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Resolving the Polymetallic Nodule Surface Paradox: A
Computational Multi-Mechanism Analysis

Anonymous Author(s)
ABSTRACT
Deep-ocean polymetallic nodules grow at 1–10 mm/Myr yet remain
at the sediment surface despite sedimentation rates of 2–10 mm/kyr,
creating a 600× rate paradox. We present a computational frame-
work combining particle-tracking burial models, a bioturbation
ratchet mechanism, and Monte Carlo sensitivity analysis across
500 parameter combinations to identify the dominant maintenance
mechanism(s). Our factorial analysis of three candidate mechanisms
(bioturbation, seismic activity, bottom currents) reveals that biotur-
bation produces the largest main effect on surface retention (0.118),
followed by currents (0.010) and seismic events (0.008). Under refer-
ence conditions (3 mm/kyr sedimentation), bioturbation maintains
nodules with a surface fraction of 0.120 compared to 0.007 with-
out any mechanism. Monte Carlo sampling identifies bioturbation-
dominated regimes in 36.6% of parameter space, current-dominated
in 19.2%, and burial in 44.0%. Sedimentation rate and bioturbation
rate show the strongest anti-correlated (𝑟 = −0.527) and corre-
lated (𝑟 = 0.524) relationships with surface retention, respectively.
These results quantitatively support bioturbation as the primary
resolution of the surface paradox.

KEYWORDS
polymetallic nodules, surface paradox, bioturbation, deep ocean,
sedimentation, pattern formation
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1 INTRODUCTION
Polymetallic nodules are Fe–Mn concretions found on abyssal plains
at depths of 4000–6000 m, containing economically significant
concentrations of Mn, Ni, Cu, and Co [3, 5]. These nodules grow
through hydrogenetic precipitation from seawater and diagenetic
processes at rates of 1–10 mm/Myr [2]. Despite these extremely
slow growth rates, nodules are ubiquitously found at or near the
sediment surface, even though pelagic sedimentation proceeds at
2–10 mm/kyr — approximately three orders of magnitude faster [1].
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This rate mismatch creates a fundamental paradox: without some
maintenance mechanism, a 5 cm diameter nodule should be com-
pletely buried within approximately 16.7 kyr by sedimentation
alone. Yet nodule fields spanning millions of square kilometers
show nodules exposed at the surface, implying continuous or quasi-
continuous maintenance over geological timescales [6].

Several hypotheses have been advanced to explain this para-
dox [1]: (1) bioturbation by benthic organisms that rework sediment
around nodules, (2) seismic activity that mobilizes and resegregates
sediment, and (3) bottom currents that erode surface sediment [4].
However, the relative importance of these mechanisms and the
conditions under which each dominates remain unresolved.

In this paper, we develop a computational framework to quantify
and compare these three mechanisms. We implement a particle-
tracking burial model, a bioturbation ratchet mechanism inspired by
granular physics, and a Monte Carlo sensitivity analysis spanning
the observed parameter space.

2 METHODS
2.1 Particle-Tracking Burial Model
We model a single nodule as a particle in a 1-D sediment column
of depth 𝐿 = 50 cm. The nodule position 𝑧 (𝑡) (positive downward)
evolves according to:

𝑑𝑧 = 𝑣sed 𝑑𝑡−𝑣bio 𝑓 (𝑧) 𝑑𝑡−𝑣eros𝑔(𝑧) 𝑑𝑡+
√︁
2𝐷 (𝑧) 𝑑𝑡 𝜉 (𝑡)+𝑑𝑧seis (1)

where 𝑣sed is the sedimentation rate, 𝑣bio is the biological advection
rate with depth-dependent factor 𝑓 (𝑧), 𝑣eros is the current erosion
rate with factor 𝑔(𝑧),𝐷 (𝑧) is the depth-dependent biodiffusion coef-
ficient, 𝜉 (𝑡) is Gaussian white noise, and𝑑𝑧seis represents stochastic
seismic uplift events.

The bioturbation diffusivity decays exponentially below the
mixed layer depth 𝑧mix = 12 cm:

𝐷 (𝑧) = 𝐷0 exp
(
−max(𝑧 − 𝑧mix, 0)

2

)
(2)

with 𝐷0 = 5.0 cm2/kyr. The biological ratchet includes a depth-
dependent boost factor 1 + 2𝑧/𝑧mix that strengthens uplift when
the nodule sits deeper in the mixed layer.

2.2 Seismic Uplift Model
Seismic events are modeled as a Poisson process with mean re-
currence interval 𝜏seis = 50 kyr. Each event produces an upward
displacement drawn from an exponential distribution with mean
2.0 cm.

2.3 Factorial Mechanism Analysis
We run a 23 factorial experiment varying the on/off state of bio-
turbation, seismic, and current mechanisms. Each combination is
repeated 30 times with different random seeds, and we compute

1
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Table 1: Factorial analysis of mechanism combinations.
B=bioturbation, S=seismic, C=currents. Surface fraction is
the proportion of time at depth < 1 cm.

Config B S C Surface Fraction
B0S0C0 Off Off Off 0.007 ± 0.000
B0S0C1 Off Off On 0.017 ± 0.000
B0S1C0 Off On Off 0.008 ± 0.003
B0S1C1 Off On On 0.022 ± 0.008
B1S0C0 On Off Off 0.120 ± 0.047
B1S0C1 On Off On 0.128 ± 0.050
B1S1C0 On On Off 0.138 ± 0.055
B1S1C1 On On On 0.146 ± 0.066

the mean surface fraction (proportion of time the nodule resides
within 1 cm of the surface) over 500 kyr simulations.

2.4 Monte Carlo Sensitivity Analysis
We sample 500 parameter combinations from log-uniform distribu-
tions spanning observed ranges: sedimentation rate (1–20 mm/kyr),
bioturbation advection rate (0.5–10 mm/kyr), biodiffusion coeffi-
cient (0.1–5 cm2/kyr), seismic recurrence (10–500 kyr), and nodule
diameter (2–15 cm). For each combination, we determine which
single mechanism keeps the nodule shallowest and classify the
dominant regime.

3 RESULTS
3.1 Burial Timescale Analysis
Under reference conditions (sedimentation rate 3.0 mm/kyr, nodule
diameter 5 cm), the pure burial time is 16.7 kyr. With bioturbation
advection at 3.5 mm/kyr and current erosion at 0.8 mm/kyr, the
net burial velocity becomes −0.13 cm/kyr (negative indicating net
upward transport), yielding a stable surface position. The critical
bioturbation rate required to balance sedimentation is 2.2 mm/kyr.
The Péclet number is 0.312, indicating diffusion-dominated trans-
port in the mixed layer. The growth-to-sedimentation ratio is 0.0017,
confirming the 600× paradox.

3.2 Mechanism Factorial Results
Table 1 shows the factorial results. The main effect of bioturba-
tion is 0.118, dominating over seismic (0.008) and current (0.010)
effects. Without any mechanism, the surface fraction is only 0.007.
Bioturbation alone raises this to 0.120, a 17-fold increase. All three
mechanisms combined yield 0.146.

3.3 Sedimentation Rate Threshold
Surface retention decreases with increasing sedimentation rate (Fig-
ure 1). At the reference bioturbation intensity, the surface fraction
exceeds 0.10 for sedimentation rates below 5 mm/kyr, drops to 0.019
at 7 mm/kyr, and falls below 0.011 at 10 mm/kyr. This establishes
a practical sedimentation threshold around 5–7 mm/kyr beyond
which bioturbation alone is insufficient.

Figure 1: Surface fraction versus sedimentation rate. The
bioturbation-maintained regime collapses above ∼7 mm/kyr.

Figure 2: Left: Dominant mechanism regime fractions from
500 Monte Carlo realizations. Right: Parameter correlations
with surface retention.

3.4 Monte Carlo Regime Classification
Across 500 Monte Carlo realizations (Figure 2), 36.6% of parameter
space is bioturbation-dominated, 19.2% is current-dominated, 0.2%
is seismic-dominated, and 44.0% results in burial. The mean surface
fraction across all realizations is 0.234 with standard deviation 0.299.
The median is 0.069.

Parameter correlations reveal sedimentation rate (𝑟 = −0.527)
and bioturbation rate (𝑟 = 0.524) as the strongest controls. Biodif-
fusion coefficient shows weaker negative correlation (𝑟 = −0.268)
because high diffusion can disperse nodules deeper. Seismic re-
currence (𝑟 = −0.091) and nodule size (𝑟 = −0.112) have modest
effects.

3.5 Nodule Trajectory Comparison
Figure 3 shows representative trajectories over 2 Myr. Without
maintenance mechanisms, the nodule is monotonically buried,
reaching the column base. With all mechanisms active, the nodule
fluctuates within the bioturbation zone, periodically returning to
the surface.

3.6 Size Dependence
Surface retention varies with nodule size (Figure 4). Nodules of
2–5 cm diameter show the highest surface fractions, consistent
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Figure 3: Nodule depth trajectories over 2 Myr with all mech-
anisms active versus pure sedimentation burial.

Figure 4: Surface retention (left) andmean burial depth (right)
as functions of nodule diameter.

with the size range most commonly observed in nodule fields. Very
small nodules (< 1 cm) behave similarly to sediment grains and
are mixed downward, while very large nodules (> 10 cm) are less
efficiently ratcheted.

4 DISCUSSION
Our computational analysis provides quantitative support for bio-
turbation as the primary mechanism maintaining polymetallic nod-
ules at the sediment surface. The bioturbation ratchet mechanism,
driven by the extreme size contrast between nodules (cm-scale)
and sediment grains (𝜇m-scale), produces net upward transport
that can counterbalance sedimentation rates up to approximately
5–7 mm/kyr.

The 600× paradox ratio between sedimentation and growth rates
is resolved by recognizing that nodule growth rate is irrelevant to
the burial problem — what matters is the balance between sedimen-
tation and biological reworking. The critical bioturbation rate of
2.2 mm/kyr falls well within observed ranges for abyssal environ-
ments.

The Monte Carlo analysis reveals that 56.0% of the sampled
parameter space supports surface maintenance (bioturbation + cur-
rents + seismic regimes combined), suggesting that the paradox is
resolvable under a majority of realistic conditions. The 44.0% burial
fraction corresponds to high-sedimentation or low-bioturbation
regimes where nodules would indeed be buried, consistent with

the observation that nodule fields are absent in regions of rapid
sedimentation.

5 CONCLUSION
We have developed a computational framework that quantifies the
polymetallic nodule surface paradox and evaluates three candidate
maintenance mechanisms. Bioturbation dominates with a main
effect of 0.118 on surface fraction, 14× larger than seismic and
12× larger than current effects. Monte Carlo analysis across 500
parameter combinations identifies bioturbation-dominated regimes
in 36.6% of parameter space. These results support bioturbation
as the primary resolution of the surface paradox, with currents
providing secondary support in 19.2% of conditions.
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