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Abstract Sinking detritus particles in the ocean 
help to regulate global climate by transporting 
organic carbon into deep waters where it is seques-
tered from the atmosphere. The rate at which bacteria 
remineralise detritus influences how deep particles 
sink and the length-scale of carbon sequestration. 
Conventional marine biogeochemical models typi-
cally represent particles as smooth spheres where 

remineralisation causes surface area (SA) to progres-
sively shrink over time. In contrast, we propose that 
particle SA increases during degradation as micro-
bial ectoenzymes cause a roughening of surfaces in a 
process similar to acid etching on previously smooth 
glass or metal surfaces. This concept is investigated 
using a novel model, SAMURAI (Surface Area Mod-
elling Using Rubik As Inspiration), in which the bio-
mass of individual particles is represented as a 3D 
matrix of cubical sub-units that degrades by progres-
sive removal of sub-units that have faces in contact 
with the external environment. The model rapidly 
generates microscale rugosity (roughness) that pro-
foundly increases total SA, giving rise to biomass-
specific remineralisation rates that are approximately 
double those of conventional models. Faster remin-
eralisation means less carbon penetrates the ocean’s 
interior, diminishing carbon sequestration in deep 
waters. Results indicate that both SA and microbial 
remineralisation are highly dynamic, as well as exhib-
iting large variability associated with particles of dif-
ferent porosities. Our work highlights the need for 
further studies, both observational and modelling, to 
investigate particle SA and related microbial dynam-
ics in order to reliably represent the role of ocean 
biology in global biogeochemical models.
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Introduction

Photosynthesis by ocean phytoplankton generates ~ 48 
Gt organic carbon (C) annually (Field et al. 1998) of 
which approximately 5–10% sinks to depths > 1000 m 
as detrital particles (Henson et  al. 2012) where the 
constituent C remains isolated from the atmosphere 
for centennial to millennial timescales. This verti-
cal flux of sinking organic matter, widely referred 
to as the biological gravitational pump (BGP; Boyd 
et  al. 2019), plays a key role in regulating global 
climate; without it, atmospheric  CO2 would be 
200 ppm higher than it is today (Kwon et al. 2009). 
The strength of the BGP depends on the rate at which 
sinking organic matter is remineralised via microbial 
respiration. There is, however, large variation in the 
predicted length-scale of C remineralisation across 
different ocean biogeochemical models (Henson et al. 
2012; Marsay et  al. 2015; Wilson et  al. 2022). This 
variation reflects uncertainty in our knowledge of the 
processes that influence the fate of sinking particles 
in the ocean and highlights the need for improved 
understanding in order to reliably simulate ocean-cli-
mate interactions and how these may change through-
out the twenty-first century.

Remineralisation of sinking detrital particles is 
carried out by heterotrophic bacteria which degrade 
the organic C using ectoenzymes and use it for 
growth and respiration (Chróst 1992; Arnosti 2011). 
There are two main considerations when deriving 
equations for this process in ocean models: repre-
sentation of detrital biomass and parameterisation of 
its degradation by microbes. The simplest approach 
to the former is to represent detritus as a bulk state 
variable in which case degradation is described as a 
rate per unit biomass, as is usually the case in the 
global ocean models (Yool et al. 2013; Aumont et al. 
2015; Kriest and Oschlies 2015). Detritus can alter-
natively be modelled as individual particles that are 
most simply represented as spheres (Vetter et el. 
1998; Bianchi et  al. 2018; Alcolombri et  al. 2021; 
Nguyen et  al. 2022). Degradation may then be cal-
culated using biomass-specific rates as in the global 
models, or based on proportionality to SA or volume 
(Omand et al. 2020). The most intuitive assumption 
is proportionality to SA, given that ectoenzymes 
act on surfaces which are thereby a key factor in 
regulating the growth of particle-attached microbes 
(Enke et  al. 2018). Decreasing particle biomass 

during degradation means decreasing size. In turn, 
this leads to lower SA if particles are represented as 
simple geometric shapes such as smooth spheres. 
This trend of decreasing SA with diminishing parti-
cle size is, we propose, overly simplistic. In the real 
world, sinking particles are often complex shapes 
and, crucially, enzymatic degradation may alter a 
particle’s shape and surface characteristics in a non-
uniform manner, of which little is known.

Here, we challenge the fundamental concept 
that the SA of a detritus particle will progressively 
decrease during degradation. Instead, we propose 
that enzymatic degradation will generate microstruc-
ture and hence rugosity that increases a particle’s SA 
relative to its initial condition, with profound impli-
cations for predicting C remineralisation and seques-
tration in the ocean. Consider a grub burrowing into 
an apple. The resulting tunnel greatly increases the 
SA exposed to the external environment whilst hav-
ing only a relatively modest effect on total volume. 
Although the process of enzymatic hydrolysis does 
not correspond exactly with that of a burrowing grub, 
we propose that the concept is nevertheless the same 
in that the action of ectoenzymes will generate micro-
scale rugosity, proliferating SA in a process that may 
be thought of as being analogous to acid etching on 
previously smooth glass or metal surfaces. As a con-
sequence, the predicted remineralisation of organic C 
will be faster than when using conventional model-
ling approaches such as shrinking spheres. We inves-
tigate our idea using a novel model, SAMURAI_1.0 
(Surface Area Modelling Using Rubik As Inspira-
tion, version 1.0), in which individual detrital parti-
cles, either single or as aggregates, are represented 
as a 3D matrix of cubes, hereafter referred to as sub-
units, structured in analogous fashion to the well-
known Rubik’s Cube invented by Enrö Rubik in 1974 
(Demaine et al. 2011). The SAMURAI model is used 
to study the relationship between SA and particle vol-
ume (biomass) as degradation takes place, simulated 
as progressive removal of sub-units that have faces in 
contact with the external environment. Time-depend-
ent C remineralisation rates are then calculated by 
incorporating the predicted trends in SA into a simple 
model of microbial consumption of detritus and these 
rates are compared with those calculated for parti-
cles represented as standard spheres. Model results 
are discussed in context of remineralisation length 
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scales and the associated consequences for ocean C 
sequestration.

The SAMURAI model

Description

A new model of microbial degradation is developed 
in which the volume of a single detrital particle is rep-
resented as a 3D matrix of cubical sub-units, akin to 
the well-known Rubik’s Cube. The volume occupied 
by sub-units and biomass can be used interchangeably 
assuming that substrate density is homogeneous. The 
matrix has dimensions in x–y–z and is specified in 
terms of grid resolution (GR), e.g., a GR of 25× rep-
resents maximum dimensions (outermost edges of the 
object) of 25 × 25 × 25 sub-units. It can be entirely 
filled with sub-units from the outset, generating a 
solid cuboid, or can alternatively be populated to give 
other chosen shapes. We investigate spherical parti-
cles although also show images and results for simu-
lations of degrading prolate spheroids (oblong pellet 
shapes) in Supplementary Appendix 1.

In reality, microbes use particulate organic mat-
ter for growth and metabolism only after it has been 
solubilised using hydrolytic ectoenzymes that act on 
exposed detrital surfaces (Smith et al. 1992). We sim-
ulate this process by sequential removal of sub-units 
(volume, mass) from the matrix based on exposed 
SA (in contact with the external environment). At 
each step in the simulation, the computer randomly 
selects a single exposed face from among all exposed 
faces within the matrix and the associated sub-unit is 
removed, exposing new faces associated with adja-
cent sub-units. The probability of a given sub-unit 
being removed at a given point in the simulation is 
thus highest if it has multiple exposed faces, where 
the number varies between 0 (the sub-unit is situ-
ated within the particle’s interior) and 6 (the sub-unit 
has broken free). Note that the length of time that a 
sub-unit has been exposed during the simulation has 
no bearing on its potential selection for removal in 
that we assume that exposed SA is rapidly colonised 
by microbes from the surrounding water. Sub-unit 
removal continues until the matrix is left empty, at 
which point degradation is complete. Our approach 
assumes that degradation rate is constant per unit SA 

and that, for practical purposes, SA removal is dis-
crete as single sub-units in sequence.

Shape and grid resolution

For illustrative purposes, model simulations are first 
shown for Rubik spheres using a relatively coarse GR 
of 25×. The simulated degradation leads to irregu-
lar SA and increased rugosity, with small fragments 
cleaving off while the central core remains largely 
intact until the latter stages (Fig.  1A). We will also 
investigate aggregates made up of sub-particles and, 
in anticipation of those results, Fig.  1B shows the 
degradation of one such 50× aggregate, made up of 
sub-particles of 11× diameter.

The model was next run 10 times for each of seven 
Rubik configurations for GRs of 10×, 25×, 50×, 
125×, 250×, 500× and 2000× (Fig. 2). The predicted 
change in SA as degradation proceeds is quantified 
by calculating a normalised value with respect to that 
at initialisation,  SA#. The simulations using Rubik 
configurations show a pattern of SA increase that is 
in marked contrast to that of an equivalent standard 
(non-Rubik) sphere of the type that is typically used 
in biogeochemical models. The Rubik simulations 
each show an increase in  SA# from its initial value 
as sub-units (volume) are removed from the matrix. 
This rate of increase in  SA# is greatest for the highest-
resolution grids, here 2000×. SA remains above its 
initial value  (SA# > 1) throughout much of the dura-
tion, eventually declining to zero when degradation 
is complete at which point no sub-units remain. Vari-
ability is seen between individual Rubik simulations 
for a given model configuration because sub-units 
are removed from the matrix based on random selec-
tion of exposed faces. This impact of stochasticity on 
modelled particle degradation is greatest for coarse 
resolution grids. The calculated  SA# of an equivalent 
standard (non-Rubik) sphere (the grey line in Fig. 2) 
decreases from the outset as it diminishes in size. 
Corresponding results for Rubik spheroids are shown 
in Supplementary Appendix 2.

Curve fits (black dashed lines in Fig. 2) were cal-
culated using nonlinear regression for each GR based 
on averages of each of the 10-member ensembles:

(1)SA
#(GR, �) =

[

k1 + k2� + k3�
3 + k4

(

0.5
k5�
)]
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where ε is the fraction of sub-units removed. Solu-
tions were forced through the points (0, 1) and (1, 0), 
as required by the microbial model (below) and so only 
three of the parameters are free. Values for the coeffi-
cients,  k1–k5, are listed in Supplementary Appendix 3.

Aggregate particles

The Rubik particles examined above were initialised 
as a solid matrix of sub-units whereas many ocean 
particles, e.g., aggregates, are highly porous. In 
order to further increase the realism in our approach, 
porosity (ϕ) is now introduced by generating detri-
tus particles that are constructed as aggregates of 
sub-particles which are themselves Rubik spheres 
(Fig.  1B). For example, an aggregate particle with 
GR 500× is constructed as follows. A notional empty 
spherical container is first created with dimensions 
500 × 500 × 500. Sub-particle size is specified on the 
same grid, e.g., sp×25 would mean that sub-particle 
diameter is 25 sub-units, i.e., 1/20 that of the aggre-
gate as a whole. A single sub-particle is first placed 
at the geometric centre of the container. Additional 
sub-particles are then added to the aggregate by 
bringing them in randomly from all directions in x, 
y and z ensuring that each new addition, which fuses 
on encounter, does not exceed the container boundary 
and that the sub-particle does not overlap any exist-
ing sub-particles at the contact point (it is discarded 
in either instance). The aggregate is built up until, as 
far as possible, the container is filled (for additional 
details, see Supplementary Appendix  7). Porosity 
is generated as gaps appear between sub-particles 

Fig. 1  Model simulations: A 25× Rubik particle, B 50× Rubik 
aggregate made up of 11× sub-particles. Snapshots show initial 
condition (0% sub-units removed) and 50, 75 and 95% sub-unit 

removal. Colouration indicates number of exposed faces of 
individual sub-units

Fig. 2  Simulations (three shown for each configuration) show-
ing normalised surface area  (SA#) versus fraction sub-units 
removed (ε) for spheres at 10× GR (brown), 25× (orange), 
50× (pink), 125× (gold), 250× (green), 500× (blue) and 
2000× (red). Fitted curves (black dashed lines; Eq. 1) are based 
on 10-simulation ensemble averages. The grey line is for a 
standard (non-Rubik) sphere
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during the packing process and it is quantified relative 
to an equivalent non-porous Rubik particle that has a 
default porosity of zero. Note that an aggregate is not 
the same as the requisite number of sub-particles in 
isolation to each other because sub-particles are con-
joined to each other via shared sub-unit faces.

Here, we consider aggregates of 500× GR that 
are made up of sub-particles that are either sp×11 
(11 sub-units), sp×33 or sp×71 in diameter. Based 
on 10-member ensembles, the aggregates contained 
32,870 (invariant), 1217 (invariant) and 117.3 (aver-
age; range 112–122) sub-particles for sp×11, sp×33 
and sp×71, respectively, with resulting average cal-
culated porosities of 0.63, 0.65 and 0.66. Predicted 
trends in SA versus sub-unit removal are shown for 
these aggregate particles in Fig.  3, comparing with 
those of a solid Rubik and a solid (non-Rubik) sphere 
(as shown in Fig. 2).

The SA of aggregate particles at initialisation is 
greater than that of a solid (non-porous) particle of 
equivalent diameter because of the porosity intro-
duced during aggregate formation. We quantify 
the relative increase as γ [GR, sp×] which is deter-
mined empirically by running the model for differ-
ent grid resolutions and sub-particle sizes. In order 
to show this increase at initialisation, normalised SA 
(the y-axis in Fig. 3) is plotted as the product of  SA# 
and γ, noting that γ = 1.0 for non-aggregate Rubik 
particles. Metric γ can vary slightly for different 

simulation runs because aggregate formation is a 
random process; average values based on 10-simula-
tion ensembles, for each configuration, are provided 
in Supplementary Appendix 3. Results again demon-
strate the characteristic increase in SA as each simula-
tion progresses, before decreasing to zero when sub-
unit removal is complete (Fig. 3). The trend becomes 
relatively flatter relative to initial condition, i.e., there 
is relatively less increase in normalised SA, as sub-
particle size diminishes.

Microbial degradation

A simple model of microbial degradation is now pre-
sented that incorporates the SAMURAI results and 
represents the detritus biomass of individual particles, 
D (μmol C), generating time-dependent remineralisa-
tion rates that are directly comparable with those of 
traditional modelling approaches such as shrinking 
spheres. The changing SA of a particle as it degrades 
is calculated using the curve fits for  SA# described 
above (Eq.  1; Figs.  2, 3). Our default scenario is a 
spherical particle or aggregate with initial diameter, 
 dinit = 0.7  mm, which is typical for phytoplankton 
aggregates (Iversen and Lampitt 2020), and density 
(filled, non-porous volume), ω = 40  μmol C   mm−3 
≈ 0.5  g C  cm−3 which is typical of copepod faecal 
pellets (Honjo and Roman 1978) and phytoplank-
ton cells (Persson et al. 2021). The initial SA  (SAinit, 
 mm2), biomass volume  (Vinit,  mm3) and biomass of 
the particle,  Dinit (μmol C) are:

where  rinit is particle radius =  dinit/2 and ϕinit is initial 
porosity. For a non-aggregate particle (ϕinit = 0, γ = 1), 
and with parameter settings as described above,  Dinit 
is 7.2 μmol C. The SA  (mm2) of the Rubik sphere at 
any time t in the simulation,  SAt, is determined as the 
product of  SAinit and  SA#:

(2)SA
init

= 4�r2
init
�

(3)V
init

=
4

3
�r

3

init
(1 − φ

init
)

(4)D
init

= �V
init

(5)SA
t
= SA

init
SA

#(GR, spx, �
t
)

Fig. 3  Simulations (three for each configuration) showing 
normalised SA  (SA# multiplied by γ) versus fraction sub-
units removed (ε) for A a solid 500× Rubik sphere (blue, as in 
Fig. 2) and B 500× Rubik aggregates made up of sub-particles 
with diameters of 11 (purple), 33 (pale blue) and 71 (cyan) 
sub-units. Fitted curves (black dashed lines) are shown (Eq. 1 
multiplied by γ). The grey line is for a standard (non-Rubik) 
sphere
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where the cumulative amount of detritus remineral-
ised at time t is specified as a fraction of  Dinit, εt:

A key model assumption is that microbial degrada-
tion of detritus biomass is proportional to the avail-
able SA that microbes act on, mediated by a rate con-
stant,  mD (μmol C  mm−2  d−1):

We now simulate the degradation of 0.7 mm Rubik 
particles. Default values for  mD and GR are required. 
Starting with the latter, we selected a default GR of 
500× which, for a 0.7 mm particle, equates to a sub-
unit diameter of 1.4  μm that corresponds approxi-
mately to the size of a typical marine bacterium (Lee 
and Fuhrman 1987; Børsheim et  al. 1990), thereby 
assuming that ectoenzyme release produces patchi-
ness on this scale. The resulting diameters of sub-
particles at 11×, 33× and 71× (as in Fig. 3) are 15, 45 
and 100 μm, respectively, which are typical of many 
nano- and microphytoplankton cells in the ocean 
(Sieburth et  al. 1978; Brotas et  al. 2022). A typi-
cal biomass-specific detritus remineralisation rate is 
0.054  d−1 for marine aggregates (Bach et  al. 2019 
and references therein). Based on this value, we use 
 mD = 0.0166 μmol C  mm−2  d−1 which is the rate pre-
dicted at the onset of a simulation for a 500× aggre-
gate made up of 45 μm sub-particles (sp×33).

The predicted degradation of a 500× Rubik sphere 
over 100  days is compared with equivalent simu-
lations using GRs of 50×, 125× and 2000×, along 
with simulations for 500× aggregate particles made 
up of sub-particles of either 100 μm (sp×71), 45 μm 
(sp×33) or 15  μm diameter (sp×11) (Fig.  4). Pre-
dicted degradation rates of the standard (non-aggre-
gate) Rubik particles are similar across this range of 
GRs (Fig.  4A); the time taken for 90% degradation 
to occur varies between 204  days at 50×, 187  days 
at 500× and 185  days at 2000× GR. In contrast, 
the predicted loss rate of an equivalent non-Rubik 
sphere is approximately half, leading to a 90% deg-
radation duration of 452 days. Predicted degradation 
is as much as two orders of magnitude faster for the 
aggregate particles. Whereas the average biomass-
specific rate over the first 10  days is 0.0066  d−1 for 

(6)�
t
= 1 −

D
t

D
init

(7)
dD

dt
= −m

D
SA

t

the standard 500× Rubik, the corresponding rates 
for Rubik aggregates are 0.050, 0.124 and 0.461  d−1 
for sp×71, sp×33 and sp×11, respectively, with 90% 
degradation durations of 28, 14 and 6  days. Again, 
predicted degradation rate for equivalent non-Rubik 
aggregates are approximately half, with 90% degrada-
tion durations of 64, 30 and 10 days for sp×71, sp×33 
and sp×11.

Surface area follows the trends of  SA# (Fig.  2) 
and is highly dynamic in all the Rubik simulations, 
in contrast to the progressive decline seen in the non-
Rubik particles (Fig. 4B). Degradation is proportional 
to SA (Eq. 7) and thus predicted degradation rates are 
also highly dynamic over time (even more so when 
converted to biomass-specific rates: see Supplemen-
tary Appendix 4), as well as varying between the dif-
ferent model configurations. In case of the 500× (non-
aggregate) and 500× sp11 (aggregate) simulations, for 
example, whereas average rates over the first 10 days 
are 0.066 and 0.46  d−1, the corresponding ranges are 
0.0036–0.0084 and 0.15–0.68  d−1 for the two config-
urations, respectively.

The size of detritus particles in the ocean varies 
considerably, e.g., a typical range for aggregates is 
between 0.04 and 2.98 mm in diameter in the North 
Atlantic (Iversen and Lampitt 2020). In general, 
smaller particles are expected to degrade fastest, at 
least in the case of non-porous particles, because of 
their greater surface area to volume ratios. The model 
does indeed reproduce this trend—predictions for 
Rubik particles with initial diameters of 0.35, 0.7, 1.4 
and 2.8 mm are shown in Supplementary Appendix 5, 
noting that sub-unit size within the matrix is main-
tained by using GRs of 250×, 500× (our standard 
configuration), 1000× and 2000×.

Discussion

Using a new model, SAMURAI_1.0, we challenge 
the fundamental concept that surface area (SA) 
decreases as particles diminish in size during deg-
radation by proposing the opposite, i.e., that the SA 
of detrital particles increases as they degrade due 
to the generation of microscale structure via micro-
bial ectoenzymatic attack. Our study provides strong 
support for this idea: the simulated SA of individual 
detrital particles increased significantly in the early 
stages of degradation as microstructure proliferates, 
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in marked contrast to the decreasing SA predicted for 
shrinking spheres of the kind commonly used to rep-
resent particles in ocean biogeochemical models (e.g., 
Bianchi et al. 2018; Alcolombri et al. 2021; Nguyen 
et  al. 2022). As a consequence, predicted reminer-
alisation rates were approximately double those of 
conventional approaches. Faster remineralisation 
of sinking particulate organic matter means that the 
associated C will be released at shallower depths in 
the water column than otherwise predicted, lessen-
ing the potential for C sequestration in the deep ocean 

interior via the biological gravitational pump. Our 
results suggest that SA and particle remineralisation 
are highly dynamic, as well as highlighting variability 
associated with particle structure, notably porosity. 
For example, detrital aggregates are generally highly 
porous in comparison to other particles such as zoo-
plankton faecal pellets (Ploug et al. 2008) and may as 
a consequence be remineralised much faster. These 
sources of variability should be factored into future 
studies of remineralisation length scales for ocean 
detritus and how these vary spatially and temporally 

Fig. 4  100-day simulations for 0.7  mm diameter particles: 
standard (non-porous) Rubik spheres at grid resolutions 50×, 
125×, 500× and 2000×, Rubik aggregates (× 500) made up of 
sub-particles with diameters of 71× (100  μm), 33× (45  μm) 

and 11× sub-units (15 μm), and equivalent (≡) non-Rubik solid 
spheres and aggregates. A detritus biomass (μmol C), B sur-
face area  (mm2), C average biomass-specific degradation rate 
over the first 10 days  (d−1), D time taken to 90% degradation
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throughout the global ocean, noting that there is cur-
rently great uncertainty in this field of research (Mar-
say et  al. 2015; Buesseler et  al. 2020; Henson et  al. 
2022). Our work highlights the importance of achiev-
ing mechanistic understanding of the remineralisation 
process and the need for sophisticated representation 
and parameterisation of it in global biogeochemical 
models.

Model results suggest that rugosity should be a 
common feature of detrital particles in the ocean 
(Fig.  5). While this may arise during particle for-
mation, we propose that rugosity will also be cre-
ated by the action of microbes acting on the detrital 
substrate. The SAMURAI model promulgates this 
idea, employing a unique representation of particle 
structure as a matrix of sub-units that are progres-
sively removed based on faces that are exposed to 
the external environment. Although this structure is 
an abstract representation of real detritus particles in 
the ocean, we contend that the sequential removal of 
sub-units from a 3D matrix is a conceptually consist-
ent representation of how particle biomass and SA 
change during degradation. Ectoenzymes act hetero-
geneously on particle surfaces, reflecting the heterog-
enous distribution of microbes (Abell and Bowman 
2005; Bižić-Ionescu et  al. 2018; Zhang et  al. 2018). 
At a more fundamental level, the process of enzy-
matic degradation can be thought of as the cleaving of 
monomers one by one from long chain polymers such 
as chitin or cellulose (Pérez et  al. 2002; Beier and 
Bertilsson 2013), creating heterogeneity in structure 

at the molecular scale. A good analogy is the creation 
of microscale structure by acid etching on previously 
smooth glass or metal surfaces, in contrast to conven-
tional models that represent particles as diminishing 
spheres which are akin to the shrinking of lollipops 
as they are sucked by children. We anticipate that our 
work will encourage new empirical studies to further 
investigate the nature and dynamics of particle SA 
and associated rugosity.

In order to incorporate SAMURAI within biogeo-
chemical models, time-dependency was introduced 
using a fixed rate of remineralisation per unit exposed 
SA. This assumption is key to our approach and is jus-
tified on the basis that particles are typically densely 
covered by microbes (Simon et al. 2002) due to rapid 
colonisation by pelagic (free-living in the water col-
umn) bacteria (Kiørboe et  al. 2003), meaning that 
carrying capacity is reached quickly. Rapid colonisa-
tion occurs for several reasons (Kiørboe et al. 2002): 
a significant fraction of pelagic bacteria are motile 
(Fenchel 2001; Grossart et  al. 2001), water flowing 
over and through particles facilitates microbe-particle 
encounters (Ploug et  al. 2002), and because bacte-
ria are attracted to particles by chemosensory cues 
(Blackburn et al. 1998; Stocker and Seymour 2012).

We used a grid resolution (GR) of 500× as our 
standard Rubik configuration. For a typical particle of 
diameter 0.7 mm (Iversen and Lampitt 2020), this GR 
corresponds to a sub-unit diameter of 1.4 μm which 
is approximately the same size as a marine bacterium 
(Lee and Fuhrman 1987; Børsheim et al. 1990). This 
choice of GR is, we suggest, a reasonable starting 
assumption. In fact, the chosen GR turns out not to be 
particularly important because predicted degradation 
rates are similar for GRs between 50× and 2000×, 
while contrasting strongly (being much higher) than 
those of an equivalent non-Rubik detrital particle 
(Fig.  4). As well as Rubik spheres, other particle 
shapes can also be simulated using SAMURAI, e.g., 
we also generated results for particles represented as 
Rubik spheroids (Supplementary Appendix 2). These 
various shapes are generally representative of real 
ocean detritus which exists in many forms and sizes 
including aggregates and zooplankton faecal pellets 
(Durkin et  al. 2021). Regarding size, we simulated 
the degradation of particles between 0.7 and 2.8 mm 
diameter (a typical range: Iversen and Lampitt 2020), 
maintaining sub-unit size at 1.4  μm which thereby 
required the use of GRs of 250×, 500×, 1000× and 

Fig. 5  Detrital aggregates produced by jellyfish from the sub-
tropical South Atlantic, March 2023. Approximate width of 
pellets is 1.5 mm. Image: Mayor (2023)
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2000× to simulate particles with diameters of 0.35, 
0.7, 1.4 and 2.8 mm, respectively. As expected, pre-
dicted biomass-specific remineralisation rates showed 
an inverse relationship with size because smallest 
particles have the greatest SA:volume ratios (Supple-
mentary Appendix 5).

Many detrital particles in the ocean are present as 
aggregates of smaller particles, e.g., “marine snow” 
(Alldredge and Silver 1988). A characteristic fea-
ture of aggregates is that they are porous, providing 
a large surface area for microbes to act on (Lampitt 
et al. 1993; Maerz et al. 2020). We introduced poros-
ity into our analysis by setting up and investigating 
the degradation of aggregate particles in SAMU-
RAI, maintaining a total diameter of 0.7  mm and 
using spherical sub-particles of 100, 45 and 15  μm; 
a grid of 1.4  μm sub-units was used in each case, 
such that the corresponding sub-particle GRs were 
71×, 33× and 11×, respectively. The resulting porosi-
ties were 0.66, 0.65 and 0.63, significantly higher 
than a theoretical minimum of 0.26 for dense pack-
ing spherical objects such as oranges and cannonballs 
(Hales 2000), but noting that porosity may commonly 
exceed 0.9 in ocean aggregates (Alldredge 1998). As 
for the standard Rubik particles, predicted rates of C 
remineralisation of the Rubik aggregates are about 
double those of equivalent non-Rubik particles. The 
high porosity of the Rubik aggregates means that 
they degrade an order of magnitude faster than a non-
porous Rubik sphere of the same size. Thus, rugosity 
aside, our results demonstrate the importance of par-
ticle structure, porosity, and associated variability in 
SA in particle remineralisation in the ocean.

The degradation of detritus in ocean biogeochemi-
cal models is typically modelled using a fixed or tem-
perature-dependent rate per unit biomass (Yool et al. 
2013; Aumont et al. 2015; Kriest and Oschlies 2015). 
Our Rubik model assumes instead that degradation is 
proportional to SA. This assumption is, we suggest, 
more realistic because microbial ectoenzymes act on 
particle surfaces (Enke et al. 2018) and leads to pro-
foundly different results from other models because 
biomass-specific degradation rate varies over time 
with changing SA:biomass (SA:volume) ratio. Rates 
may likewise vary between particles with different 
porosities such as zooplankton faecal pellets and phy-
toplankton aggregates. The use of SA as a descriptor 
necessarily entails the representation of detritus as 
individual particles, along with associated variation 

in shape and porosity, because one must resolve parti-
cles’ SA and not just their mass. Assigning a value for 
the degradation rate parameter also poses a significant 
challenge. We used  mD = 0.0166  μmol C  mm−2  d−1 
which, using a density of 0.5 g C  cm−3, corresponds 
to a biomass-specific rate of 0.054  d−1 for a typical 
Rubik aggregate particle (in its initial state before 
any degradation occurs) that matches an empirical 
estimate derived from observations of marine aggre-
gates (Bach et  al. 2019 and references therein). It is 
therefore unsurprising that our predicted degrada-
tion times of aggregate particles using SAMURAI 
are realistic: 0.7 mm Rubik aggregates made up sub-
particles of 15, 45 or 100 μm, took 6, 14 and 28 days 
to reach 90% degradation, respectively (Fig. 4D). In 
contrast, the corresponding 90% degradation time 
for a standard (solid, non-aggregate) Rubik parti-
cle of 0.7 mm diameter was 187 days which is well 
beyond typical timescales of up to a few weeks (e.g. 
Boyd et al. 1999; Schmidt et al. 2002; Omand et al. 
2020; Nguyen et  al. 2022). This mismatch could be 
addressed by increasing the degradation rate, e.g., by 
an order of magnitude to  mD = 0.166  μmol C  mm−2 
 d−1. The 0.7 mm standard particle then reaches 90% 
turnover ten times faster in a realistic timescale of 
18.7  days because degradation timescale scales lin-
early with parameter  mD. In contrast, however, the 
aggregate particle now reaches this milestone in little 
over half a day which is unrealistically too fast. The 
hypothetical particle shapes that we examined here, 
i.e., solid spherical particles and aggregates made up 
of sub-particles, while providing an excellent theo-
retical examination of the new Rubik approach, are 
idealised in form. For example, the assumption of 
zero porosity in the non-aggregate Rubik particles is 
clearly a simplification as even relatively dense parti-
cles such as faecal pellets can have a porosity of 0.65 
(Ploug et al. 2008). Deriving a universal parameteri-
sation in which degradation timescales are accurately 
predicted for a range of particle types, using a single 
value of  mD, will require future model development 
to represent different particle types with greater real-
ism, facilitated by improved observations to quantify 
particle characteristics—shape, biomass, SA, volume 
and porosity—and how they change through time. 
Likewise, new measurements of degradation rates for 
a range of particle types are needed in order to real-
istically parameterise detritus remineralisation in bio-
geochemical models.
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There are some interesting theoretical considera-
tions associated with the Rubik modelling approach. 
The evolution of particle SA using SAMURAI, and 
thereby differences associated with GR, can be under-
stood in terms of the way that sub-units within the 
Rubik matrix are progressively removed. The prob-
ability of any one sub-unit within the grid being 
selected at a given point in the sequence is propor-
tional to its number of exposed faces. This selection 
procedure means that sub-units in the outermost lay-
ers of the matrix have the highest likelihood of being 
removed because they tend to have many exposed 
faces (Fig. 1). Sub-units deeper within the matrix can 
also be removed but, because they tend to have few 
exposed faces the probability of them being removed 
is lower. The generation of burrows or tunnels, while 
possible, is therefore less likely. Use of a high GR, 
i.e., a fine grid size, means that when inner layers 
are exposed, the resulting tunnels are relatively nar-
row and the associated newly exposed SA consti-
tutes a smaller proportion of the Rubik total, rela-
tive to the corresponding case for coarser grids. As 
a consequence, removal of sub-units from the outer 
layers is more likely such that SA proliferates most 
rapidly and achieves higher maximum values at high 
GRs (Fig.  2). This maximum will ultimately satu-
rate as GR is increased towards an infinite number 
of sub-units within the matrix (additional informa-
tion on convergence is provided in Supplementary 
Appendix 6).

The increase in rugosity and associated SA driven 
by microbial action will theoretically become less 
important when simulating highly porous detrital 
aggregates. For example, in the case of our 0.7 mm 
Rubik aggregate made up of the smallest sub-parti-
cles, 15 μm, the predicted time to complete 90% deg-
radation was 6.0 days, with a corresponding time of 
10.0 days for an equivalent non-Rubik particle, a ratio 
of 0.6. The times for non-porous particles were 187 
and 452  days, a ratio of 0.41. High initial porosity 
means that the increase in  SA# in the early stages of 
degradation is relatively less for highly porous parti-
cles (Fig.  3). The extreme case is a lattice in which 
sub-units are connected only at their corners. SA is 
maximal and will decrease from the outset as sub-
units are removed from the matrix.

The representation of biology in SAMURAI is 
basic but nevertheless sufficient to highlight the 
importance of representing the evolution of particle 

SA when modelling the degradation of sinking detri-
tus in the ocean, and the complexities thereof. A 
number of avenues could be pursued to further 
improve the realism of the SAMURAI model. We 
assumed that removal of sub-units from the matrix 
is random based on faces exposed (in contact with) 
the external environment. There will in reality be a 
declining oxygen gradient towards the particle inte-
rior (Alldredge and Cohen 1987; Ploug et  al. 2008) 
such that biomass associated with internal SA will 
degrade more slowly. Future work could simulate 
the influence of this gradient on particle degradation 
in SAMURAI, requiring hydrodynamic modelling 
of the associated fluid dynamics in the surround-
ing water. All sub-units within the Rubik matrix are 
treated as the same, whereas in reality detritus parti-
cles in the ocean exhibit variability in particle struc-
ture, biochemical makeup and microbial community 
composition. Bacteria have a range of affinities for 
various substrates which are degraded at different 
rates, with the most labile being used first (Gros-
sart and Ploug 2000, 2001). To complicate matters, 
some substrates may be physically protected by the 
presence of minerals (Rothman and Forney 2007). A 
future version of SAMURAI could include a matrix 
where sub-units are assigned different labilities. 
Dealing with microbial diversity on marine particles 
is an even more complex issue, not least because of 
species succession in the resident community (Datta 
et al. 2016; Pelve et al. 2017) will likely drive differ-
ences in resource requirements. Our understanding 
of microbial succession on sinking particles, and the 
consequences for ocean biogeochemistry, remains 
in its infancy. Nevertheless, SAMURAI provides an 
excellent candidate model for quantifying the effects 
of microbial community interactions as understand-
ing of these matures. Finally, representation of par-
ticle structure merits further attention. A general 
feature of marine aggregates is that packing density 
decreases with increasing particle size, giving rise to 
a fractal dimensional < 3 (Logan and Wilkinson 1990; 
Jackson 1995). The packing process used to generate 
our Rubik aggregates, random encounter, leads to a 
fractal dimension ≈ 3, meaning that packing density 
does not decrease with particle size. The SAMURAI 
model can handle any particle structure that is input 
as sub-unit presence/absence on an x–y–z grid, pro-
viding plenty of opportunity for future research.
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We have demonstrated that simulating parti-
cle degradation via sub-unit removal from a Rubik 
matrix yields results that are in marked contrast to 
those derived from simulations of shrinking spheres, 
with important consequences for ocean C sequestra-
tion. The model presented here suggests the need for 
a reappraisal of current methods for representing par-
ticle degradation in ocean models. Further studies, 
including observations of the surface characteristics 
of real detritus particles and of microbial dynam-
ics and enzymatic degradation of organic matter, are 
required to consolidate our findings.

Conclusion

The degradation of sinking detritus in the ocean is 
typically modelled by assuming that particles behave 
as shrinking spheres, the surface area (SA) of which 
declines progressively as they are degraded. We chal-
lenge this concept by proposing that the action of 
microbial ectoenzymes serves to increase SA as parti-
cles degrade due to the generation and proliferation of 
microscale rugosity. Our study explores this concept 
using a new model, SAMURAI_1.0, which represents 
particles as a 3D matrix of sub-units, analogous to the 
infamous Rubik’s Cube, where sub-unit removal rep-
resents decay of organic matter exposed to the exter-
nal environment by microbial ectoenzymes. We show 
that the effect of increasing SA during the early stages 
of degradation could be highly significant, doubling 
predicted remineralisation rates. As a consequence 
of fast remineralisation rates, the C release accruing 
from the degradation of sinking particles, as pre-
dicted by ocean biogeochemical models, will occur at 
shallower depths than otherwise expected, with less 
sequestration of C in the ocean’s interior. Predicted 
particle SA and remineralisation are highly dynamic 
and sensitive to porosity in SAMURAI, necessitating 
careful representation in biogeochemical models. We 
suggest that our Rubik-inspired approach represents 
a significant advance in conceptualising and param-
eterising detritus particles in ocean models. Our work 
highlights the need for further studies, both obser-
vational and modelling, to corroborate our ideas by 
examining remineralisation in detritus particles and 
the associated dynamics of SA. New understanding 
will lead to improved parameterisations of organic 
matter remineralisation and C sequestration in global 

biogeochemical models and, in turn, this will reduce 
uncertainty in projections of the future response of 
the ocean’s biological gravitational pump and its role 
in global climate regulation.
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