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Global carbon-cycle on our planet ties together the living and the non-living world, coupling
ecosystem function to our climate. Gravity driven downward flux of carbon in our oceans in the
form of marine snow, commonly referred to as biological pump directly regulates our climate. Multi-
scale nature of this phenomena, biological complexity of the marine snow particles and lack of direct
observations of sedimentation fundamentally limits a mechanistic understanding of this downward
flux. The absence of a physics based understanding of sedimentation of these multi-phase particles
in a spatially and temporally heterogeneous ocean adds significant uncertainty in our carbon flux
predictions. Using a newly invented scale-free vertical tracking microscopy, we measure for the first
time, the microscopic sedimentation and detailed fluid-structure dynamics of marine snow aggregates
in field settings. The microscopically resolved in-situ PIV of large number of field-collected marine
snow reveals a comet tail like flow morphology that is universal across a range of hydrodynamic
fingerprints. Based on this dataset, we construct a reduced order model of Stokesian sedimentation
and viscoelastic distortions of mucus to understand the sinking speeds and tail lengths of marine
snow dressed in mucus. We find that the presence of these mucus-tails doubles the mean residence
time of marine snow in the upper ocean, reducing overall carbon sequestration due to microbial
remineralization. We set forth a theoretical framework within which to understand marine snow
sinking flux, paving the way towards a predictive understanding of this crucial transport phenomena
in the open ocean.

INTRODUCTION

Oceans are the most dominant open reservoir and sink
of carbon on our planet [1] having absorbed roughly 30%
of the anthropogenically released carbon since industrial-
ization [2]. A fraction of the absorbed carbon sequesters
to the bottom of the ocean [3]. Of the various known
pathways of this vertical transport phenomena, sedimen-
tation of organic carbon in the form of marine snow is
the most consequential [4–9]. The multiphase nature of
marine snow, arising from biological and physical com-
plexity of these particles, can be attributed to multiple
length and time scales that plays in this phenomena [Fig-
ure 1 A & B] [4, 10]. Although vital to our understanding
of current and future climate, the lack of predictive un-
derstanding of marine snow sedimentation [11] manifests
itself as significant uncertainty in climate model [12, 13].

Phytoplankton in the upper sunlit layer of the ocean
initiates energy flow in marine food-webs [14] by convert-
ing dissolved CO2 into organic carbon [5, 15, 16]. With
gravity perpetually acting on marine ecosystems [17], a
fraction of this organic matter and energy is pumped
from the sunlit ecosystem into the abyss [3, 18], where it
helps sustain benthic life [4, 19]. This sequestered carbon
decouples from the atmosphere for time-scales ranging
from millennium to geologic [20, 21], thanks to the unison
of gravitational sinking [22–24] and thermohaline circu-
lation [21, 25, 26]. This biologically mediated flux of car-
bon in the oceans, called the biological pump [16, 21, 27],
is conjectured as a key feedback mechanism in both the
long-time scale glacial cycles [20] and short time-scale

variations in global temperature [28, 29].
Single phytoplankton cells, even if they continuously

sink, would take about a year to reach the bottom of
the ocean; observations however, suggest much smaller
time-scale [30]. Physical agglomeration [10] can dramat-
ically increase sinking speed by an order of magnitude,
due to increased size [31] and reduced drag [32]. In ad-
dition, zooplankton can enhance particulate density by
compactification to form fecal pellets. These factors in-
troduce uncertainty in the sinking speed of marine snow
[33], giving rise to a distribution of size, shape and den-
sity. Quantitative measurements of sedimentation traps
across various depths in the ocean highlighted the dra-
matic reduction in carbon flux as a function of depth in
our oceans [3]. This empirical relationship between or-
ganic matter flux as a function of depth – Martin’s curve
[34, 35] is widely utilized in our current climate models.
The microscopic origin of this empirical relationship be-
tween organic matter flux as a function of depth remains
largely unknown and its universality remains speculative
[35].
Due to the paramount nature of these field collected

particles, previous attempts have been made to quan-
tify the biochemical [36] and physical nature [9] of these
particles. Conventional field observations using sediment
traps [3] gives bulk estimates of the exported carbon,
while in-situ underwater measurements provide useful
size and shape statistics [37–39] a one-to-one structure-
sedimentation map of marine snow remains elusive [40].
Since the processes central to the formation, sinking and
remineralization of marine snow occur at microscopic
scales in the upper layer of the ocean, wider calls have
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FIG. 1. Marine snow sedimentation in field setting: A) & B) The depiction of the multiple length and time scales
spanning the biological pump based on previous studies [see Supplementary]. Marine snow exhibits a broad range of sizes and
sedimentation time scale. The time scale of sinking is defined as the time it take for marine snow to sink by its own body length
based on [30]. C) Expedition route to the Gulf of Maine and Lagrangian sampling on the map; inset shows a picture of the
sediment trap sampling on research vessel R/V Endeavor. D) Experimental setup of Gravity Machine on a mechanical 2-axis
Gimbal hanging on RV-Endeavor in the open ocean. E) Flow-trace image of sinking marine snow. F) Holotomography imaging
using the Tomocube Microscope of a marine snow aggregate collected at 150m on RIPPLE shows the variance of refractive
indices within a single particle. G) The inhomogeneous biotic nature of marine snow is depicted in both brightfield and confocal
imaging of a marine snow particle, where an embedded dinoflagellate can be seen. The DAPI, FITC and AO channels all emit
signal visible from auto-fluorescence of the particle. H) Alcian blue staining of marine snow from an 80m sediment trap to
visualize Transparent Exopolymer Particles (TEP) as a representation of polysaccharides present in the marine snow particles.
The alcian blue stain is visible throughout the particle.

been made previously to highlight this gap in our under-
standing of marine snow [11, 30].

In this article, we approach the central issue of ocean
carbon sequestration by fusing the classic sediment trap
sampling [3] with the state of the art scale-free tracking
microscopy called Gravity Machine [41] to experimen-
tally explore the sedimentation dynamics and the flow
morphology of marine snow aggregates in a field set-
ting, via an expedition in the Gulf of Maine aboard the
R/V Endeavor as part of the Research at the Interface

of Phytoplankton, Particles and Lipid Export (RIPPLE)
expedition. The sedimentation statistics measured us-
ing gravity machine offers multi-scale data-sets of marine
snow observed at microscopic resolution falling over me-
ter scale. By collecting individual marine snow particles
at a depth of 80m and immediately observing sedimenta-
tion dynamics of these particles - we acquire the largest
database of flow microscopy of sedimenting marine snow
at the sea and discover hidden viscoelastic degrees of free-
dom in the form of mucus, that significantly modifies the
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fluid-structure interactions and sedimentation velocity of
marine snow. Our micro-scale observations and theoret-
ical framework allows sedimentation based visco-elastic
rheology of marine snow, measured at sea, for the first
time. We find that the presence of mucus comet tails cru-
cially slows down marine snow, bringing some particles
to a stand still. This mucus based impedence nearly dou-
bles the residence time of marine snow aggregates in the
upper productive layer of the ocean, potentially facilitat-
ing rapid remineralization by microbes and zooplankton.
We discover that the multiphase nature of comet-like mu-
cus tails in mairne snow has a consequential impact on
ocean-based carbon sequestration.

RESULTS

Field Observations

In order to collect fresh marine snow aggregates, an ex-
pedition in the Gulf of Maine was planned. The marine
snow aggregates were collected in a freely hanging sedi-
ment traps (2m diameter) [9] in the Gulf of Maine (42.5◦

N 69.5◦ W), on the research vessel RV Endeavor [see Fig-
ure 1C]. In multiple deployments of these traps at depths
of 80m for a duration of 24 hours [see supplementary], we
acquired marine snow as a sediment.

Fresh marine snow aggregates were collected on board
R/V Endeavor during the RIPPLE expedition in the Gulf
of Maine (42.5◦N, 69.5◦W) using freely hanging sediment
traps (2m diameter) in multiple deployments at depths
of 80m for a duration of 24 hours [see Supplementary].
Particles accumulated in a sediment traps were brought
to the surface. The samples were collected and divided
using a quantitative splits [see supplementary], and the
marine snow particle were kept at the in-situ tempera-
ture to maintain biotic component of the marine snow
alive and active. The particles were loaded immediately
in scale-free tracking microscopy wheels and imaged in-
stantly. For a high-density flux of particles, some ma-
rine snow particles can accumulate and thus loose their
individual identity in sediment trap sampling, and be-
come part of the bulk sediment. We gently re-suspended
those particles and focused on the response of the or-
ganic debris to the hydrodynamic stresses generated by
gravitational sinking [23]. We also ensured a dilute limit
in which inter-particle hydrodynamic interactions could
be neglected. The ship frame of reference contributes
rocking and rolling disturbances to the setup which we
minimize by mounting the Gravity Machine on a two axis
gimbal [Figure 1 D].

Micro-scale sedimentation dynamics of falling marine
snow particles was measured in the Gravity Machine [41],
as soon as the particles are brought to the research ves-
sel [Fig. 1 E]. We directly measured the settling velocity
by tracking individual particle in the gravity machine
while simultaneously performing high resolution imaging
of marine snow and the micro-hydrodynamic flow around

it. Plastic bead particles ranging from 700nm to 2 mi-
crons are addeded to the fluid for high-resolution parti-
cle image velocimetry (PIV). We developed an analysis
pipeline that automatically measures the size and veloc-
ity statistics of the particles and calculate and analyse the
flow fields, allowing us to get a one-to one map between
various measurable quantities – structure, flow morphol-
ogy and sedimentation velocity.

Heterogeneous micro-structure of marine snow

Limited volumetric imaging has previously been per-
formed on marine snow particles in the past [cite]. To
better understand the three-dimensional structure of a
marine snow particles, we perform the first quantitative
phase imaging (Holotomograoghy) in 3D and obtain iso-
late materials based on refractive index (Fig. 3A). This
method allowed us to observe the 3D density and hetero-
geneity of samples without fixation or stains, thus pre-
serving the cell density and porosity of the aggregates
[42]. The heterogeneous structure was clearly depicted,
highlighting segments of diatom frustules embedded in
the marine snow particle as ballast (Fig. 3A, Supple-
mentary Video 3). Secondly we imaged particles using
brightfield and confocal microscopy (Fig. 3B) to observe
the presence of biological materials within the sample.
Exciting the particle with DAPI, FITC, and AO we ob-
serve emission of autofluorescence detecting live cells and
associated chloroplasts. Lastly, we imaged with a color
camera and brightfield imaging after staining particles
with Alcian blue to visualize Transparent Exopolymer
Particles (TEP) as a representation of polysaccharides
present in the marine snow particles (Fig. 3C). This
is commonly used for marine snow particles to reveal
polysaccharides which might be surrounding the parti-
cle but not visible. In combination, these three imaging
datasets created a more complete picture of the composi-
tion of marine snow particles. We are able to observe the
heterogeneity including the presence of biotic material,
ranging from whole cells (Fig. 3B) to fractions of whole
cells, both rigid in diatom frustrules (Fig. 1D) and soft
in mucus (Fig. 1EF).

Direct measurement of sedimentation dynamics

A predictive understanding of marine snow sedimen-
tation necessitates in-situ measurements of a one-to-one
map between the structure of marine snow and the sink-
ing velocity [11]. Thus, we embarked on measuring de-
tailed dynamics of all collected particles while on-board
the ship. We track individual marine snow particles in
the GM, measuring their sinking speed, and carrying out
detailed microscopy at the resolution of 0.828 µm per
pixel at the rate of 5 frames per second. This presents a
high resolution zoo of aggregate shapes and sizes [Fig.2
A ], where gravitational torques due to shape polarity
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FIG. 2. The zoo of sinking aggregates: D) The zoo of aggregates in their stable sinking configuration. The aggregate in Fig
1.E is (row , column) = (9 , 5). Each image panel is 1.27 x 1.27 mm2. B) log-log plot of sinking speed as a function of equivalent
radius, with the dotted line representing the Stokes’ law fit (Uz ∼ l2) with a constant effective density ρsw + 11.4Kg/m3,
depicting lack of deterministic Stokes’ trend. C) Experimental sample distribution of visible particulate aggregate sizes with
normal distribution fit gives mean µ = 187.35 ± 8 micron and standard deviation σ = 51.93 ± 6 micron in the observed sizes.
D) Sinking speeds corresponding to D), where each (row , column) in D) corresponds to the same (row , column) in A).

has already aligned the principle axis of the aggregate
along gravity [43], resulting in a nearly stable orientation
over the measurement window of ≃ 5 min. In addition,
the hydrodynamic levitation directly measures the sink-
ing speed associated with each particle. Plotting sinking
speeds as a function of equivalent spherical radius calcu-
lated by thresh-holding method [44] [see Supplementary],
shows significant spread, presenting the lack of a deter-
ministic trend [Fig2. B]. We studied a visible spectrum
of particle ‘radius’ ranging from 50− 350µm, with mean
radius 187.35± 8µm [Fig.2 C], and present a one-to-one
map between detailed structure of marine snow [Fig.1
A] and sedimentation velocity [Fig.2 D], with velocities
ranging between 5− 200 m/day. In our observations, we
occasionally encountered unsteady singular events like
merging, slow depletion due to hydrodynamic stresses,
and grazing by ciliates and copepod; all of which adds
further richness to marine snow sedimentation and likely
makes it a highly dynamic process at long-time scales.

In-situ observations of marine snow (Fig.1) [37–39, 45]
along with Martin’s curve [34], has allowed meaningful

estimates of carbon flux in the ocean. These calculations,
however, rely on a deterministic relationship between
particle size and its sinking speed [40], which has thus
far been elusive [Fig. 2 B], presenting a long-standing
puzzle in the sedimentation of marine snow [33]. This
suggests the presence of unaccounted degrees of freedom
in the system, likely coming from incorrect size estimates
[40] and the density fluctuations across particles [46]. We
seek further cues of any hidden degrees of freedom in the
flow field around individual aggregates.

Invisible Comets of Mucus

The ship environment presents a challenging set-up for
extracting clean flow-field from consecutive particle laden
images, because of the high-frequency jitters in the equip-
ment, in addition to the canonical rock and roll dynamics.
A 2-axis gimbal helped reduce the low frequency struc-
tured noise, and the high frequency random noise was
removed in post-processing pipeline [see Supplementary].
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FIG. 3. Hydrodynamic signature of marine snow: A) PIV images showing the hydrodynamic signature of the marine
snow, making visible the mucus comet-tails. B) Mucus tail around the visible aggregate (row , column) = (9 , 5), same aggregate
as Fig.1 E. C) The visible component of marine snow plotted against the invisible mucus degree of freedom. D) Non-dimensional
sinking speed (5) plotted against the relative mucus volume Vm/Vp, shows a systematic decrease in sinking speeds as a function
of mucus volume with an exponent ≃ −1. E) The violin plot of the invisible size of marine snow (red) compared with the
distribution of the visible size spectrum (blue). Accounting for the mucus gives the mean size µm = 415.1±21µm and standard
deviation σm = 136.3± 15µm [see Fig. 2 C for comparison]

This allowed for the first micro-scale PIV (Fig. 3 A) and
corresponding sedimentation velocity (Fig. 2 D) of ma-
rine snow in a field setting, to the best of our knowledge.
The measured flow around these sinking aggregates con-
spicuously displayed the transparent mucus around them.
Note that the aggregate in Fig. 3 B is the same as Fig.1
E, with its viscoelastic degrees of freedom visible. Alcian
blue staining (Fig. 1 H) confirms that this mucus halo
consisted of Transparent Exo-Polymers, which is known
to have a biological origin in algal blooms and plays a
key role in particle agglomeration [10, 47]. This presents
a multi-phase fluid-structure interaction problem.

The detailed PIV enabled visualization of the comet
like morphology of marine snow which is universal across
all particle shape and sizes. We found that the amount of
mucus that an aggregate is dressed with is independent of
the size of the visible aggregate (Fig. 3 C). This invisible
degree of freedom significantly changes the effective size
of the aggregate, sets a different fluid-mechanical bound-

ary condition, and reduces the effective density. This
is evident in the inverse relationship between the relative
volume of mucus to particle and the settling velocity (Fig.
3 D). The invisible size spectrum is dramatically differ-
ent from the visible spectrum, with a mean 415± 21µm,
which is more than twice the mean size of the visible part
of marine snow (Fig. 2 C).

Two phase model of marine snow dressed in mucus

Based on our field observations and analysis of freshly
collected marine snow aggregates in the Gulf of Maine,
we constructed a minimal model for the Stokesian sinking
of marine snow with mucus halo by analytically treating
the halos as an deformable ellipsoid [48] with semi-major
and semi-minor axes b and a, respectively, and density
ρm. The visible particulate aggregate with effective ra-
dius l has a density ρp greater than ρm [Fig. 4 A]. Here we
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FIG. 4. Two-phase model and sedimentation based rheology of marine snow: A) Measured flow field around a
sinking particle corresponding to (8,3) in Fig.2D. An approximately ellipsoidal mucus halo enclosing the visible particulate
aggregate, defines the various densities ρm, ρp, ρsw and length scales a, b, l in the mucus comet-tail. B) The steady state
solution of equation (14) gives the mucus tail length δb as a function of the internal structural degrees of freedom of marine
snow (Vp/V , ρ̃, D). White curves are the contours of constant tail length. C) Steady state solution of equation (5) gives the
vertical sinking speed as a function of (Vp/V , ρ̃, D). White curves are constant speed contours. D) The corrected distribution
for particulate density after accounting for the mucus. E) The distribution of elastic modulus of the mucus by measuring the
distorsion and sinking speed, presenting a sedimentation based rheology. F) The residence time distribution of marine snow in
upper 100m in the ocean, for case when there is mucus (red) and without mucus (blue) [see Supplementary for details]

treat marine snow as a two-phase aggregate with visible
particulate aggregate embedded in the invisible mucus
halo, sedimenting under its own weight. Hydrodynamic
self-stress generated due to sedimentation would perturb
the shape of mucus - further deforming and hence in-
fluencing the steady state sinking velocity of these par-
ticles. We construct the minimal model that accounts
for this feedback between deformation and sedimentation
and elucidate the microscopic origins of marine snow sed-
imentation dynamics.

We always found that the particulate matter is present
at the bottom of the mucus halo, thus marine snow with
mucus halo is effectively a bottom heavy sedimenting
particle [24, 49]. In the ambit of linear response, the
shape degree of freedom δb ≡ (b/b0 − 1)ẑ is assumed
to evolve viscoelastically through the Kelvin-Voigt (KV)
model [50] and the translational degree of freedom X is
governed by the Stokesian mobility relation [51, 52] with
a shape dependent mobility M(δb) [43, 48], giving rise to
the coupled equations

˙δb+
E

µ′ δb =
α

µ′σ · b (1)

Ẋ = M(δb) · F (2)

for shape and sinking dynamics respectively. In (10)

σ = (∇v + ∇vT )/2 is the symmetric part of the veloc-

ity gradient generated by a force monopole of strength
F, which is assumed to be located at the origin of visible
particulate aggregate, due to its relatively dominant con-
tribution to weight as compared to mucus [53]. F induces
translational dynamics of the center of gravity X of ma-
rine snow through the mobility relation (2). In equation
(10) the second term on the left captures the visco-elastic
relaxation, and the term on the right presents a one-way
hydrodynamic coupling between the KV dimer located
at the origin of mucus halo and sedimentation induced
flow v, to leading orders in velocity gradient. The phe-
nomenological parameter α can, in general, depend on
the shape of the visco-elastic halo, and determining it re-
quires solving the detailed fluid mechanical problem [54].
For the sake of simplicity in the present analysis, we fix
α = µ on dimensional grounds. When the extensional
axis is aligned with the gravity axis, thanks to the po-
larity of the marine snow, the Stokesian hydrodynamic
stress induced by F along b, to leading order in l/a0
becomes [see Supplementary text]

σ · b =
2

3

a0(ρsw − ρm)g

(1 + δb)2

(
Vp

V
ρ̃− 1

)
(3)

We have defined ρ̃ ≡ (ρp− ρm)/(ρsw − ρm), which lumps
the sea water density ρsw, mucus density ρm and ag-
gregate density ρp into a single non-dimensional density
parameter; with Vp and V being the volume of the partic-
ulate aggregate and the net volume of the marine snow
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respectively. We consider a volume conserving mucus
and an isotropic initial condition with non-zero mucus
volume, b0 = a0 > l. Combining (10) and (13) and non-
dimensionalizing (10) and (2) using length scale L = a0
and sedimentation time scale T = 9µ/2g(ρsw−ρm)a0 for
ρm ̸= ρsw gives the dynamical equations for longitudinal
deformation δb and vertical depth z scaled by a0,

δ̇b+
µ

µ′ D δb = 3
µ

µ′

(
Vp

V
ρ̃− 1

)
1

(1 + δb)2
, (4)

ż =

(
Vp

V
ρ̃− 1

)
X−1(e)

1 + δb
. (5)

In (10) D ≡ 9E/[2g(ρsw − ρm)a0] is the ratio of elas-
tic to hydrodynamic stress response, the magnitude of
which is set by the biology of mucus secretion in phy-
toplankton [36, 47, 55]. The scalar mobility of the
spheroid with its symmetry axis aligned with gravity,
X−1(e) ≡ 3

[
(1 + e2) ln (1 + e/1− e)− 2e

]
/8e3 captures

shape dependent sinking as a function of eccentricity
e =

√
1− (1 + δb)−3. Equation (5) gives the condition

for non-zero sinking of the marine snow ρ̃ ≥ V/Vp im-
plying that marine snow with larger mucus halos falls
slower, potentially reducing the net carbon flux in the
ocean [47].

We solve (14) and (5) in the steady state approxima-

tion of the mucus comet tail δ̇b = 0. A stable fixed point
is guaranteed in (14) and the steady state tail length has
a closed analytical expression [see Supplementary text]
which is plotted as a function of D, Vp/V and ρ̃ [Fig.
3 B]. Asymptotic analysis of the steady state yields two
scaling regimes for very small and very large deforma-
tions

δb ∼


(

Vp

V ρ̃− 1
)
D−1 , δb ≪ 1(

Vp

V ρ̃− 1
)1/3

D−1/3 , δb ≫ 1
(6)

where the viscosity sets the time scale to achieve the
steady state; however, (6) is independent of µ and µ′.
Figure 4 C shows the steady state sinking velocity (5)
as a function of D, Vp/V and ρ̃. Comparison between
theory and field data allows us to get the density distri-
bution of the visible particulate matter [Fig. 4 D], which
further enables the sedimentation based measurement of
the Elastic modulus of mucus [see Supplementary] with
the mean value of 0.028 Pascal [Fig. 4 E]. Viscoelas-
tic rheology of xanthan gum in salt solutions provides
useful insights into hydrodynamic nature of marine mu-
cus, while in-situ measurements remain limited [56, 57].
Here we present a sedimentation based measurement of
the storage modulus of fresh marine snow mucus in field
setting [47].

Our field experiments and theoretical framework shows
that sinking speed of two-phase particle is inversely pro-
portional to the relative volume of mucus in marine snow

[Fig. 3 D], in accord with equation (5). This mucus in-
duced impedance in marine snow reduces the sedimenta-
tion flux and increases the residence time of mucus rich
aggregates in our data-set. The estimate of residence
time shows that presence of mucus almost doubled the
mean residence time of marine snow in the upper 100m of
the ocean (1.92 days) as compared to that without mucus
(0.9 day) [see Fig. 4 F and Supplementary], assuming a
steady sinking state.

SUMMARY AND FUTURE CHALLENGES

The advances in our understanding of ecosystems in
open oceans, and of marine snow in particular, has his-
torically developed in tandem with the advances in ma-
rine technology. Our study makes use of a recent tech-
nological development in scale-free vertical tracking mi-
croscopy [41] implemented on a research vessel allows us
to shed light on the essential dynamical aspects of ma-
rine snow sedimentation. To the best of our knowledge,
we present the first microscopic window into the sedi-
mentation physics of these complex multi-phase particles
and highlight significant consequences to carbon flux in
our oceans. Linking this transport phenomena that is
governed by micro-scale parameters to larger scale ocean
carbon flux dynamics [34] is crucial for understanding tip-
ping points and balancing the carbon budget in current
ocean based carbon sequestration estimates [5].
Our work presents the largest known dataset of micro-

scale hydrodynamics of marine snow sedimentation. By
directly measuring the sinking velocities and detailed
flows around individual marine snow particles at sea mo-
ments after they are brought on board, we discovered
long comet-like mucus tails arising from TEP around
marine snow, whose accurate form and eventual role in
sedimentation is otherwise invisible in traditional imag-
ing. These comet tails endow marine snow with a modi-
fied sinking speed, dramatically different from estimates
made just by looking at the visible size of the particle.
Our observations provide a new theoretical framework,
based on Stokesian dynamics, in which we include this
previously invisible degree of freedom and we present a
modified stokes law for these compound particles. We
present a combination of field experiments and theory
that also allows us to carry out sedimentation based rhe-
ology of marine snow in the field, enabling estimates of
in-situ visco-elastic properties of marine snow.
It has been well known that marine snow particles con-

tain an invisible (transparent) mucus layer that impacts
the flocculation of diatom and cocolithopore blooms
[47, 58]. The carbon content of TEP is comparable to
that of the particular matter [59]. The TEP production
is shown to increase linearly with CO2 uptake [60], and
in response to both abiotic and biotic stressor in phyto-
plankton [36]; climate change can directly tune carbon
sequestration with the TEP knob [61]. However, the sur-
prising role of this mucus in altering the sedimentation
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dynamics of marine snow has remained unknown.
In our net trap samples with over hundred particles

imaged directly via this technique, we find that presence
of mucus almost doubled the residence time of marine
snow in the euphotic zone, nearly halting some particles
to a stand still. We demonstrate that this slow-down oc-
curs due to mucus comet tails significantly changing the
hydrodynamic footprint of a sinking particle. Our work
emphasizes the critical role mucus comet tails can play in
reducing the sedimentation velocity of marine snow par-
ticles. Taken in light of the fact that many of the current
estimates of marine snow sedimentation rely on “visible”
size distribution and do not account for much of the com-
plexity of sedimentation of these particles - our findings
can help reconcile significant discrepancies in flux esti-
mates reported previously. We corroborate our findings
with 3D volumetric imaging of marine snow particles and
detect various ballast including diatom and foram shells
- that further highlight the heterogeneous nature of ma-
rine snow particles and hence variation in it’s density at
large. With a unique microscopic observational window -
we provide the first multi-scale dataset with imaging reso-
lution of less than a micron on a sedimentation dynamics
that occur on meter scale. Given the many-particle char-
acter of agglomeration of organic matter to form marine
snow [10], we expect that a probability distribution in
(D, Vp/V, ρ̃) parameter space [Fig. 4 C] governs the net
flux of matter through a horizontal plane in the ocean.
A detailed knowledge of this distribution, which is neces-
sary for estimating carbon flux in the ocean, is currently
missing. Future expeditions will hopefully fill this gap in
available data. We believe this approach will pave the
way to linking micro-scale in-situ observations of marine
snow to understanding the macro-scale biological pump
from the bottom-up, and bringing marine snow phenom-
ena in the ambit of soft matter physics.

The fact that these mucus heavy aggregates host
microbes and plankton (both swimming and non-
swimming) endows marine snow with an active compo-
nent. Although imaging tools presented here allow us to
investigate these processes - they fall outside the scope
of current work and the biological dynamics of these pro-
cesses and it’s role in sedimentation will be investigated
in future expeditions. Although many of the marine snow
particles appear to be porous - we find that most often

mucus clogs these pores, modifying bacterial motility and
degradation[62].
The rapidly changing climate [28], necessitates im-

proved observations and predictive understanding of
oceanic carbon flux. Our work currently describes the
complex sedimentation dynamics of marine snow parti-
cles. Combined with mechanisms and rates of marine
snow formation and their remineralization by microbes,
this framework has the potential to provide a fundamen-
tal bottom-up description for 1-D flux models such as the
Martin’s curve [34]. Currently it is estimated that 30%
of anthropogenic carbon is sequestered by the ocean via
biological pump. We observe a 100 % increase in resi-
dence time of mucus heavy marine snow particles, likely
facilitating remineralization by microbes and sinificantly
altering the overall flux that can be sequestered by this
mechanism. Given the current uncertainty in biological
pump in a changing global climate [35], it is imperative to
underpin the microbiology and micro-physics of marine
snow. Direct in-situ and on-vessel field setting measure-
ments of broad range of marine snow particles provides
a promising approach to predictively understanding the
biological pump.
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SUPPLEMENTARY MATERIAL FOR HIDDEN COMET-TAILS OF MARINE SNOW

I. SAMPLE COLLECTION

Samples were collected aboard the R/V Endeavor, as part of the Research at the Interface of Phytoplankton,
Particle, lipids and Export (RIPPLE) project cruise (11-23 June), 2021 in the Gulf of Maine. Freely hanging sediment
traps in Lagrangian mode [9] were deployed at depths of 50, 80 or 150 meters for 24 hours before recovery. The data
presented in this work is analysed from the following trap deployments at 80m depth:

RIPPLE Net trap sampling
Date Time deployed Date Time recovered Depth (m)
6/15/21 0935 6/16/21 0930 80
6/16/21 0951 6/17/21 0850 80
6/17/21 0919 6/18/21 0945 80
6/18/21 1015 6/19/21 1107 80
6/19/21 0952 6/20/21 0843 80
6/20/21 2119 6/21/21 1020 80

In this study, we focus on the response of the organic debris (marine snow) to the hydrodynamic stresses generated
by gravitational forcing. The fluid dynamical and mechanical perturbations were minimized while handling the sample
to preserve its structure (being on a ship); however, our approach applies to the aggregates that are made up of the
“raw material” collected in the sediment trap. With less emphasis on the preservation of structure, we studied the
material response. We acknowledge that the aggregates that are present in the sediment trap are not a true reflection
of the shape and size of the sinking aggregate, an ongoing technical limitation in the field for sampling marine snow
using sediment trap. However, sediment traps does offer us the true material building blocks of marine snow and
carbon flux. And we show that it is possible to systematically get useful physical quantities that are directly related
to the carbon flux.

II. DATA COLLECTION

Data was collected while on board the R/V Endeavor during the cruise using a gravity machine [41]. We mix 60 µL
of 700nm− 2µm polystyrene bead solution in 100 mL Sea Water for doing Particle Imagining Velocimetry (PIV). We
load about 1mL of the sediment from the collected sample in the gravity machine wheel containing the bead sea water
solution. After loading the aggregates, the marine snow suspension was gently homogenized by manually rotating

FIG. 5. Gravity machine setup with 2-axis gimbal
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the wheel clockwise and counter-clockwise multiple times. This homogenization is needed to minimize inter-particle
hydrodynamic interactions. We then take tracks of marine snow aggregates for around 2 min at 5fps.

III. ANALYSIS PIPELINE

A. Effective radius and näive Stokesian settling approximation

Gravity machine directly gives the virtual vertical distance traversed as a function of time z(t). The effective vertical
position as a function of time, shows fluctuation in vertical velocity due to the ship motion, but this disturbance only
adds a residual error in a linear fit, thanks to the gimbal. This gives us the vertical settling speed. To correlate it
with the visible particle size we threshold the images after conversion to 8-bit and measure the projected area and
from this get the effective radius of a circle with an equivalent area.

B. Mucus halo measurement

The collected images and tracks were initially processed in a customized ImageJ macros. The vibrations of the ship
resulted in misalignment of aggregates in adjacent frames. To remove this noise we automated the image registration
process using a Matlab script. A command-line based PIV was conducted on the resulting images, on Matlab PIVLab.
The PIV data and GM tracking data were then coherently analysed for mucus and particulate matter quantification
using a custom Matlab function. All the image processing and analysis were automated, the codes for which are made
available.

IV. ALCIAN BLUE STAINING

Particles were stained with alcian blue (AB) to visualize TEP as per previously published protocols [63]. A stock
solution (1% alcian blue in 3% acetic acid in water) was used to prepare a working solution ( 0.04% AB). The working
solution was then passed through a 0.2 µm pore-size syringe filter prior to staining. Water samples containing marine
snow ‘splits’ from the net trap were gently filtered onto 0.4 µm pore-size polycarbonate filters using low and constant
vacuum pressure (less than 200 mbar). Once filtered, 500 µL of the AB working solution was added and the pump
was switched on immediately to remove the stain. The filter was then rinsed with 500 µ L of double distilled water
under gentle vacuum. The filter was then placed in an eppendorf tube with 1.5 mL of 0.2µm filtered sea water and
the sample was agitate to release marine snow particles off of the filter and into the bottom of the eppendorf tube.
Samples were visualized immediately and kept at −20 Degree C for additional analyses.

V. SAMPLE PRESERVATION

Particles were preserved in a 4% Paraformaldehyde solution in Phosphate-Buffered Saline solution for 3D structural
analysis.

VI. FLUORESCENCE MICROSCOPY

Fluorescence microscopy images were collected using a LSM780 Confocal Microscope through the Cell Sciences
Imaging Facility at Stanford Univeristy. Samples were mounted in 35mm glass-bottom petri dishes, and were uncom-
pressed. Samples were not stained. Any color present comes from autofluorescence of the particle.

VII. HOLOTOMOGRAPHY

3D refractive index images were collected using holotomography on the Tomocube microscope. Samples were
mounted in tomodishes and were compressed by 22mmx22mm coverslips.
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VIII. MINIMAL MODEL FOR THE COMETS OF MUCUS

FIG. 6. Sinking with viscoelastic mucus halo

A. Hydrodynamic Stretching of Tails

To account for the deformation of the mucus halo, we minimally approximate the mucus blob as a viscoelastic
spring subjected to the stress field due to sedimenting particulate aggregate attached to the halo. The sedimentation
self-stress of a force monopole located at the origin, along gravity axis −ẑ is

σij = µ(∂jvi + ∂ivj) (7)

=
F k

8

[
− 1

r3
(δikrj + δjkri) +

1

r3
(2δijrk + δkjri + δkirj)−

6

r5
rirjrk

]
(8)

Here, the strength of the monopole F k incorporates the effective buoyancy of particulate matter and mucus combined

F = V (ρsw − ρm)

[
Vp

V

(
ρp − ρm
ρsw − ρm

)
− 1

]
g (9)

Particulate matter, initially embedded in the bulk of mucus, being heavier than the surrounding mucus falls to the
boundary of the mucus domain. We assume that the sedimentation time-scales T = 9µ/2g(ρp − ρm)l associated with
this fall is much smaller than the mucus deformation time-scale τ = µ′/E, where µ′ and E are the mucus viscosity
and the Young’s modulus respectively; thus it is assumed that the aggregate is present at the boundary of the mucus
at all times. We treat the mucus relative extension δb/b0 ≡ (b/b0 − 1)ẑ as a visco-elastic spring evolving via the
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Kelvin-Voigt model

˙δbi +
E

µ′ δbi =
1

µ′ b0 σijδbj (10)

When the extensional axis is aligned with gravity axis, thanks to the polarity of the marine snow, combining (2) and
(9) gives the self-stress

σ · b =
1

2π
V (ρsw − ρm)g

(
Vp

V
ρ̃− 1

)
1

b2(1− l/b)2
ẑ (11)

where ρ̃ = (ρp − ρm)/(ρsw − ρm). Expanding the denominator in (11) as a power series in l/b0 gives

1

b2(1− l/b)2
=

1

b20(1 + δb)2

{
1− 2

1 + δb

(
l

b0

)
+O

(
l2

b20

)
+ ...

}
(12)

For non-zero mucus volume l/b is always less than 1, thus we retain only the leading term in l/b0, which gives the
sedimentation self-stress

σ · b =
2

3

a0(ρsw − ρm)g

(1 + δb/a0)2

(
Vp

V
ρ̃− 1

)
(13)

Note that we have imposed volume conservation and specifed initial condition b0 = a0 > l i.e. initial particle
shape is isotropic and there is a non-zero mucus volume. Combining (10) and (13) and non-dimensionalizing using
length scale L = a0 and sedimentation time scale T = 9µ/2g(ρsw − ρm)a0 gives the equation for deformation of the
viscoelastic spring

δ̇b+
µ

µ′ D δb︸ ︷︷ ︸
Visco-elastic relaxation

= 3
µ

µ′

[
Vp

V
ρ̃− 1

]
1

(1 + δb)2︸ ︷︷ ︸
Sedimentation self-stress

(14)

where D ≡ 9E/[2g(ρp−ρm)a0] is the ratio of elastic to gravitational response. At long times (14) yields two asymptotic
scaling regimes for very small and very large deformations

δb =

3
(

Vp

V ρ̃− 1
)
D for δb ≪ 1[

3
(

Vp

V ρ̃− 1
)]1/3

D−1/3 for δb ≫ 1
(15)

Note that the viscosity sets the time scale to achieve the steady state, however, steady state is independent of the
viscosity µ and µ′. We now turn to the distortion of the mucus in the degenerate transverse direction. The volume
conservation of the mucus Vm, in the prolate spheroid approximation gives a, which does not have an independent
dynamics

a

l
=

[
V

Vp

l

b

]1/2
(16)

which gives dynamic eccentricity of the mucus halo e as a function of tail extension δb

e =
[
1− (1 + δb)−3

]1/2
(17)

B. Sedimentation with mucus halo

In the fluid-mechanical regime where viscous forces dominate over the inertial forces, the sinking speed for a sphere
of radius l, density ρ in an ambient fluid of viscosity µ and density ρsw is given by the celebrated Stokes law

dz

dt
=

2g(ρeff − ρsw) l
2

9µ
(18)
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Here, g is the acceleration due to gravity. In our minimal model we assume that the mucus halo to be ellipsoidal with
semi-major and semi-minor axes b and a respectively and density ρm. The visible particulate aggregate with effective
radius l has a density ρp greater than ρm.
In the fluid-mechanical regime where viscous forces dominate over the inertial forces, the sinking speed spheroid

with semi-minor axis a and semi-major axis b, density ρ in an ambient fluid of viscosity µ and density ρsw is given by
the mobility relation

Ui =
F j

6πµb

[
X−1

A didj + Y −1
A (δij − didj)

]
, (19)

using the Einstein summation convention, where d is the unit orientation vector along the symmetry axis of the
particle, and X−1

A and Y −1
A are the mobility functions that depends on the eccentricity, e =

√
1− (a/b)2, which for

prolate spheroids take the form [52]:

X−1
A =

3

8e3

[
(1 + e2) ln

(
1 + e

1− e

)
− 2e

]
Y −1
A =

3

16e3

[
(3e2 − 1) ln

(
1 + e

1− e

)
+ 2e

]
These account for the shape dependent sinking of the aggregate. Since, the visible aggregates are generally heavier

than the mucus halo, an effective particle (particle + mucus) can be treated as a bottom heavy particle that aligns
with the gravity axis g in a steady state (d × g = 0). Therefore for the present analysis only X−1

A will contribute.
Note that the external force F j is the buoyant weight of the particle, given by

F = V (ρeff − ρsw)g (20)

where, V = 4πa2b/3 is the volume of the spheroid, g is the acceleration due to gravity. Defining the effective density
of the marine snow with particulate matter and mucus combined, ρeff = (ρp Vp + ρmVm)/V , where Vp, Vm and V is
the volume of the particle, mucus and the total volume respectively (note that V = Vp + Vm).

dz

dt
=

V g

6πµb

(
ρp

Vp

V
+ ρm

Vm

V
− ρsw

)
X−1

A (21)

=
g

6πµb

[
ρpVp +

(
4

3
πa2b− Vp

)
ρm +

4

3
πa2bρsw

]
X−1

A (22)

Non-dimensionalizing using the characteristic length scale L = a0 and characteristic time scale T = 9µ/2g(ρsw −
ρm)a0 gives

dz̃

dt′
=

(
Vp

V
ρ̃− 1

)
X−1

A

1 + δb
(23)

where z̃ ≡ z/a0. Substituting the form of mobility function X−1
A for prolate spheroid gives the scaling relation for the

non-dimensional sinking speed Ũz,

Ũz = f

(
e,

ρp − ρm
ρsw − ρm

)
(24)

where the scaling function is

f

(
e,

ρp − ρm
ρsw − ρm

)
≡ 3

8e3

[
(1 + e2) ln

(
1 + e

1− e

)
− 2e

]
×

(
Vp

V
ρ̃− 1

)
1

1 + δb
. (25)

Note that the eccentricity of the spheroid e is a function of a/b; the first half of the scaling function is purely
geometrical while the second half incorporates the physical parameters (relevant densities). In the above scaling, we
have not accounted for the dependence of drag on the shape of the emergent particle, that could be elongated.
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FIG. 7. Sedimentation based Rheology: A) The density distribution of the visible aggregate after accounting for the
mucus [equation (27)]. B)

SEDIMENTATION BASED RHEOLOGY OF MUCUS

In our simple framework, the linear viscoelastic properties of mucus is lumped into a dynamic loss modulus G′′

and a storage modulus G′ which gives the effective viscosity and elastic modulus E respectively. Mucus stretches in
response to the sedimentation stress. In the steady state approximation of (14) it is possible to get a rough estimate
of the elastic modulus E of the mucus from our measurement, which is the zero frequency limit of the storage modulus
limω→0 G

′, for sedimentation stresses are nearly constant (thanks to the gimbal).
We directly measure the sinking speed Uz, shape dependent mobility X−1

A , mucus distortion δb and relative volumes
Vp/V . Using equation (23) we get the non-dimensional density

ρ̃ =
V

Vp

[
1 +

Ũz(1 + δb)

X−1
A

]
(26)

Here calculating non-dimensional sinking speed Ũz from Uz requires knowing ρsw − ρm. The density of mucus (like
the visco-elasticity) in the open ocean depends on a multitude of biochemical factors and is poorly understood. We
use the value ρsw − ρm = 0.5Kg/m3 based on a recent coarse-grained observation of the sinking speed [53]. Mucus
being slightly lighter than the sea water allows for positive buoyancy which is observed in TEP. From equation (26)
we get the density of the visible portion of the marine snow

ρp = (ρsw − ρm)ρ̃+ ρm (27)

Substituting ρ̃ in the steady state limit of the comet tail equation (14) gives the storage modulus of the visco-elastic
mucus

lim
ω→0

G′ =
3µ

T

(
Vp

V
ρ̃− 1

)
1

δb(1 + δb)2
(28)

IX. RESIDENCE TIME COMPARISON

Qualitatively the presence of mucus reduces the effective density of the marine snow and makes the aggregates falls
slower than without mucus. We quantify this discrepancy between measurement by calculating the residence time of
the aggregate to cross the 100 m depth in the ocean, 1) without accounting for the mucus and using the class Stokes
law and 2) accounting for modified effective density and size spectrum due to the mucus.
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1) The vertical speed estimated from the naive stokes law is U̇z = 2g
9µ (ρ̄p−ρsw)ℓ, where ρ̄p = 1048Kg/m3 is the mean

particulate density measured from the sedimentation based rheology [see Fig. 3 A) above], and ℓ is the equivalent
radius of the measured visible size spectra [see Figure 3E in main text]. This gives the residence time in the upper
100m in the ocean in seconds

τ100 =
100µ

2
9g(ρ̄− ρsw)ℓ2

(29)

2) Accounting for mucus gives two effective variables that can be measured, extent of mucus by volume Vp/V and
extension of the halo δb, assuming a fixed particulate density ρ̄p = 1048Kg/m3 and mucus density ρm = ρs−0.5Kg/m3

which is taken to be slightly smaller than sea water density ρs = 1025Kg/m3 to allow for the possibility of slowly rising

TEP particles, as observed in [53]. This fixes the non-dimensional density parameter ˜rho = ρp−ρm/(ρsw−ρm). Note
that, there is a lack of direct measurement of density and visco-elastic properties of marine mucus. Using equation 5
in main text the residence time in the upper 100 m becomes

τ ′100 =
100(1 + δb)µ

2
9g(ρsw − ρm)a02(Vpρ̃/V − 1)X−1(e)

(30)

where the hydrodynamic mobility X−1(e) depends on the eccentricity e of the fitted ellipse around the two-phase
marine snow particle and is estimated by direct measurement.

The measured distribution of τ100 and τ ′100 is plotted in Figure 4 F.

X. MULTIPLE LENGTH AND TIME SCALES IN BIOLOGICAL PUMP

Tables below shows the non-exhaustive list of typical length and time scales involved in the Biological pump and
the source of the data

Multiple length scales
Length scale (m) Source

Biomolecules 10−8 [64]H. P. Erickson et al., 2009
Marine Bacteria 10−6 [65] H. Ducklow, 2003
Phytoplankton 10−5 − 10−4 [66] N. Häentjen et al., 2022
Quorum sensing distance 10−5 [67] C. Lupp, et al. 2003
Marine bacteria separation 10−4 [68]W. B. Whitman et al., 1998.
Marine snow 10−4 > [30] R. Lampitt, 2001
Phytoplankton separation 10−3 [69] H. Wang et al., 2018
Turbulent boundary layer 101 − 102 [70] E. A. D’Asaro, 2014
Euphotic zone 102 NOAA
Ocean Floor 104 NOAA

The bacterial and plankton separation are calculated by taking the cube root of the known inverse number density
in freely suspended phase. For quorum sensing we use the typical critical density to calculate the length scale [67].

Multiple time scales
Time scale (min) Source

Phytoplankton sedimentation 10−3 [17] A. G. Larson et al., 2022
Bacterial swimming 10−2 [71] K. Son et al., 2016
Molecular diffusion 1 [72] R. Milo and R. Phillips, 2015
Marine snow Sedimentation 10−3 − 101 [30] R. Lampitt, 2001
Phytoplankton growth 103 [73] D. L. Kirchman, 2016
Bacterial growth 104 [73] D. L. Kirchman, 2016
Microbial decomposition 103 − 105 [74] R. Sempéré et al. 2000

We construct the time scale associated with diffusion across a plankton of size 100µm [72], using the Stokes Einstein
relation for the typical size of bio-molecule in an aqueous medium of viscosity µ = 10−3Kgm−1s−1. Sedimentation
time-scale using Stokes law for a Phytoplankton of radius 100µm and density ρ = 1045Kg/m3 which is a typical
density of a cell [17]. The sedimentation time-scale of marine snow is defined as the time it takes for marine snow
aggregate to sink by it own length. We refer to the data presented in [30] to get the rough estimate. We construct
bacterial swimming time-scale from [71] by using the size-scale of the 100µm phytoplankton.

https://www.noaa.gov/jetstream/ocean/layers-of-ocean#:~:text=This%20surface%20layer%20is%20also,of%20the%20visible%20light%20exists.
https://www.noaa.gov/jetstream/ocean/layers-of-ocean#:~:text=This%20surface%20layer%20is%20also,of%20the%20visible%20light%20exists.
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