boundaries of the domain. 243 
The depositional flux F cancels between the numerator and the denominator of Eq. (5), so no result 244 
depends on it. The base condition given is the one the finite-volume solver imposes; the 245 
independent collocation solve of Sect. 2.5 instead sets Ck → 0 at depth, which is adequate there 246 
because that check is run per component rather than over the continuum. 247 

Symbol Description Unit Surface condition 

Base 

condition 

Ck mass of reactivity component 

k per unit bed volume and unit 

k 

g C cm-3 yr prescribed flux, F 

g(k) = (w − 

Dbλk)Ck(0) 

dCk/dz = λk Ck 

C0 mass of the inert component, k 

= 0, per unit bed volume 

g C cm-3 prescribed flux, F 

P(ν, a kmin) 

advective, C0 

= F P/w 

g(k) deposited mass density over 

rate constants, Eq. (1) 

yr normalised to unit 

mass on (0, ∞) 

none 

λk decaying root of the 

characteristic equation, Eq. 

(3) 

cm-1 none none 

kdist mass-weighted rate constant 

of the disturbed layer, Eq. (5) 

yr-1 derived none 

z depth below the sediment-

water interface 

cm z = 0 z = L 

φ porosity, constant except in 

the compaction scenario 

dimensionless φ0 φ∞ 

Table 1 is the notation key for the whole paper. Each component has its own concentration Ck and 248 
its own decay rate k, but all components share the same w and Db: the bed moves and mixes every 249 
component in the same way, and only the decay term distinguishes them. The inert component C0 is 250 
listed separately because it is the one component that never reacts, so it adds mass to the 251 
denominator of Eq. (5) and nothing to the numerator. 252 

Table 2. Environmental and gear parameters, with the reference values used where a single value is 253 
required and the ranges over which each is varied. No parameter is fitted. 254 

Symbol Description Reference Range Unit Source 

w accumulation rate 0.1 0.02 to 

0.6 

cm yr-1 northwest European 

shelf 

Db biodiffusion 

coefficient 

20 1 to 

150 

cm2 yr-1 Middelburg et 

al. (1997); Solan et 

al. (2019) 

PD gear penetration depth 2 1 to 5 cm Pitcher et al. (2022); 

Khedri et al. (2025) 

ν shape of the deposited 

continuum 

0.15 0.10 to 

0.30 

dimensionless Freitas et al. (2021); 

Pika et al. (2023); Xu 

et al. (2023) 



Symbol Description Reference Range Unit Source 

a apparent initial age of 

the deposit 

3 1 to 

1000 

yr Freitas et al. (2021); 

Pika et al. (2023); Xu 

et al. (2023) 

ν/a mean rate constant of 

the deposit, closed 

form 

0.05 10-4 to 

0.3 

yr-1 derived from ν and a 

Table 2 holds the five parameters of the model. The reference column gives the value used 255 
whenever a single number is needed, for example when drawing a profile, and the range column 256 
gives the interval swept when the whole shelf is covered. The first three describe the bed and the 257 
gear and can be mapped at a site; the last two describe the material settling onto the bed and are 258 
fitted from sediment profiles elsewhere. The final row is not an independent parameter but a useful 259 
summary: ν/a is the mean decay rate of the material as it arrives, and the results are best read 260 
against it. 261 

Table 3. Processes included in the model, the term each contributes to Eq. (2), and where each is 262 
relaxed. Processes deliberately omitted are listed at the foot of the table with the section that 263 
discusses them. 264 

Process Term 

Treatment in the 

reference model Relaxed in 

Deposition F g(k) at z = 0 steady, one continuum, 

unit total mass 

Sect. 3.2.3, 

seasonality 

Biodiffusive mixing d/dz(Db dCk/dz) Db constant with depth Sect. 3.2.3, depth-

dependent Db 

Burial −d(w Ck)/dz w constant, non-

compacting bed 

Sect. 3.2.3, 

compaction 

First-order decay −k Ck components decay 

independently 

Sect. 3.4, priming 

Non-local transport −r(z)Ck, returned to z 

= 0 

absent Sect. 3.2.3, conveyor 

Disturbance mass-weighted mean 

over 0 to PD 

instantaneous, 

composition-preserving 

Sect. 3.4 

Priming, component 

coupling 

none omitted Sect. 3.4 

Oxygen exposure after 

disturbance 

none omitted; multiplies the 

result 

Sect. 3.4 

Table 3 states what the model does and does not represent. The first four rows are the terms of Eq. 265 
(2); the rest are processes that a reader might expect and will not find. The last column is the one to 266 
read: most of the simplifications are not left as assumptions but are relaxed and measured in Sect. 267 
3.2.3, and the two that are not, priming and the change in reactivity caused by exposure to oxygen 268 
after disturbance, are discussed as limitations in Sect. 3.4. 269 

Table 4. Numerical parameters, and the convergence attained with each. The two solvers are the 270 
closed-form quadrature of Eqs. (1) to (6) and the finite-volume discretisation of Sect. 2.4. 271 

Quantity Value Convergence attained 

Reactivity grid, kmin to kmax 10-14 to 104 yr-1 5 × 10-8 against kmin = 10-18, over 32 corners 

of the box 



Quantity Value Convergence attained 

Reactivity grid points 20 000 none 

Reactivity grid points, 

sampling scripts 

4000 median 1.7 × 10-7, maximum 1.9 × 10-6 

Reactivity grid points, 

depth-dependent solvers 

500 to 600 median 1.1 × 10-5, maximum 1.3 × 10-4, or 5 × 

10-5 decades 

Reactivity grid, lognormal 

continuum 

10-14 to 1012 yr-1, 

12 000 points 

against 1016 yr-1: six figures on the shelf 

range, 8 × 10-5 relative on the global range 

Domain length, L 120 cm 2 × 10-6 over L = 40 to 1200 cm 

Nodes, finite-volume solver 6000, dz = 0.02 

cm 

first order in dz; 3.1 × 10-3 against the closed 

form 

Sobol base sample size 2048 largest change in any index from 512 to 2048 

is 0.0013 

Sobol scrambles 5, disjoint from 

the index seed 

standard deviation ≤ 0.001 on every index 

Table 4 lists every numerical choice together with the error it costs. Each entry answers the same 272 
question: if this setting were made finer, how much would the answer move? The largest of these is 273 
3.1 × 10-3 in kdist for the finite-volume solver, and all the others are smaller still. For comparison, the 274 
smallest physical effect the paper draws a conclusion from is about 0.08 decades, so no result here 275 
is limited by numerics. 276 

Table 5. Sensitivity analyses. Rows are the scenario tested, columns give what was changed and the 277 
resulting shift in log10 kdist relative to the reference configuration of Table 2. A positive shift means 278 
the departure raises the rate constant of the disturbed layer. ML is the mixed layer and OM is 279 
organic matter. 280 

Scenario 

Parameter 

changed Value 

Shift, median 

(range) 

Baseline nothing changed Db constant, non-compacting, steady 

deposition 

0 by definition 

Depth-dependent 

Db, deep ML 

Db(z) = ½Db,0[1 − 

tanh((z − z0)/zs)] 

z0 = 10 cm, zs = 2 cm +0.13 (+0.03 

to +0.22) 

Depth-dependent 

Db, shallow ML 

as above z0 = 5 cm, zs = 2 cm +0.22 (+0.08 

to +0.33) 

Compaction, 

matching w at 

depth 

φ(z) = φ∞ + (φ0 − 

φ∞)e−z/β 

φ0 = 0.85, φ∞ = 0.70, β = 5 cm +0.08 (+0.05 

to +0.12) 

Compaction, 

matching w at the 

surface 

as above as above −0.12 (−0.06 

to −0.16) 

Conveyor added to 

biodiffusion 

r(z) over a 

feeding zone, 

egested at z = 0 

zinj = 10 cm, r0 = Db/zinj
2 −0.07 (−0.04 

to −0.07) 

Conveyor 

replacing 

biodiffusion 

Db = 0, conveyor 

only 

zinj = 10 cm, r0 = 10-3 to 10-1 yr-1 +0.48 to −2.44 

Lognormal 

continuum, shelf 

g(k) form, after 

Xu et al. (2023) 

median k 10-3 to 10-1 yr-1, σ 1 to 3 indices, Sect. 

3.2.3 



Scenario 

Parameter 

changed Value 

Shift, median 

(range) 

Lognormal 

continuum, global 

as above median k 10-6 to 102 yr-1, σ 0.2 to 6, 

the whole range in Fig. 7 of Xu et 

al. (2023) including their soil and 

incubation data 

indices, Sect. 

3.2.3 

Widened 

parameter ranges 

all five 

parameters 

ν 0.05 to 0.60, a 0.1 to 105 yr, w 0.001 

to 2 cm yr-1, Db 0.01 to 1000 cm2 yr-1, 

PD 0.1 to 20 cm 

indices, Sect. 

3.2.3 

Seasonal OM 

supply 

F(t) = F0[1 + A 

cos ωt] 

A = 0.5 to 1.0, period 10-2 to 106 yr swing 0.05 to 

0.09 at one 

year 

Table 5 sets out the sensitivity analyses. Each row changes one thing about the reference model of 281 
Table 2 and reports how far kdist moves as a result, in decades. Rows with a single number pair give 282 
a median and the range over the cases tested; the last four rows change the shape of the problem 283 
rather than a single value, so their results are reported in Sect. 3.2.3 rather than as one shift. Reading 284 
down the shift column, every departure except the substitution of a conveyor for biodiffusion moves 285 
the answer by less than a quarter of a decade. 286 

3 Results and discussion 287 

3.1 Baseline profiles and verification of the solution 288 

Figure 1 shows the model. Carbon reaches the seabed as a mixture of reactivities. Bioturbation 289 
mixes it downward, burial carries it away from the interface, and each component decays at its own 290 
rate. A gear penetrating to depth PD disturbs everything above that depth. 291 

 292 

Figure 1. Sketch of the model. Carbon arrives at the seabed as a mixture of reactivities, is mixed by 293 
bioturbation, and is buried. The shaded band is the layer that a gear penetrating to depth PD 294 
disturbs. 295 

Figure 2 shows the steady-state profiles for three mixing intensities. Carbon and reactivity behave 296 
quite differently with depth. 297 

The total organic carbon barely changes. It falls by 28 % over the top 25 cm at weak mixing and by 298 
2 % at strong mixing (Fig. 2a), because most of it is refractory and survives that distance whatever 299 



the bed does. The bulk rate constant falls much further, by 1.3 decades at weak mixing and 0.3 300 
decades at strong mixing (Fig. 2b), and the volumetric rate falls faster still (Fig. 2c). The fraction of 301 
carbon in components that turn over within a century, meaning k > 10-2 yr-1, is 0.18 at the sediment 302 
surface at weak mixing and 0.035 at strong mixing (Fig. 2d). 303 

Mixing acts in two directions at once. It carries reactive material down, raising the rate constant at 304 
depth, and brings old material up, lowering it near the surface. Kuderer and Middelburg (2024) 305 
report the same behaviour from particle tracking. The layer a gear reaches lies in the top few 306 
centimetres, where the profiles are steepest at weak mixing and nearly flat at strong mixing. 307 

The surface value in Fig. 2b is the plateau of Fig. 5, and reproduces the PD → 0 limit of Eq. (5) to 308 
1.7 × 10-10. That is arithmetic, not verification, since both routes evaluate the same expression. It 309 
confirms only that the panel plots a rate constant rather than a volumetric rate. 310 

 311 

Figure 2. Depth profiles at steady state for three mixing intensities, at an accumulation rate of 0.1 312 
cm yr-1. Depth increases downward in every panel. (a) Total organic carbon, divided by its value at 313 
the sediment surface. (b) Bulk rate constant, that is, the volumetric mineralisation rate divided by 314 
the carbon present. (c) Volumetric mineralisation rate, divided by its surface value. (d) Fraction of 315 
the carbon held in components with k > 10-2 yr-1, which turn over within a century. Panels (a), (b) 316 
and (d) include the nearly inert component of Sect. 2.4, which carries mass but does not react. The 317 
shaded band is the layer a gear penetrating 2 cm would disturb. Line style marks the biodiffusion 318 
coefficient, given in the key. 319 

The solution was then verified. Over 108 combinations of accumulation rate, mixing, penetration 320 
depth and reactivity component, the exponent of Eq. (3) satisfies the governing equation to 4.1 × 10-321 
14. The depth integral of Eq. (6) matches an independent collocation solve to a median of 1.8 × 10-322 
10, worst case 1.3 × 10-5 (Fig. 3). That worst case is set by the tolerance of the reference solve, not 323 
by the closed form. No case was discarded. 324 

That test treats one component at a time, so it reaches neither the quadrature over the continuum nor 325 
the nearly inert fraction that dominates the denominator of Eq. (5). Both are covered by the finite-326 
volume solver, which assembles kdist itself and agrees to 3.1 × 10-3. That residual halves when the 327 
grid spacing halves, as discretisation error should. The two routes share only the local decay 328 
exponent, and only in the far-field boundary condition; the quadrature, the flux condition and the 329 
depth integration are independent. 330 

Supporting figures follow the same argument. The arriving mixture is plotted in Fig. S1, and the 331 
response of kdist to each parameter in turn in Figs. S2 and S3, which recovers the ordering of Sect. 332 
3.2.2 without any sampling. 333 



 334 

Figure 3. Check of the closed-form depth integral of Eq. (6) against an independent collocation 335 
solve of Eq. (2). Each point is one of 108 combinations of accumulation rate, mixing, penetration 336 
depth and reactivity component. The horizontal axis is the reactivity component k, in yr-1, and the 337 
vertical axis is the relative difference between the two solutions. Four values of k were tested, so the 338 
points fall in four columns. The grey dashed line marks the median, 1.8 × 10-10. 339 

3.2 The rate constant across shelf conditions 340 

Figure 4 maps kdist over accumulation rate and biodiffusion at a penetration depth of 2 cm, with the 341 
arriving mixture held at ν = 0.15 and a = 3 yr. The rate constant rises with accumulation, because 342 
faster burial leaves material less time in the bed before the gear reaches it, and falls with mixing, 343 
because mixing dilutes the disturbed layer with older material from below. 344 

 345 

Figure 4. Contours of the bulk rate constant of the disturbed layer, in yr-1, over accumulation rate 346 
and biodiffusion. Contour values are listed in the key at the right. The penetration depth is 2 cm and 347 
the deposited continuum is held at ν = 0.15 and a = 3 yr. 348 

Over the full shelf ranges of the three transport and gear parameters in Table 2, with the mixture 349 
held fixed, kdist runs from 8.3 × 10-4 to 3.2 × 10-2 yr-1: a span of 1.59 decades, median 5.5 × 10-3 yr-1. 350 
That median lies within a factor of two of the 10-2 yr-1 that Khedri et al. (2025) identify as the peak 351 



of the published distribution. The model therefore does not move the central estimate. It narrows the 352 
range around it and makes the value a function of mappable quantities. 353 

A partial check is available, because the arriving mixture can be taken from an inversion this study 354 
did not perform. Xu et al. (2023) report apparent bulk reactivities of about 10-2 to 3 × 10-2 yr-1 for 355 
Arctic shelf regions. Read as the mean rate constant of the arriving material and fed into Eq. (5) at 356 
the reference bed of Table 2, those return kdist of 1.8 × 10-3 to 3.7 × 10-3 yr-1, with suppression 357 
factors of 5.5 and 8.2. 358 

Three routes to the same quantity are now in hand: the sweep above, at a median of 5.5 × 10-3 yr-1; 359 
this one; and the published peak of 10-2 yr-1 from Khedri et al. (2025). All three lie within three-360 
quarters of a decade of one another, against a computed spread of 4.11 decades when nothing is 361 
known about the site. The check is not fully independent, for the reason given in Sect. 3.3: the 362 
inversion is run on bed profiles, which are already depleted in reactive components. It is reported 363 
because it uses different data, a different functional form and different priors, not because it escapes 364 
that bias. 365 

No single reduction factor is quoted against the range currently sampled, for two reasons. That 366 
range is ambiguous: the main text of Khedri et al. (2025) gives 10-4 to 101 yr-1 for the undisturbed 367 
rate constant, while their Table 2 gives 10-4 to 10-1 with a disturbance multiplier of one to five. And 368 
the comparison would not be like for like, because 1.59 decades assumes the arriving mixture is 369 
known. Section 3.2.2 gives the range without that assumption. 370 

3.2.1 Suppression relative to freshly deposited material 371 

Figure 5 shows the same quantity against penetration depth alone, extended well past the depth any 372 
gear reaches. As penetration depth goes to zero the curve settles onto a plateau, and that plateau lies 373 
below the mean rate constant of the arriving material. Equation (4) explains why: a component with 374 
a large rate constant is consumed within a short distance of the interface and never builds up a 375 
standing stock. The bed is therefore already depleted in reactive components at its very top, and 376 
gear that scrapes only the topmost millimetre does not meet fresh reactivity. 377 

 378 

Figure 5. Bulk rate constant of the disturbed layer against penetration depth, for three 379 
accumulation rates at Db = 20 cm2 yr-1. Accumulation rates are given in the key. The grey dotted 380 
line, last in the key, is the mean rate constant of the material as it is deposited, ν/a. The shaded 381 
band is the range of penetration depths reached by real gear. All three curves lie below the dotted 382 
line everywhere, which is the suppression discussed in the text. 383 



The size of that suppression is not fixed, and the algebra says what sets it. Substituting Eq. (3) into 384 
Eq. (4) gives w − Dbλk = ½(w + (w2 + 4Dbk)1/2), so the standing stock of each component is its 385 
deposited mass divided by ½w[1 + (1 + 4Dbk/w2)1/2]. 386 

In the limit of a vanishingly thin cut, w cancels between the numerator and the denominator of Eq. 387 
(5) and only the dimensionless group Dbk/w2 survives. The arriving mixture is centred on k ≈ ν/a, so 388 
the suppression at the sediment surface is a function of ν and Db/(a w2) alone. At a fixed mixture 389 
that reduces to a function of Db/w

2, which runs from 2.8 to 3.8 × 105 yr over the shelf ranges, and 390 
the suppression rises with it throughout. Two qualifications follow. Once the mixture varies, the age 391 
enters and the group to hold fixed is Db/(a w2). For a cut of finite thickness a second group, k PD/w, 392 
enters as well, which is why the reference bed gives 9.1 at the surface and 9.9 over 2 cm. 393 

Varying accumulation and mixing at the fixed mixture of Fig. 4, the suppression factor runs from 394 
1.4 at high accumulation with weak mixing to 56 at the opposite corner, and is 9.1 at the reference 395 
bed of Table 2 (Fig. S5a). Varying the mixture as well, over ν, a, w and Db, it spans 1.0 to 131; 396 
penetration depth does not enter, because this is the surface value. Two limits follow from the 397 
algebra and are confirmed numerically in Sect. S1. As Db → 0 the factor tends to one, because an 398 
unmixed bed inherits the depositional composition exactly. As w → 0 it grows without bound. 399 

This bears directly on the constant chosen by Sala et al. (2021). In muddy, well-mixed sediments a 400 
value taken from fresh deposition overstates the reactivity of the surface standing stock by about an 401 
order of magnitude, before penetration depth is considered at all; in rapidly accumulating, weakly 402 
mixed sediments the overstatement falls to about 40 %. One condition applies. Sala et al. (2021) 403 
already assign a labile fraction of 0.04 to 0.7 by sediment type, which absorbs part of this factor. 404 
What is quantified here is the remainder, and how it varies with the bed. 405 

Two published corrections are of the same size. Porz et al. (2024) obtain 4.0 t CO2 km-2 yr-1 against 406 
the 118 t CO2 km-2 yr-1 of Sala et al. (2021), a factor of 30, and Zhang et al. (2024) obtain a global 407 
figure below a tenth of the same source. Both reach those factors by running a coupled three-408 
dimensional model of the North Sea, and both attribute them to processes this study does not 409 
represent: redeposition of resuspended carbon, the response of the benthic fauna, and the treatment 410 
of lightly trawled ground. They are consistent in magnitude with the suppression reported here 411 
rather than evidence for it. What the suppression adds is that a factor of this size already follows 412 
from the depth profile, and can be written down from Eq. (4) instead of simulated. 413 

Read through this model, Sala et al. (2021) and Hiddink et al. (2023) are disagreeing about which 414 
depth interval the rate constant should describe. A fresh-deposit value corresponds to the top of Fig. 415 
2b, a bulk sediment value to well below the disturbed layer. Neither is right, and the right value is 416 
not simply between them, because where it falls depends on accumulation and mixing. Figure 4 417 
supplies it wherever those two are mapped. 418 

3.2.2 Where the spread comes from 419 

The span of 1.59 decades assumes the arriving mixture is known. Letting ν and a vary over the 420 
ranges of Table 2 as well widens it to 4.11 decades, from 1.1 × 10-5 to 1.5 × 10-1 yr-1, median 2.1 × 421 
10-3 yr-1. That wider figure is the one to compare against a range sampled with no site knowledge at 422 
all. 423 

Figure 6 shows where that spread comes from. Each bar is the share one parameter accounts for, 424 
computed as in Sect. 2.5. 425 

The apparent initial age of the arriving material carries 0.792 ± 0.001. Accumulation rate carries 426 
0.105, continuum shape 0.068, biodiffusion 0.043 and penetration depth 0.001. Grouped, the two 427 
parameters describing the arriving material carry 0.86 against 0.15 for the three describing the bed 428 
and the gear. The quoted uncertainty is the standard deviation over five independent scrambles at 429 



the same base sample size of 2048, none of them the scramble used for the index itself. The first-430 
order indices sum to 0.993, so the model is close to additive and interactions are weak. 431 

 432 

Figure 6. Share of the spread in log10 kdist accounted for by each parameter, over the ranges of 433 
Table 2. The shares are total Sobol indices, so a parameter’s bar includes everything it contributes 434 
through interactions with the others. The parameters are the apparent initial age a, the 435 
accumulation rate w, the continuum shape ν, the biodiffusion coefficient Db and the penetration 436 
depth PD. Each index is printed above its bar. The base sample size is 2048 on a scrambled Sobol′ 437 
sequence; convergence with sample size is shown in Fig. S4. 438 

The result for penetration depth is easy to misread. It governs how much carbon is disturbed, and 439 
that term is large and well established. Figure 6 says only that it does not govern how reactive the 440 
disturbed carbon is. The two enter a trawling estimate as a product, and only the second is 441 
insensitive to the gear. 442 

The ordering does not depend on the measure. Repeating the split on kdist itself rather than on its 443 
logarithm, at the same sample size, leaves the ranking a > w > ν > Db > PD unchanged, though the 444 
values move: penetration depth rises from 0.001 to 0.009 and accumulation from 0.105 to 0.285. 445 
The logarithmic measure is used because the quantity spans decades and the assessments that 446 
consume it sample it log-uniformly. Any single index should be read as belonging to a measure. 447 

3.2.3 Sensitivity analyses 448 

Seven assumptions were tested rather than asserted. Table 5 lists the scenarios; Fig. S5b collects the 449 
three signed shifts that share an axis. 450 

The solver. With the radiation condition of Sect. 2.4, the finite-volume solve reproduces the closed 451 
form of Eqs. (3) to (6) to 3.1 × 10-3 over five widely separated beds, the worst at the slowest 452 
accumulation and weakest mixing. The residual is first-order discretisation error: refining the grid at 453 
the reference bed takes it from 3.2 × 10-3 at a spacing of 0.08 cm to 2.0 × 10-4 at 0.005 cm. 454 

What matters more is that it does not depend on domain depth. Over domains from 40 to 1200 cm, 455 
kdist agrees to 2 × 10-6, whereas fixing the concentration to zero at 80 cm overstates it by a factor of 456 
2 to 11. The depth-dependent solver is checked separately by pushing the taper out of the way so 457 
that mixing is constant and the answer is known; it agrees to 7.6 × 10-4. Every budget is checked 458 
component by component: deposition equals decay plus burial to the same accuracy, and the 459 
conveyor below meets the same budget once ingestion and egestion are set against each other. 460 

Depth-dependent biodiffusion. Replacing constant Db by the form of Kuderer and Middelburg 461 
(2024) raises kdist by 0.03 to 0.22 decades at z0 = 10 cm and by 0.08 to 0.33 decades at z0 = 5 cm. In 462 
the first case the cause is not the base of the gear, since Db(z) is within one per cent of Db,0 over the 463 



whole top 5 cm. It is that constant biodiffusion on an unbounded domain mixes nearly inert material 464 
upward from arbitrarily deep, loading the disturbed layer with refractory carbon and biasing kdist 465 
low. At z0 = 5 cm the taper does reach into the disturbed layer, where Db has halved, which is part 466 
of why the shift is larger. 467 

Compaction. Equation (2) is written for a bed that does not compact. Imposing the porosity profile 468 
of Table 5 fixes the product of solid fraction and solid velocity, but not its value, so the sign of the 469 
answer turns on which depth the tabulated accumulation rate is taken to describe. Matching the deep 470 
solid velocity makes the solid move faster than the reference through the disturbed layer and raises 471 
kdist by a median of 0.08 decades, at most 0.12. Matching the velocity at the sediment surface lowers 472 
it by a median of 0.12 decades, at most 0.16. Nothing reported with a shelf accumulation rate 473 
distinguishes the two conventions, so the honest statement is that compaction moves the answer by 474 
less than 0.17 decades, with a sign set by convention rather than by the bed. 475 

Non-local mixing. Meysman et al. (2010) set out where biodiffusion fails, chiefly in beds worked 476 
by head-down deposit feeders. Such an animal ingests particles at depth and egests them at the 477 
sediment surface, so the operator must remove material at depth and return all of it to the interface 478 
(Boudreau, 1986b). Adding that conveyor to biodiffusion, over a 10 cm feeding zone and at an 479 
exchange rate matching the mixed-layer turnover time, lowers kdist by 0.04 to 0.07 decades. The 480 
sign is the opposite of what an operator injecting material at depth would give: returning carbon to 481 
the surface holds it in the disturbed layer for longer, so more of the reactive fraction is gone when a 482 
gear arrives. 483 

This is the one result the production grid does not resolve. Recycling a particle 25 to 190 times 484 
amplifies the discretisation error by the same factor, and the amplification differs between 485 
components, so it does not cancel in a ratio. Each case was therefore run on two grids and 486 
extrapolated to zero spacing. The values quoted are the extrapolated ones, within 0.007 decades of 487 
the finer grid. 488 

Replacing biodiffusion by the conveyor is a larger change, and it is reported as a sweep rather than 489 
at one matched rate, because no exchange rate makes the two closures equivalent. Under 490 
biodiffusion a particle can leave the mixed layer by random walk as well as by burial. Under a 491 
conveyor it can leave only by burial, after crossing the whole feeding zone without being ingested. 492 
Over exchange rates from 10-3 to 10-1 yr-1, the substitution moves kdist from +0.48 to −2.44 decades, 493 
and changes its sign at 0.019 yr-1 (Fig. S6). Varying the magnitude of Db across its whole shelf 494 
range, by comparison, moves kdist by 0.61 decades, from −0.28 to +0.33 about the reference bed, 495 
and never changes its sign. The shape of the mixing operator therefore matters more than its 496 
magnitude. The small total index of Db in Sect. 3.2.2 cannot show this, because that index varies a 497 
coefficient inside one family of closures. This is the largest sensitivity in the study that is not a 498 
parameter. At the top of the sweep it is the idealisation that fails, not the arithmetic: a perfect 499 
conveyor at 0.2 yr-1 recycles a particle 5 × 108 times, which no real bed does, and it is exactly that 500 
leakage which biodiffusion represents. 501 

The form of the deposited continuum. Replacing the gamma continuum by the lognormal form 502 
fitted globally by Xu et al. (2023), over the shelf ranges those authors report, gives total indices of 503 
0.92 and 0.03 for the two deposit parameters, against 0.062, 0.013 and 0.004 for accumulation, 504 
biodiffusion and penetration depth. The deposit again carries almost all of the variance. Over the 505 
full range plotted by Xu et al. (2023), which extends beyond their 123 marine sites to the soil and 506 
laboratory incubation data they compare with, the indices are 0.98 and 0.10 against 0.014, 0.004 507 
and 0.002. Their marine sites alone sit below a median of 1 yr-1, so this is a deliberate over-508 
widening rather than a marine range. The global case requires the extended reactivity grid of Table 509 
4. Unlike the gamma continuum, a lognormal with a high median and a wide width places real mass 510 
above 104 yr-1. That mass has a negligible standing stock, but its contribution to the numerator of 511 
Eq. (5) is not negligible, and truncating there changes kdist by 43 % at the worst corner. 512 



Seasonality. Everything above is computed at steady state, and shelf deposition is not steady. The 513 
model is linear, so a deposition flux varying as 1 + A cos ωt separates exactly. The mean obeys the 514 
balance already solved. The harmonic obeys the same equation with k replaced by k + iω. Every 515 
closed form in Sect. 2 therefore extends to the periodic case with no new machinery and no time 516 
stepping. 517 

Figure 7 shows the result. An annual cycle of amplitude 0.8 swings kdist by 0.075 decades at 518 
moderate mixing, and an amplitude of one gives 0.093 (Fig. 7a). At strong mixing an amplitude of 519 
0.8 also gives 0.093 (Table 5). 520 

The seasonal signal is confined to the top few centimetres. Over the year, the bulk rate constant 521 
spans 23 % of its annual mean at the sediment surface, 6.5 % at 4 cm and 0.9 % at 10 cm (Fig. 7c). 522 
The carbon moves far less: 2.9 % at the surface and 0.06 % at 10 cm (Fig. 7b), because most of it is 523 
refractory and does not follow the season at all. The extremes of the response do not coincide with 524 
the extremes of the supply. At the surface the rate constant peaks 0.12 yr after peak deposition and 525 
reaches its minimum 0.62 yr after, and it is 26 % higher at that maximum than at that minimum. 526 
Those are full annual ranges. The four times drawn in Fig. 7b and c are equally spaced through the 527 
year and miss the extremes, so the panels show less: 17 % rather than 23 % at the surface for the 528 
rate constant, and 2.1 % rather than 2.9 % for the carbon. 529 

The swing in kdist is small, and the obvious explanation for that is wrong, so the right one is worth 530 
stating. It is not that the numerator and the denominator move together. At one cycle per year, the 531 
numerator of Eq. (5) varies by 9.5 % of its mean and the denominator by 1.0 %. The reason is that 532 
the numerator is itself damped. The components that supply it have rate constants of order ν/a or 533 
below, so their lifetimes exceed a year, and they cannot follow an annual forcing. 534 

The same reasoning explains why the swing is not monotonic in the period of the forcing (Fig. S7). 535 
It vanishes for very fast cycles, which the bed filters out, and for very slow ones, which are quasi-536 
steady and to which a ratio is indifferent. In between, the reactive components track the forcing 537 
while the refractory reservoir below the disturbed layer cannot, and the swing peaks near 0.66 538 
decades at a period of about a thousand years. Steady state is therefore adequate for the seasonal 539 
cycle but not for supply varying on decadal to centennial timescales. 540 

 541 

Figure 7. The reference bed under a deposition flux that varies through the year as F[1 + A cos 542 
ωt], with a period of one year. (a) kdist over two years, for three amplitudes given in the key; the thin 543 
grey horizontal line is the steady value. (b) Organic carbon and (c) bulk rate constant against 544 
depth, at four equally spaced times in the year, each divided by its own annual mean at the same 545 
depth, for A = 0.8. The two extremes of the year are drawn in black, solid for peak supply and 546 
dotted for lowest supply; the two intermediate phases are drawn in grey. The thin grey vertical line 547 
marks the annual mean and the shaded band is the disturbed layer. 548 



The parameter ranges. Widening every range far beyond any defensible shelf box, as set out in 549 
Table 5, gives total indices of 0.830 for the apparent initial age, 0.106 for the continuum shape, 550 
0.080 for accumulation, 0.019 for biodiffusion and 0.005 for penetration depth. Only continuum 551 
shape and accumulation exchange places. Penetration depth remains last, and remains negligible. 552 

3.2.4 Comparison with process models of trawling 553 

The three process models of trawling and sediment carbon closest to this one all represent organic 554 
matter as a small number of discrete pools with prescribed decay constants: two pools in De Borger 555 
et al. (2021) and three in Porz et al. (2024) and Zhang et al. (2024). None of them uses a reactivity 556 
continuum. The differences below are therefore structural rather than numerical. 557 

The decline of reactivity with depth. Zhang et al. (2024) impose k(z) = k(0) exp(−0.3 z), with z in 558 
cm, below the oxygen penetration depth: 3.26 decades over the top 25 cm. The decline derived here 559 
is 1.27 decades at weak mixing, 0.61 at moderate and 0.28 at strong, or e-folding rates of 0.117, 560 
0.056 and 0.026 cm-1 (Fig. 2b). The imposed profile is 2.6 to 11 times steeper. 561 

The two are not competing estimates of one quantity and should not be reconciled by adjusting 562 
either. Their exponential stands for the loss of microbial activity as oxygen runs out; the decline 563 
here comes from composition, the reactive components having already been consumed. Where both 564 
act, the total decline is steeper than either alone. 565 

A discrete model does produce some decline unaided, because the labile pools are consumed first, 566 
but that decline stops once they are gone and the bulk rate constant is then pinned to the slowest 567 
pool. An imposed exponential is what carries the profile past that point. A continuum needs no such 568 
device, because a slower component is always still being consumed. That is also why the imposed 569 
rate is one number for the whole North Sea, while the derived rate changes by a factor of 4.5 across 570 
the mixing range alone. 571 

The transport parameters. De Borger et al. (2021) fit biodiffusion and burial at five stations. 572 
Converted to the units used here, their biodiffusion coefficients are 3.7 × 10-5 to 0.63 cm2 yr-1 and 573 
their burial velocities 1.1 × 10-4 and 0.11 cm yr-1. Every one of those coefficients falls below the 1 574 
cm2 yr-1 minimum swept in Table 2, only three of the five fall inside the widened box of Table 5, 575 
and the two slowest burial velocities lie below even that. 576 

Part of the conflict is definitional. The range used here is tracer-derived, being particle 577 
displacements inferred from 210Pb and 234Th and compiled by Middelburg et al. (1997) and Solan et 578 
al. (2019). Theirs is a coefficient fitted inside a two-pool model against measured oxygen and 579 
ammonium profiles, where it absorbs everything two pools cannot represent and is fitted jointly 580 
with the decay constant of the slow pool, so the two trade off. The quantities share a symbol and are 581 
not the same number. 582 

Part of the conflict is real. About a tenth of the shelf records in Solan et al. (2019) also lie below 1 583 
cm2 yr-1, so the prior used here does not cover every quietly mixed bed. The distinction matters 584 
because the suppression factor scales with Db/w

2, so reading one literature against the other directly 585 
would misstate the effect by orders of magnitude. 586 

The direction of the trawling effect. De Borger et al. (2021) report that trawling lowers 587 
mineralisation within the sediment, by 5 % to 29 % depending on station and frequency, while Porz 588 
et al. (2024) and Zhang et al. (2024) emphasise a net loss driven by resuspension into the water 589 
column. These are not in conflict: they refer to different compartments, and the model here sits 590 
beneath both because it returns a rate constant rather than a flux. One observation from Zhang et 591 
al. (2024) does bear on the profiles. They find that heavily trawled sediment keeps a higher 592 
reactivity at depth than untrawled sediment, which is the behaviour Fig. 2b produces from mixing 593 
alone. 594 



3.3 Value of a regional constraint on the deposited continuum 595 

With every parameter varied over its full range, the computed spread is 4.11 decades. Knowing the 596 
three sediment and gear parameters exactly leaves 2.77 decades. Characterising the gear and the bed 597 
therefore removes 1.34 decades. 598 

What a constraint on the arriving material is worth depends on how tight it can be made, which 599 
cannot be assumed, so Fig. 8 reports it as a curve. Pinning the apparent initial age to within a 600 
quarter of a decade removes 1.81 decades; to within one decade, 1.28; to within two decades, 0.61. 601 
The curve crosses the value of knowing the gear and the bed exactly at a residual spread of 0.91 602 
decades. 603 

The constraint in Fig. 8 narrows the apparent initial age and nothing else, which is what makes it 604 
comparable with the spread Xu et al. (2023) report for that quantity. Narrowing the shape at the 605 
same time is a different and larger claim: it removes 2.31 decades at a quarter of a decade rather 606 
than 1.81. Both curves are in the deposited table. An earlier version of this analysis narrowed the 607 
shape inside the same calculation without saying so, and credited the age constraint with about half 608 
a decade that belonged to the shape. 609 

 610 

Figure 8. Decades of spread in log10 kdist removed by constraining the apparent initial age of the 611 
deposited material, plotted against how tightly that age is constrained. The horizontal line is the 612 
1.34 decades removed instead by knowing accumulation, biodiffusion and penetration depth 613 
exactly, computed independently of the curve. The square marks where the two cross, at a residual 614 
spread of 0.91 decades. The shaded band is the spread now reported for shelf sediments, which lies 615 
to the right of the crossing. 616 

That crossing is the practical result, and on present knowledge it falls on the unfavourable side. Xu 617 
et al. (2023) report mean reactivities within the shelf group spanning about two decades, and Pika et 618 
al. (2023) report regionally averaged rate constants from 8 × 10-5 to 0.27 yr-1, with site-level values 619 
spanning far more. An inversion delivering the arriving mixture to two decades would remove 0.61 620 
decades, less than half the 1.34 available from characterising the gear and the bed. Constraining the 621 
arriving material is therefore the better investment only below about 0.9 decades, which no 622 
published regional inversion approaches. 623 

The threshold is not an artefact of how the calculation is set up. Refining the grid in the apparent 624 
initial age from three values to seventeen changes it by less than 0.001 decades. Moving the centre 625 
of the constraint from 3 to 100 yr moves it from 0.79 to 1.25, with 1.07 at the geometric centre of 626 
the prior range. All of these remain far below the two decades the literature reaches. 627 



This does not weaken the result of Sect. 3.2.2. Which parameter carries the spread and which is 628 
cheapest to pin down are different questions. The arriving mixture dominates the spread by six to 629 
one and would repay a tight constraint; at the precision now available it cannot be constrained 630 
tightly. 631 

The obvious route to that constraint has a difficulty of principle. The global inversions of Xu et 632 
al. (2023) are performed on accumulated bed profiles and those of Pika et al. (2023) on diffusive 633 
oxygen uptake at the sediment surface. Neither observes the depositing material, and Sect. 3.2.1 634 
shows the surface standing stock is depleted in reactive components relative to the deposit by a 635 
factor of 1.4 to 56. An inversion of the bed therefore returns a biased proxy, and using it here would 636 
be close to circular. 637 

Two ways out exist. The direct one is to measure the deposit, using an incubation series on 638 
sediment-trap material, which returns both continuum parameters without passing through the bed. 639 
The indirect one is to correct a bed inversion with the suppression factor of Sect. 3.2.1, which this 640 
model already supplies. 641 

3.4 Limitations and challenges 642 

Six limitations bound the result. 643 

Before disturbance only. The model gives the rate constant of the material as the gear arrives. 644 
Trawling is thought to raise reactivity by exposing carbon to oxygen, and Khedri et al. (2025) apply 645 
a factor of one to five for that. It multiplies the constant computed here and is not addressed, which 646 
is the largest gap between what this study delivers and what a trawling budget needs. 647 

Biodiffusion, in two parts. Relaxing constant Db raises kdist by a median of 0.13 decades, through 648 
the unbounded mixing domain rather than the base of the gear. That bias moves the answer back 649 
toward Sala et al. (2021), so it works against the argument made here. The second part concerns the 650 
closure rather than its coefficient: replacing biodiffusion by a conveyor moves kdist by up to 2.4 651 
decades and can reverse the sign (Sect. 3.2.3), far more than varying Db across its whole shelf 652 
range. For beds worked by head-down deposit feeders, the results give a magnitude and not a value. 653 

One constant for two disturbed masses. Equation (5) takes the mass-weighted mean over the layer 654 
the gear reaches. That average holds whether the gear lifts the layer into the water column or 655 
homogenises it in place, because the decay rate of a mixture does not change when its parts are 656 
rearranged, and the event lasts hours to days while kdist is of order 10-3 to 10-2 yr-1, so the mixture 657 
ages negligibly during it. The inconsistency is elsewhere. Khedri et al. (2025) carry a thin 658 
resuspended skim and the full mixed layer with different recovery times, and one kdist(PD) should 659 
not serve both. The plateau of Fig. 5 is the right constant for the skim, and it differs from the full-660 
layer value at 2 cm by 3 % at strong mixing and 37 % at weak mixing, so it matters most where the 661 
profile is steepest. That difference is governed mainly by Db and, unlike the suppression factor of 662 
Sect. 3.2.1, collapses onto no single group. 663 

Steady state. This is a smaller concession than it sounds. The depositional flux cancels from Eq. (5) 664 
only at steady state, because fast components track the instantaneous flux while slow ones integrate 665 
the long-term mean. An annual cycle of amplitude 0.8 swings kdist by at most 0.093 decades, 666 
fourteen times smaller than the 1.34 decades on which Sect. 3.3 turns. Longer periods are different: 667 
a cycle of decades to centuries moves kdist by up to half a decade (Fig. S7). A shelf whose supply 668 
has changed over the last century falls outside this description; a shelf with a strong spring bloom 669 
does not. 670 

No confrontation with observation. Bartl and Thrush (2025) report resuspension-induced CO2 671 
production at 57 sites in the Hauraki Gulf, the closest existing measurement of this process, but a 672 
site-by-site test is not possible: they report organic matter content, coarse-sand fraction and water 673 



depth, while the model needs accumulation rate, biodiffusion, penetration depth and the two 674 
continuum parameters. 675 

Two weaker tests remain. The first is ordinal. Over the whole shelf box kdist rises with accumulation 676 
at fixed mixing in all 1440 adjacent pairs tested, and falls with mixing at fixed accumulation in 677 
1438 of them; the two exceptions sit at the freshest deposit with the deepest cut and the weakest 678 
mixing, where mixing carries reactive material down into a layer already reaching well below the 679 
surface. Binning those 57 sites by published sedimentation rates and mixing depths would give a 680 
predicted ordering to confirm or refute. The second is direct. The suppression factor of 1.4 to 56 is 681 
the sharpest claim made here, and an incubation series on sediment-trap material against surface 682 
sediment from the same site would test it. No such paired dataset is known to the author, and 683 
producing one would settle the mechanism faster than further modelling. 684 

An instantaneous mean. Equation (5) gives the rate at the moment of disturbance, and a budget 685 
applies it over a recovery time. Because the mixture is not exponential, its apparent rate falls as the 686 
reactive components are used up: at the reference bed the constant reproducing the cumulative loss 687 
is 1.7 times smaller than kdist over ten years and 4.8 times smaller over a century. A one-pool model 688 
fed kdist therefore overstates cumulative mineralisation on those timescales, by about as much as the 689 
suppression factor understates the initial rate. A budget running for decades needs the whole 690 
mixture, not its mean. 691 

Independent components. The components are assumed to decay independently, which is what a 692 
continuum description means. Priming violates that assumption, and there is recent evidence for it 693 
in marine sediments (Zhu et al., 2024). Coupling the components would change the indices but not 694 
their ordering, because the apparent initial age acts by shifting the whole mixture along the 695 
reactivity axis, and priming modifies that shift rather than removing it. 696 

3.5 Potential impact on trawling carbon budgets 697 

The result carries a recommendation that runs against current practice. Khedri et al. (2025) call for 698 
experiments on how disturbance alters reactivity. Those are worth doing, but Fig. 6 shows the 699 
leverage lies elsewhere: the dominant term is the apparent initial age of the depositing material, a 700 
property of the supply rather than of the disturbance. One condition attaches, from Sect. 3.3. A 701 
regional constraint must reach better than 0.91 decades before it beats characterising the gear and 702 
the bed. 703 

Tiano and De Borger (2026) argue from a synthesis of the observations that the carbon 704 
consequences of trawling depend on the depositional setting and on how degradable the arriving 705 
material is, and that management should be habitat-specific. Their argument is qualitative, made 706 
with a conceptual diagram of lability against deposition rate. The results here quantify one half of it: 707 
how degradable the arriving material is accounts for 0.86 of the spread, the strongest possible 708 
version of their first axis. Their conclusion nevertheless differs from the one drawn here. They 709 
would prioritise beds with high burial efficiency even where the carbon is unreactive, whereas Sect. 710 
3.3 asks only where measurement effort buys the most precision. The two are complementary; 711 
neither answers the other’s question. 712 

Two adjacent routes already exist. Stolpovsky et al. (2015) prescribe the depth profile of 713 
mineralisation through the bioturbated layer globally from the particulate organic carbon rain rate 714 
and derive rate constants from it, and a trawling modeller could integrate that profile from the 715 
surface to the cutting depth today. The difference is where the depth dependence comes from. 716 
Theirs is imposed as a power law and calibrated; here it follows from accumulation, mixing and the 717 
composition of what was deposited, so it responds to those without recalibration. Meile and Van 718 
Cappellen (2005) set out the underlying difficulty, that particle age depends jointly on burial 719 
velocity and mixing rate, which is the dependence Eq. (3) makes explicit. 720 



The title should be read carefully. The rate constant of disturbed material is not eliminated as an 721 
unknown; it is moved. It now rests on the two continuum parameters, which carry 0.86 of the spread 722 
and describe the material arriving at the seafloor. That material is measurable and already mapped 723 
globally. The quantity it replaces, the reactivity of sediment after a trawl has passed, is neither. 724 

4 Conclusions 725 

Estimates of the carbon released when fishing gear is dragged across the seabed all depend on one 726 
number: how fast the disturbed carbon breaks down and this number is currently being assumed 727 
rather than calculated, and it is the largest single uncertainty in those estimates. This study shows 728 
that it can be calculated and three parameters are needed, and each of them can be measured at a 729 
site: i. how deep the gear cuts, ii. how fast sediment builds up, and iii. how strongly animals mix the 730 
bed. Given those three, the rate constant can be written down as a formula, starting from the mixture 731 
of reactivities that arrives at the seabed. 732 

That formula was tested against an independent numerical solution, in two stages. Taken one 733 
component at a time, the two agree to a median of 1.8 × 10-10. Taken over the whole mixture, where 734 
the sum across components and the almost unreactive part also enter, they agree to 3.1 × 10-3. 735 

Two ranges follow, and which one applies depends on how much is known about the arriving 736 
material. If its reactivity is known, the rate constant varies by 1.59 decades across the conditions 737 
found on continental shelves, with a median of 5.5 × 10-3 yr-1. If it is not known, the variation 738 
widens to 4.11 decades. Splitting that wider figure according to which input it came from shows 739 
where it comes from. The apparent initial age of the arriving material accounts for 0.792 ± 0.001 of 740 
it. How deep the gear cuts accounts for 0.001. 741 

A second result is about what a gear can reach at all. Fresh material never builds up at the seabed, 742 
because its reactive part is used up just below the sediment surface. Gear that scrapes only the top 743 
of the bed therefore lifts material that is already old. Between the reactivity of the arriving material 744 
and the reactivity of the sediment surface there is a gap of 1.4 to 56 for a fixed arriving mixture, and 745 
of 1.0 to 131 once that mixture is allowed to vary as well. At a fixed arriving mixture the size of 746 
that gap is governed by one combination of the transport terms, Db/w

2, and once the mixture is 747 
allowed to vary the age of the material enters too, as Db/(a w2). The gap closes only in a bed that is 748 
not mixed at all. 749 

The reactivity of disturbed carbon is therefore set by what settles on the seabed, not by the gear that 750 
disturbs it. That changes what is worth measuring. Of the 4.11 decades of spread, mapping how fast 751 
sediment builds up, how strongly it is mixed and how deep the gear cuts removes 1.34, and those 752 
three can be mapped with methods that already exist. Working on the arriving material would 753 
remove more, but only once its apparent initial age is known to better than 0.91 decades; at the two 754 
decades reached so far it removes 0.61. That threshold is the target this study sets for the 755 
measurement, and the formula given here converts either kind of progress directly into a rate 756 
constant. 757 
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Appendix A: Derivation of the displayed equations 865 

A1 The arriving mixture, Eq. (1). A continuum description replaces a few discrete pools by a 866 
density g(k) over first-order rate constants, so the mass deposited with rate constant between k and k 867 
+ dk is F g(k) dk. The gamma density of Boudreau and Ruddick (1991) is the standard choice 868 
because a mixture drawn from it decays as a power law, which is what sediment profiles show. 869 

Both parameters have direct readings. ν sets how much mass sits in the slowly reacting tail. a sets 870 
the reactivity of the mixture as a whole, because a mixture with parameters (ν, a) behaves after time 871 
t exactly like a freshly deposited mixture with parameters (ν, a + t). That ageing property is why a is 872 
called an apparent initial age, and why it dominates the split of Sect. 3.2.2. 873 

A2 The steady balance, Eq. (2). Take one reactivity component. Its mass per unit volume changes 874 
through biodiffusive mixing, burial and decay. Bioturbation over these timescales is represented as 875 
a diffusive flux −Db dCk/dz, burial as a flux w Ck, and decay removes k Ck per unit volume per unit 876 
time. Setting the time derivative to zero and subtracting the divergence of the two fluxes gives Eq. 877 
(2). Components do not appear in one another’s equations, which is the defining assumption of a 878 
continuum description; Sect. 3.4 states where it fails. 879 



A3 The profile, Eq. (3). Equation (2) is linear with constant coefficients, so solutions are 880 
exponentials Ck = A eλz with Dbλ

2 − wλ − k = 0. The two roots are 881 

𝜆± =
𝑤 ±√𝑤2 + 4𝐷𝑏𝑘

2𝐷𝑏
. 882 

Since k > 0 the square root exceeds w, so λ+ > 0 and λ− < 0. A profile that does not grow without 883 
bound at depth must take the negative root, which is Eq. (3). 884 

Two limits check it. Without mixing, Db → 0, expanding the root gives λ− → −k/w, so the profile 885 
decays over the length w/k, which is burial velocity times lifetime, as it must. Without burial, w → 886 
0, it gives λ− → −(k/Db)

1/2, the classical reaction-diffusion penetration depth. 887 

A4 The surface value, Eq. (4). The flux of component k at depth z is advective plus diffusive, Jk = 888 
w Ck − Db dCk/dz, and at the interface it must equal the depositional supply F g(k). Substituting Eq. 889 
(3) gives Jk(0) = (w − Dbλk)Ck(0), and solving for Ck(0) gives Eq. (4). The bracket is positive 890 
because λk is negative, so the surface concentration is positive for every component. 891 

A5 The disturbed-layer rate constant, Eqs. (5) and (6). A one-pool model assigns one rate 892 
constant to a mass of material. The consistent choice is the one that reproduces the instantaneous 893 
decay rate of that mass, which is the mass-weighted mean over the components present, Eq. (5). 894 
The depth integral is elementary since each component is exponential, 895 

∫ 𝐶𝑘

𝑃𝐷

0

(0) 𝑒𝜆𝑘𝑧  d𝑧 = 𝐶𝑘(0) 
𝑒𝜆𝑘𝑃𝐷 − 1

𝜆𝑘
, 896 

which is Eq. (6), and is positive because numerator and denominator are both negative. Substituting 897 
Eqs. (4) and (6) into Eq. (5), the depositional flux F cancels between numerator and denominator, 898 
so kdist depends only on the shape of the arriving mixture and on w, Db and PD, not on how much 899 
carbon arrives. The magnitude of the flux always cancels; what steady state buys is that kdist then 900 
carries no dependence on the shape of the supply either. Section 3.2.3 gives the size of that 901 
dependence under a periodic flux. 902 

The limit as PD → 0 deserves care, because the obvious guess is wrong. It is not the flux-weighted 903 
mean of what is deposited, ν/a. Equation (4) divides each component by w − Dbλk = ½(w + (w2 + 904 
4Dbk)1/2), which for fast components grows like (Dbk)1/2. Reactive components are therefore under-905 
represented in the standing stock even at the interface, being consumed within a short distance of it 906 
and never accumulating. The limit is the concentration-weighted mean of the standing stock at z = 907 
0. 908 

The ratio of the two is therefore a function of the parameters, not a constant, and it has two limits. 909 
As Db → 0 the factor w − Dbλk → w, the same for every component, so the standing stock inherits 910 
the depositional composition exactly and the ratio tends to one: numerically 1.030 at Db = 10-3, 911 
1.003 at 10-4 and 1.0005 at 10-5 cm2 yr-1. As w → 0 the factor tends to (Db k)1/2 and the ratio grows 912 
without bound, reaching 1133 at w = 10-4 cm yr-1. Between these, over the ranges of Table 2, it runs 913 
from 1.4 to 56 and equals 9.1 at the reference bed. As PD grows beyond the penetration depth of 914 
every component, the rate constant falls further, toward the mean over the whole accumulated 915 
deposit. 916 

A6 The inert component. For ν < 1 the density of Eq. (1) diverges as k → 0, so any finite lower 917 
limit kmin omits a mass fraction P(ν, a kmin), the regularised lower incomplete gamma. That mass is 918 
real and nearly inert, so it must be carried rather than renormalised away. Its profile follows from 919 
the k → 0 limit of Eq. (3): λk → −k/w, so Ck(0) → F g(k)/w and the depth integral of Eq. (6) tends to 920 
Ck(0) PD. It therefore contributes P(ν, a kmin) PD/w to the denominator of Eq. (5) and nothing to the 921 
numerator. 922 



That advective limit is valid when kmin ≪ w2/(4Db). At the most demanding corner of the box, w = 923 
0.02 cm yr-1 and Db = 150 cm2 yr-1, the threshold is 6.7 × 10-7 yr-1, so a grid starting at 10-6 does not 924 
satisfy it and converges only to about three per cent. Referred to a grid extended to 10-18 yr-1, the 925 
worst deviation over the 32 corners of the box is 2.9 per cent at kmin = 10-6, 2.1 × 10-4 at 10-8, 1.2 × 926 
10-6 at 10-10 and 5 × 10-8 at the 10-14 used here. Six significant figures are reached from 10-10 927 
downward. 928 

The alternative is worse. Renormalising the grid to unit mass reassigns the omitted mass to the 929 
surviving components and inflates the reactivity of the deposit: at the truncation used here by 1.0 930 
per cent at ν = 0.15, a = 3 yr and 9.1 per cent at ν = 0.10, a = 1000 yr, giving errors in kdist at the 931 
reference bed of 2.1 and 9.9 per cent. The penalty grows as the grid is shortened, reaching 8.7 and 932 
50 per cent in the deposit mean at kmin = 10-8. Carrying the component costs nothing and removes 933 
the question. 934 

S1 Supporting figures 935 

The seven figures below back up statements made in the main text. Each one is named where it is 936 
first used, and each is followed by a short note saying what to take from it. 937 

 938 

Figure S1. What the material landing on the seabed looks like when it is sorted by how fast it 939 
decays. The horizontal axis is the decay rate constant k, and the vertical axis is how much mass sits 940 
at each rate. The vertical axis carries mass per unit ln k, so equal areas mean equal mass. (a) The 941 
spread is held fixed and the age of the material is varied. (b) The age is held fixed at 10 yr and the 942 
spread is varied. 943 

The two parameters do different things. Making the material older slides the whole curve to the left, 944 
toward slower decay, without changing its width. That is why the age carries most of the spread in 945 
kdist. Changing the shape only adds or removes mass in the slow tail. The bulk of the curve stays 946 
where it is, so the shape matters much less. 947 



 948 

Figure S2. How much kdist moves when one parameter is changed and the other four are held at 949 
their reference values. Panels (a) to (e) are the apparent initial age a, the shape ν, the accumulation 950 
rate w, the biodiffusion coefficient Db and the penetration depth PD. All five use the same vertical 951 
scale, so they can be compared by eye. 952 

Changed on its own, the age of the arriving material moves kdist by 2.03 decades. The other four 953 
move it by 0.99 for the accumulation rate, 0.76 for the shape, 0.61 for mixing and 0.06 for the 954 
cutting depth. Only the cutting depth is negligible. 955 

The ranking is the same as in Fig. 6 of the main text, but the numbers are not comparable, and the 956 
reason is worth stating. Here each parameter is moved on its own, from one starting point. There, 957 
each parameter is credited with the share of the whole spread it accounts for when all five move 958 
together, and the age is sampled over a wider range than the others. That two different calculations 959 
return the same ranking is a check on both. 960 

 961 

Figure S3. How kdist changes as the gear cuts deeper. Three accumulation rates are shown, given in 962 
the key in cm yr-1, and two mixing intensities. Thick lines are weak mixing, Db = 1 cm2 yr-1, and thin 963 
lines are strong mixing, Db = 150 cm2 yr-1. 964 

Cutting deeper always lowers the rate constant, because deeper material is older. The effect stops 965 
growing once the gear passes the depth that mixing has already stirred smooth. Where mixing is 966 
strong the curves are nearly flat, and that is why the cutting depth explains so little of the spread. 967 



 968 

Figure S4. The five shares of the spread, plotted against the size of the sample used to compute 969 
them, from 128 to 2048. A converged value is one that stops moving as the sample grows. (a) The 970 
full scale. (b) The same data on an axis that fits the four small shares, which cannot be told apart in 971 
panel (a). 972 

The ranking is already final at the smallest sample plotted, 128. Between 512 and 2048 no index 973 
moves by more than 0.0013, so the values quoted in the main text are converged. 974 

 975 

Figure S5. (a) How much less reactive the sediment surface is than the material landing on it, 976 
plotted against the accumulation rate for three mixing intensities. The grey dotted line marks a 977 
factor of one, which is where there would be no loss at all. (b) How far three of the departures in 978 
Table 5 of the main text move log10 kdist. The departures are named in the key at the right. The 979 
depth-dependent case shown is the deep mixed layer, z0 = 10 cm. Bars are medians, and the 980 
whiskers cover every case tested. 981 

None of the three moves the answer by as much as a quarter of a decade. Together they span −0.09 982 
to +0.22. The third has the opposite sign to the first two, so they partly cancel instead of adding up. 983 

Two other departures are deliberately left off this axis. The seasonal result is a swing between a 984 
high and a low, not a shift in one direction, so it does not belong on the same scale. Replacing 985 
mixing by a conveyor is about ten times larger than anything drawn here and would flatten the rest. 986 
Each has its own figure, S7 and S6. 987 



 988 

Figure S6. What happens when stirring by animals is replaced by a conveyor, meaning animals 989 
that feed at depth and drop the material back at the sediment surface. The vertical axis is the 990 
resulting shift in log10 kdist, and the horizontal axis is how fast the conveyor turns the bed over. The 991 
shaded band is the whole range covered by varying Db from 1 to 150 cm2 yr-1 with ordinary 992 
stirring, so a curve that leaves the band has moved further than the coefficient ever could. 993 

The curve leaves the band, and it crosses zero at a turnover rate of 0.019 yr-1. How the mixing is 994 
represented therefore matters more than how strong it is. The Sobol index of Db cannot show this, 995 
because that index only varies a number inside one way of representing mixing, not the 996 
representation itself. 997 

The sweep stops at 0.1 yr-1. Two faster rates were computed, but at those rates a perfect conveyor is 998 
no longer a believable picture of a real bed, and drawing them would set the axis by numbers the 999 
main text does not defend. 1000 

 1001 

Figure S7. How far kdist swings over one cycle when the supply of carbon to the seabed rises and 1002 
falls, plotted against how long that cycle lasts. The amplitude of the supply cycle is 0.8, at w = 0.1 1003 
cm yr-1, Db = 20 cm2 yr-1 and PD = 2 cm. The open circle marks a cycle of one year. 1004 



The swing falls to zero at both ends. Fast cycles are smoothed out by the bed before they reach the 1005 
disturbed layer. Very slow cycles are close to steady, and a ratio does not change under a steady 1006 
change in supply. The swing is largest for cycles of about a thousand years. The annual cycle, 1007 
which is the one a shelf bed actually sees, sits on the low side of that peak at 0.07 decades. 1008 

S2 Reference implementation 1009 

The whole model is three short routines, printed below. The first builds the mixture of reactivities. 1010 
The second solves for how each part of that mixture falls off with depth. The third averages over the 1011 
layer the gear reaches. The code that runs is identical to the deposited file T1_core.py, line for line. 1012 
Only the comments differ, and they were shortened to fit the page. Everything else, meaning the 1013 
checks, the sweeps, the Sobol indices and the seven sensitivity analyses, is in the other fifteen 1014 
deposited scripts. 1015 

KMIN, KMAX, NK = 1e-14, 1e4, 20000            # stated in Table 4 1016 
 1017 
def classes(nu, a, n=NK, kmin=KMIN, kmax=KMAX): 1018 
    """Reactivity grid, the deposited mass density on it, and the inert mass 1019 
    below kmin. No normalisation is applied: the gamma density already 1020 
    integrates to one over (0, inf), and the mass below kmin is returned 1021 
    separately rather than redistributed.""" 1022 
    k = np.logspace(np.log10(kmin), np.log10(kmax), n) 1023 
    g = a**nu * k**(nu-1) * np.exp(-a*k) / GAMMA(nu) 1024 
    m_inert = gammainc(nu, a*kmin)            # regularised lower incomplete gamma 1025 
    return k, g, m_inert 1026 
 1027 
 1028 
def lam_of(k, w, Db): 1029 
    """The decaying root of Db lam^2 - w lam - k = 0, written so that it 1030 
    does not cancel catastrophically when 4 Db k is much less than w^2.""" 1031 
    return -2.0*k / (w + np.sqrt(w*w + 4.0*Db*k)) 1032 
 1033 
 1034 
def profile(k, g, m_inert, w, Db, PD): 1035 
    """Mass-weighted rate constant of everything above depth PD, 1036 
    Eqs. (3) to (6).""" 1037 
    lam  = lam_of(k, w, Db) 1038 
    C0   = g / (w - Db*lam)                   # flux condition, Eq. (4) 1039 
    I    = C0 * np.expm1(lam*PD)/lam          # depth integral, Eq. (6) 1040 
    mass = np.trapezoid(I, k) + m_inert*PD/w  # the k -> 0 component carries mass only 1041 
    rate = np.trapezoid(k*I, k) 1042 
    return rate/mass                          # Eq. (5) 1043 

 1044 



  g ( k ) =     a  𝜈     k  𝜈 − 1     e  − a k  𝛤 ( 𝜈 ) .         ( 1 )


    D  b      d 2   C  k  d   z 2 − w     d   C  k  d z − k     C  k = 0 .         ( 2 )


    C  k ( z ) =   C  k ( 0 )     e    𝜆  k z ,       𝜆  k =   w −    w 2 + 4   D  b k  2   D  b ,         ( 3 )


    C  k ( 0 ) =   F   g ( k )  w −   D  b   𝜆  k ,         ( 4 )


    k dist ( P D ) =     ∫ 0 ∞    ∫ 0  P D  k     C  k ( z )   d z   d k    ∫ 0 ∞    ∫ 0  P D    C  k ( z )   d z   d k .         ( 5 )


    ∫ 0  P D    C  k ( z )   d z =   C  k ( 0 )       e    𝜆  k P D − 1    𝜆  k .         ( 6 )


    𝜆 ± =   w ±    w 2 + 4   D  b k  2   D  b .


    ∫ 0  P D    C  k ( 0 )     e    𝜆  k z   d z =   C  k ( 0 )       e    𝜆  k P D − 1    𝜆  k ,

