& frontiers | Frontiers in Marine Science

@ Check for updates

OPEN ACCESS

EDITED BY
Klaus Koren,
Aarhus University, Denmark

REVIEWED BY
Soeren Ahmerkamp,

Max Planck Society, Germany
Minwei Xie,

Xiamen University, China
*CORRESPONDENCE

Matthew J. Rau
matthew.rau@gwu.edu

RECEIVED 17 May 2023
ACCEPTED 29 June 2023
PUBLISHED 20 July 2023

CITATION
Song Y, Burd AB and Rau MJ (2023) The
deformation of marine snow enables its

disaggregation in simulated oceanic shear.

Front. Mar. Sci. 10:1224518.
doi: 10.3389/fmars.2023.1224518

COPYRIGHT

© 2023 Song, Burd and Rau. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or

reproduction in other forums is permitted,

provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Marine Science

TvpPE Original Research
PUBLISHED 20 July 2023
D0o110.3389/fmars.2023.1224518

The deformation of marine snow
enables its disaggregation in
simulated oceanic shear
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Understanding the effect of hydrodynamics on aggregate size and structure is
key to predicting mass transport in the aquatic environment. Aggregation theory
of particles is well established but our knowledge of deformation processes,
biological bonding forces, and their effects on fragmentation of aquatic
aggregates is still limited. To better comprehend fragmentation processes and
adhesion forces we implemented breakup experiments with diatom and
microplastic aggregates made in the laboratory. We captured a substantial
number of events showing deformation and subsequent fragmentation of
these aggregates in an oscillatory shear flow. Polystyrene and polyethylene
aggregates showed distinct fragmentation strengths and provided comparative
upper and lower limits to the biological bonding strength of the diatom
aggregates. Additionally, we employed a force balance model to evaluate
attractive interactions within clusters of particles using the Lagrangian stress
history and morphology. We found that the fractal structures of aggregates led to
a power law of breakup strength with size and that time-integrated stress
governed the overall fragmentation process. We also found that the
weakening of the aggregates through deformation with shear exposure
enabled their disaggregation at very low shear rates typical of the
ocean environment.

KEYWORDS

marine snow, disaggregation, deformation, biological pump, biological bonding
force, aggregation

1 Introduction

Aggregates, ubiquitous in the natural aquatic environment, are clusters of small
particulates that stick together. Aggregate sizes are influenced by the fluid forces that
also govern particle fate and transport. Aggregates and their transport play a vital role in
many fields, including microplastic pollution in wastewater (Carr et al., 2016) and aquatic
ecosystems (da Costa et al., 2016), the fate of oil in oil spills (Passow and Hetland, 2016;
Passow and Ziervogel, 2016; Dissanayake et al., 2018; Burd et al., 2020) and oil-mitigation
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technologies (Lee et al., 2002), and the global carbon cycle
(Alldredge et al., 1993). It is this last topic that has motivated the
current work, in that the aggregation theory of the large organic
flocs in the ocean (marine snow particles) is relatively well
understood (Alldredge and Silver, 1988; Burd and Jackson, 2009),
but fragmentation processes have seen little investigation despite
their apparent importance in the oceanic carbon budget (Briggs
et al,, 2020). In particular, being able to predict and parameterize
fragmentation processes will necessitate understanding the balance
between external hydrodynamic and internal adhesion forces, the
latter of which are particularly complex given that marine snow
readily deforms when stressed and mostly contains a mixture of
biological and abiotic particles (Alldredge and Silver, 1988), whose
adhesive bonds are not well understood (Li et al, 2011; Mari
et al., 2017).

Notably, many studies have found that transparent exopolymer
particles (TEP), considered as a subgroup of extracellular polymeric
substances (EPS) (Berman and Passow, 2007), play a substantial
role in the formation of marine aggregates (Alldredge et al., 1993;
Passow, 2002; Azetsu-Scott and Passow, 2004; Quigg et al., 2016;
Mari et al., 2017). These organic, gel-like particles make it more
difficult to quantify the adhesive force directly, because of the
diversity and heterogeneity of their chemical compositions,
environment-dependent phase transitions, and the range of
relevant sizes (Passow, 2002; Xu et al., 2011; Santschi et al., 2020).
Recent studies have attempted to quantify the stickiness of EPS or
biofilm materials that governs the adhesion after the collisions of
particles. Chen et al. (2021) used magnetic tweezers to assess the
stickiness of EPS and found the stickiness increased with increasing
protein-to-carbohydrate ratios. Yan et al. (2019) applied a capillary
peeling method to measure the biofilm adhesion, and alternatively
Gloag et al. (2018) determined the adhesive properties of biofilms
using a shear rheometer. However, the interparticle bonding
strength of marine snow with EPS is not yet understood.

Adhesion within colloidal aggregates can be explained using the
extended Derjaguin-Landau-Verwey-Overbeek (DLVO) theory
(Verwey and Overbeek, 1948; Derjaguin and Landau, 1993; van
Oss, 2008) which is well established. This theory considers that the
total adhesion energy is a result of van der Waals attractions (LW),
electrostatic repulsions (DL) (Israelachvili, 2011), and Lewis acid-
base forces (AB), known as polar interactions. All interactions
described above (LW, AB, and DL) are size and distance
dependent and the intermolecular forces predicted by the
XDLVO theory have been validated in many studies of colloidal
systems in the absence of biological interactions (Sonntag and
Russel, 1986; Bostrom et al., 2006; Shams et al., 2020). However,
adhesion in marine snow aggregates has to consider the biological
content such as biophysical mechanisms including polymer
bridging (van der Lee, 2000; Babakhani et al., 2022) and ligand-
receptor binding (Bell, 1978; Pramanik, 2004), which are not well
explained in the XDLVO framework.

Most of our understanding of disaggregation comes from
studies of particle- or population-scale breakup processes in
turbulent flows. Parker et al. (1972) derived a theoretical breakup
relation for aggregates in both the inertial and dissipative subranges
of turbulence, but their strength relationship simplified the particle
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morphology and assumed the aggregates were brittle materials and
did not deform. Experimentally, Rau et al. (2018) exposed bentonite
clay flocs to varying turbulence and used the change in particle size
spectra to show that aggregate strength depended on shear exposure
during formation. Saha et al. (2014; 2016) investigated the breakup
of individual colloidal flocs in an extensional flow and isotropic
turbulence. They found that accumulated drag stress, rather than
conditions at the breakup instant, was the most likely mechanism
explaining fragmentation. Like the other investigations discussed,
the results were not extended to biological particles. In a pioneering
investigation of marine snow disaggregation, Alldredge et al. (1990)
disrupted marine aggregates sampled from the field in a laboratory
turbulence-generating facility. They found that marine snow were
strong relative to the turbulence expected below the surface ocean
mixed layer, though their aggregates had to survive the sampling
and transport procedure, which may have inadvertently excluded
the weakest marine snow particles from the measurements. More
recently, the present authors (Song and Rau, 2022) studied the
breakup of marine diatom aggregates in a laminar shear flow.
Individual breakup events and statistical analyses revealed the
importance of morphological changes under stress, but more
measurements were needed to explain how morphology,
deformation, and biological content influenced the ultimate
breakup strength.

Here, we implemented fragmentation experiments of four
aggregate types using a facility that generated time-varying
laminar oscillatory flow with shear rates relevant to the ocean
(Song and Rau, 2022). The aggregates were formed from two
diatom species, Odontella aurita (OA) and Skeletonema grethae
(SG), and two synthetic polymers, sulfate polystyrene (PS) and
polyethylene (PE) destabilized in salt solutions, for comparison.
Primary plastic microspheres had similar sizes but different
bonding mechanisms to the algae cells. We applied XDVLO
theory to evaluate the strength of the plastic colloidal flocs, which
provide bounded estimates for the adhesive strength within the
diatom aggregates. We also developed a simple model based on a
hydrodynamic force balance to calculate the critical breakup force
necessary for each aggregate. We found that the size-strength
relationship of the aggregates depended on the primary adhesion
force and porous structures of aggregates and that aggregate
weakening through deformation with shear exposure was
necessary for fragmentation to occur. This study provides
molecular-scale and particle-scale perspectives for aggregate
fragmentation over an extensive range of particle types and
stress magnitudes.

2 Material and methods
2.1 Experimental facility

The aggregate fragmentation experiments were performed in
the rotating and oscillating roller tank developed by the authors
(Song and Rau, 2022), which was slightly modified here, as shown in
Figure 1. The facility consisted of a double-sided cylindrical roller
tank made of acrylic with each side having an inner diameter of
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FIGURE 1
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Experimental facility. (A) schematic diagram of the experimental facility, (B) a picture of the one-half of the two-sided roller tank, and (C) schematic
diagram of an example recorded particle trajectory until a breakup event occurs within the tank.

100 mm, a wall thickness of 5 mm, and a length of 100 mm. Only
one half of the roller tank was used for the experiments presented.
We decreased the length of the tank from 300 mm, as used in (Song
and Rau, 2022) to 100 mm to reduce the visual obscuration caused
by overlapping particle images, which increased our ability to
continuously track aggregates and identify breakup events. We
determined that shortening the tank would have a negligible effect
on the two-dimensional flow motion along the measurement plane
since the tank end-wall effects [estimated as the boundary layer
thickness for flow over a rotating disk (Karman, 1921)] were
determined to be an order of magnitude smaller than the distance
from the wall to the measurement plane. A customized timing
pulley installed at the outside wall was located 70 mm from the end
of the tank (Figure 1B). A timing belt connected the tank to another
timing pulley attached to the motor with an adjustable gear ratio
that could range from 0.21 to 0.76. We controlled the tank motion
following the same procedure explained previously (Song and Rau,
2022). An LED light panel (StudioPRO S-1200D, Fovitec)
illuminated the suspended particles by shining through the side of
the tank through a 10 mm slit aperture, located 30 mm from the
visualization-end of the tank (Figure 1A). A high-speed camera
(FASTCAM Mini AX200, Photron) with a 105 mm macro lens
(Sigma 105mm {/2.8 EX DG) captured the aggregate motion.

We performed aggregation and fragmentation experiments
following protocols developed by the authors (Song and Rau,
2022). Briefly, when in Aggregation Mode (AM), the roller tank
rotated with a constant rotation rate, b. Once aggregates were
formed, we superimposed a sinusoidal oscillation to the constant
rotation to operate in Fragmentation Mode (FM). The new
boundary condition at the tank wall in FM was ug(t) = a sin
(wt) + b, where a was the oscillation amplitude, @ the angular
frequency, and t time. This condition created an oscillating
boundary layer on the tank wall with shear rates of 10° s™" or
lower, which were determined through an analytical solution of the
laminar fluid motion (Song and Rau, 2020b). Shear generated by the
tank varies with radial position, as described by Song and Rau

Frontiers in Marine Science

(2020b). Nominally, the boundary layer created a region of higher
shear close to the wall and lower shear at the inner tank regions, as
shown schematically in Figure 1C along with an example aggregate
trajectory. The shear exposure of each aggregate, which depended
on its trajectory in the tank, was assumed to be equal to the
analytical value of fluid shear as calculated at the aggregate
centroid. It should be noted that this method assumes that the
hydrodynamic forces caused by changes to the flow due to the
presence of the aggregate are minor compared to the imposed
hydrodynamic shear of the tank. This is discussed further in
Section 2.5.

2.2 Imaging methods

The camera focused on aggregates illuminated by the LED light
panel. We utilized a 3D-printed circular calibration plate to
measure the imaging magnification ratio at the mid-plane of the
10 mm slit aperture. Experiments with Odontella aurita (OA) had a
10.34 px/mm * 0.06 px/mm magnification, while experiments with
the other three aggregate types (SG, PS, and PE) had a
magnification ratio of 10.93 px/mm + 0.07 px/mm.

Each experiment recorded 21,841 image frames, acquired at a
rate of 125 fps (frames per second) for OA, SG, and PE. Due to the
fast deformation of PS aggregates, we used higher image frame rates
of 250, 500, and 1000 fps during various experiments to capture
their deformation behavior. The shutter speed was 1/1000 s for all
aggregate types. We utilized the same method of background
removal, particle identification, particle matching, and breakup
detection described in detail by Song and Rau (Song and Rau,
2022) with a particle detection threshold of 4 pixels. We only
analyzed aggregates that could be continuously tracked for at least
0.12 s for fragmenting aggregates and 1 s for non-fragmenting
aggregates. The time history provided by these time limits were to
ensure confidence in the detection, or lack thereof, of a breakup
event (Song and Rau, 2022).
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Song and Rau (2022) found that OA aggregates regularly
elongated prior to breakup. To characterize this deformation
further, we developed one additional image processing feature to
detect the weakest point of a deformed aggregate. We considered
two scenarios, either that an aggregate in projection had a
“dumbbell” shape, indicating necking between two larger ends, or
that the aggregate was shaped like an ellipse. We assumed the
weakest point of the aggregate was located at the thinnest point of
the neck. Figure 2A shows one example grayscale image of a
deformed SG aggregate with a thin neck. For the ellipse-shaped
aggregates, we instead took the minimum Feret diameter to
represent the most fragile connection. For each sampled
aggregate, we measured a ratio of the aggregate’s neck size L, to
its minimum Feret diameter dp,,;,, defined as B=L,/dg,. The
minimum Feret diameter describes the smallest breadth along a
specified direction in the particle’s projection (Merkus, 2009), but it
fails to capture thin regions of concave shapes. A floc always has a 8
ratio of unity if it has a convex shape, as shown with =1 in
Figure 2C. To identify the neck thickness, we analyzed binarized
images of each aggregate and found their minimum thickness in the
direction perpendicular to their major axes. It should be noted that
one deformed aggregate could have more than one neck. In such
cases, we used the smallest neck, where the neck size resolution was
one pixel.

FIGURE 2

10.3389/fmars.2023.1224518

2.3 Preparation of aggregates

We used the same roller tank to form and fragment aggregates.
Table 1 summarizes the types of aggregates with their sizes, cell
counts, and salt solutions. Table 1 also lists the time required for
aggregation and the tank rotation parameters used for aggregation
and fragmentation. We varied the constant rotation speed, b, to
accommodate the different excess densities of the various types of
particles, with higher densities requiring faster rotation rates to
minimize wall impacts. The oscillation magnitude for
fragmentation experiments using OA, SG, and PE created a
maximum laminar shear rate of 10* s that is similar to the surf
zone (George et al, 1994). The inner regions of the tank with a
radial location from 3 to 4 cm provided fluid shear of from 1072 5™
to 10° s™', more typical of the upper ~100-200 m of the ocean
(Franks et al., 2022; Song and Rau, 2022). The more-central regions
of the tank provided still lower shear rates. We used a smaller
oscillation magnitude for the more fragile PS flocs, for which the
flow had a maximum shear rate of only 16.5 s™.

Figure 3 shows micrographs of cultured Odontella aurita v
minima (UTEX LB 3038) and Skeletonema grethae (CCMP 775),
which were cultured using f/2 medium for nutrients and laboratory-
made artificial seawater (Kester et al., 1967) with a salinity of 30 ppt.
We prepared the artificial seawater from deionized water by passing

subaggregate 1

subaggregate 2

Schematic diagrams showing the neck of a deformed aggregate. (A) grayscale image of a deformed aggregate, and (B) schematic model of a
“dumbbell” aggregate, where the coupling force F. represents the inter-subaggregate force. Diagrams of different ratios of a deformed aggregate’s
neck size to its minimum Feret diameter shown in (C—E), with (C) representing a typical polyethylene aggregate, (D) a typical polystyrene aggregate,

and (E) a typical phytoplankton aggregate
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TABLE 1 Sizes, cell concentrations, and experimental conditions of four types of aggregates.

Types of aggregates Size Cell conc. Saltwater Aggregation Tank rotation parameters
(m) (cells/ml) time

b a )
Odontella aurita 45 x 10* ~46,000 filtered artificial seawater 3 hrs 25 125.1 0.5
(UTEX LB 3038) (30 ppt) 150.8
Skeletonema grethae 3 x5* ~450,000 filtered artificial seawater 3 hrs 15 125.1 0.5
(CCMP 775) (30 ppt)
Sulfate polystyrene 3 6.7 x 10° 0.5 M CaCl, 2d 5.4 21.6 0.5
Polyethylene 53-63 < 8,500 0.5 M NaCl; 3 hrs 50 125.1 0.5

1.0 M NaCl

*The size for diatom cells is major x minor axis length.

Breakup conditions are parameters used for controlling the servo motor with a resolution of 0.229 rpm.

it through 5, 1, and 0.2 um filters followed by an ultraviolet water
purifier (HQUA-OWS-12). We used a light intensity of 30 umol-m”
*s! on a 12:12 hour light/dark cycle and cultured all samples at a
room temperature of 20.9 °C (+2.3/-4.4 °C). We maintained their
growth phase by splitting the mediums into Erlenmeyer flasks at a
regular rate. Odontella aurita cells have an average length of 45 um
and a width of 10 pm. Skeletonema grethae cells are smaller and
have a size of only 3 pm x 5 pm on average. We used a
hemocytometer to estimate cell concentrations and maintained
similar solid volume concentrations between experiments. We
created the aggregation of algae aggregates by rolling them in
artificial seawater AM for three hours. The formed aggregates had
sizes of up to 4.6 mm in diameter with settling velocities that
typically ranged from 0.18 cm/s (for a 1 mm aggregate) to
approximately 0.5 cm/s for the largest aggregates. The settling
velocities and sizes are comparable to those found in naturally
occurring aggregates (Alldredge and McGillivary, 1991; Cael
et al., 2021).

To provide comparable aggregates that had quantifiable
interparticle forces, we used two types of colloidal microplastic
particles destabilized in salt solutions to promote aggregation. We

prepared polystyrene (PS) aggregates from surfactant-free
monodisperse white sulfate latex beads (Interfacial Dynamics
Corp., Catalog No. S37223, 8% weight by volume). The mean
diameter was 3 um. First, we diluted 1 mL of latex solution into
50 mL of deionized water. Then we transferred them into the
disaggregation tank and fully destabilized them by adding calcium
chloride at a concentration of 0.5 M. The resultant solution viscosity
increased to 0.0111 cm?s™ (Wahab and Mahiuddin, 2001;
Abdulagatov and Azizov, 2006). The resulting concentration of
PS microspheres in the disaggregation tank was 6.7 x 10° cells/mL.
Two days of rolling in AM formed PS flocs with sizes of up to two
millimeters. The experiment required this long aggregation time
due to the small excess density of PS (1055 kg-m™) compared to the
salt solution (1038 kg~m'3) (Wahab and Mahiuddin, 2001),
combined with the small size of the PS microspheres.

We used dry powder of white polyethylene (PE) microspheres
(Cospheric, WPMS-1.45) to form a second type of polymer flocs.
The diameters ranged from 53 pm to 63 pm and their density was
1450 kg-m™. Without surfactants, the hydrophobic polyethylene
was difficult to disperse in water solutions despite its large excess
density. To obtain suspended flocs, we used a magnetic stirrer to

FIGURE 3

Microscopic images of cells of Odontella aurita (left) and Skeletonema grethae (right) used to make phytoplankton aggregates.
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blend 1 g of PE powder in deionized water. Six hours of mixing
dispersed most of the PE particles. Still, a small but non-negligible
number of PE particles stayed on the water surface and could not be
used in fragmentation experiments, which is why the particle
concentration in Table 1 is listed as less than 8,500 cells/mL. We
used high concentrations of NaCl to minimize the electrostatic
repulsive forces to permit aggregation. The tank also operated with
a high rate of constant rotation to account for the large particle
density and avoid wall contact.

2.4 Extended Derjaguin—Landau—Verwey—
Overbeek theory

We applied the XDLVO theory to estimate the interparticle
forces holding the plastic aggregates together. The extended
Derjaguin-Landau-Verwey-Overbeek (XDLVO) theory
quantitively describes the influence of van der Waals forces F",
electrostatic forces F', and Lewis acid-base forces F*® on the
interaction among plastic microspheres (van Oss, 2008). XDLVO
interaction forces decay with a separation distance [ in the
configuration of two spheres of equal radius R,. The expression
used to calculate the van der Waals force F*" (van Oss, 2008). is

given as,

=yt o
where A;3; is the Hamaker constant for two surfaces of the same
materials, denoted by 1 (in this case either PE or PS) interacting
through a different medium, denoted by 3 (in this case water), and
Iy - 0.157 nm is the minimum equilibrium distance. We used
Hamaker constants of plastics A;; and water Aj; to calculate A3,
using the expression A3, = (v/A]] — \/A33)? (van Oss, 2006). In our
study, we employed As; _ 3.7 x 102°J (Freitas, 1999), Ay, - 7.6 x 107
207 for PE (Freitas, 1999; Shams et al., 2020), and A;; - 6.5 x 102°]
for PS (Israelachvili, 2011). We determined A3, as 6.9 x 102! J for
PE dispersions and 3.9 x 107> J for PS.

The expression for the electrostatic force F** as a function of the
separation distance [ is,

FPL = 2meeyRy@¢ In[1 + exp (x(, - 1))] , )

where € and ¢, are the dielectric constant of water and the
permittivity of free space, estimated to be 80 (at 20°C) and 8.854
x 10" C-V'm™ (Elimelech et al., 1995), respectively. We can write
the colloid surface potential ¢ in the following form,

P = C(l +R%> exp (Kz), (3)

where z is the distance between the particle surface and the slipping
plane, which ranges from 0.3 to 0.5 nm, and { is the zeta potential.
The symbol xin Egs. (2) and (3) is the inverse Debye length subjected
to the aqueous solutions which we write as (Israelachvili, 2011),

1 _ ekT
K/ 47z:ezzvl.2n,- ) 4
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where k is the Boltzmann’s constant, T represents absolute
temperature, e is the electronic charge, v; is the valency of each
ionic species, and #; is the number of ions of each ion species.

The classic DLVO theory did not consider hydrophobic
attractions or hydrophilic repulsions (van Oss, 2008). Van Oss
proposed a remedy to consider the polar interaction energies using
the Lewis acid-base approach. It is a short-range force, and the
working range usually is smaller than 8 nm (Brant, 2002; van Oss,
2008). We used the exponential decay model proposed by van Oss
(2008),

F*? = —gR,AG*? exp [@] , (5)

where AG*® is the free polar potential energy for a geometric
configuration of two parallel flat plates. The symbol A is the decay
length, where we chose 4 = 0.6 nm for water (van Oss, 2008). We
used AG*® = -102 mJ-m™ for PE particles without surfactants (van
Oss, 2008). The PS microspheres had sulfate modifications on their
surface to become stabilized in water solutions, so we performed a
detailed calculation of AG*” based on contact angle measurements
for PS, the details of which are included in Supplemental Materials
I. We found that the polar energy for sulfate PS was notably weaker
than PE, in which the Lewis acid-base free energy for PS was -16.6
mJ-m™ (-102 mJ-m™ for PE). This value was consistent with our
observations in the experiment, as PS particles formed a more stable
suspension in deionized water, while PE particles showed
strong hydrophobicity.

2.5 Necking stress model of
deformed aggregates

Analysis of fragmentation required investigation of the forces
that act on an aggregate in the laminar oscillatory flow of the
facility. To develop a hydrodynamic force model, we assumed only a
one-way coupling from the fluid to the aggregate (Raju and
Meiburg, 1997). In other words, we assumed that the fluid flow
was negligibly influenced by the aggregates. To show that an
aggregate’s center of mass followed the fluid motion, we
calculated a characteristic Stokes number St for our aggregates,

(Py=py)dU (6)

St = 184L )

where the excess density p,-pr represented the density difference
between the aggregates and solution, where 1 was the fluid viscosity.
It was challenging to measure the density of the diatom aggregates
without knowing their porosity, so we estimated the excess density
of diatom aggregates to be smaller than 3.25 x 10~ g-cm™ following
the measurements conducted by Zetsche et al. (2020), who
calculated the apparent excess density using the Stokes drag
equation. We used the magnitude of tank oscillation (a) as the
characteristic velocity scale U, and the characteristic boundary layer
thickness (v/)"> (Song and Rau, 2020b) as the length scale L,
where v was the kinematic viscosity of tank fluid. We estimated the
mean size of the tracked aggregates from our experimental images
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to be on the order of 1 mm. With the parameters listed above, the
Stokes numbers for all experiments was smaller than one,
confirming that the analyzed aggregates approximately tracked
the fluid motion in the tank and caused minimal flow
disruptions. Thus, we could assume the velocity of a non-
fragmenting particle using the fluid velocity calculated at its
center of mass.

Next, we assumed that the deformed aggregates prone to
fragmentation had a “dumbbell” shape with a thin neck between
two larger clumps. For analysis, we assumed that breakup occurred
when the tensile stress acting on the neck due to fluid forces
exceeded a critical strength value shown as F. in Figure 2B. To
estimate fluid forces acting on the aggregate, we performed a
Maxey-Riley force analysis (Maxey and Riley, 1983) on the two
separate subaggregates of the “dumbbell”. The equations governing
particle motions at a critical breakup condition are,

PV = PV 5t = 3mud () — ) + Vi (R = py)g +
u

duy d
PV 3y Vi (B - 8 4 By - F,

%
PpVa 5 = Py Va i = 3 (s — ) + Vi, — py)g +
pyva S oy () 4 Fy -

where subscripts 1 and 2 represent the two subaggregates in one
“dumbbell”, V, d, and us are volume, diameter, and corresponding
fluid velocity of each, and u, is aggregate velocity at its center of
mass. The F term represents the Basset force (Crowe et al.,, 2011),
which accounts for the forcing history of the particle, and F, is the
coupling force that holds two subaggregates together. For a critical
breakup condition, we assumed that there was no relative
displacement of subaggregates to the parent aggregate, so the
particle velocities of subaggregates u,; and u,, are the same as
the parent aggregate u,. The right-hand side of the equations
represents the forces acting on the aggregate. The first term is the
Stokes drag, where we approximated each subaggregate as an
equivalent sphere to determine its fluid drag. We then neglected
the second term, the buoyancy force, due to the small excess density
of the aggregates. The next two terms represent a pressure gradient
force that accounts for the acceleration of aggregates and the
displaced fluid. The Basset force term describes unsteady effects
and was neglected because we assumed no temporal delay in the
development of the boundary layer around the aggregates (Parker
etal., 1972; Raju and Meiburg, 1997). Therefore, we can simplify Eq.
(7) and solve for the coupling force F. at the instant of breakup as,

_ d4id Up1—tp  Hpa—lUp r dup,  dup,
Fe=g 3m\~g ——a ) tapP\ar —50)» ®

Based on the above equation, the forces that drive the particle
motion and lead to fragmentation are the viscous Stokes drag and
the pressure gradient effects.

To estimate the coupling stress within non-fragmenting
aggregates for comparison, we made further simplifications to Eq.
(8). These non-fragmenting aggregates either only deformed
slightly into a dumbbell shape with a thick neck or remained
ellipsoidal. We assumed that these aggregates were made up of
two equal-sized subaggregates (d; = d, = d) held together with a
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larger contact area, and that the fluid velocity difference could be
calculated from the local instantaneous shear rate G such that uy; -
up, = dGsing, where ¢ was the orientation angle between the
particle’s major axis and the streamwise direction of fluid motion.
These assumptions simplified the coupling force for an ellipsoidal
aggregate in Eq. (8), which can be written as

F.= %”,quz sin ¢ +%pfd4(aa—f)sin 0, ©)

We obtained the shear rate G using the analytical description of the
laminar flow and the orientation angle ¢ using the image analysis
methods developed by Song and Rau (2022).

We then determined the stress in the neck (o) by dividing the
coupling forces calculated from Egs. (8) and (9) with the neck area
obtained from the neck size measurements. These calculations were
performed on each aggregate tracked and analyzed. We then
assumed that these stress estimates were representative of the
aggregate strengths.

Previous studies have attempted to relate aggregate strength to
aggregate properties, in particular the aggregate size. Sonntag and
Russel (1986); Zaccone et al. (2009), and Rau et al. (2018), showed a
power law decay of breakup strength with floc size. If we assume
that an aggregate’s strength (o) is determined by the number of
primary particle contacts at its fracture plane, the strength would be
expected to decrease with increasing aggregate porosity (or
decreasing fractal dimension). Various strength-size relationships
for aggregates have been reported in the literature, generally using a
negative exponent (x) to formulate the power law decay. Bremer
et al. (1989) and Kranenburg (1994) reckoned that very few
particles linked aggregates together. Their assumption of only one
bonding unit led to a size exponent of x = -2, which gave,

oo d?. (10)

However, their study did not account for any particle
deformation or necking. Additionally, experimental work done by
Saha et al. (2016) obtained a size exponent of x = -1.6 for
microplastic aggregates over a wide size range (10' to 10> um).
To derive strength-size relationships for our data, we assumed that
aggregates of the same type shared a similar fractal dimension Df
(Jiang and Logan, 1991; Burd and Jackson, 2009), defined as,

Df
nem ()"

where primary particles have identical diameters and masses of d;

(11)

and m;. The symbols d and m are the diameter and mass of the
aggregate. Next, we calculated the solid volume fraction of an
aggregate, written as,

Df-3
_w=_m (4
1-y= Mprs <d1> ’

where y represents the porosity of aggregates and m s is the mass

(12)

of the aggregate if it were completely solid. If we assume aggregates
have a uniform internal structure, the contact area at the neck of a
deformed aggregate scales with the volume fraction of solids 1-y.
Then, the critical necking stress o,,, defined as the maximum stress
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an aggregate could tolerate before breakup, as a function of the neck
size d,, can be written as,

d Df-3
0, = 0 <d_rll> )

where o represents the adhesive stress between two primary

(13)

particles. This equation shows that the stress required to break
apart a deformed aggregate is a function of its interparticle bond
strength and its porosity, as the porosity measures the number of
interparticle bonds within a homogenous aggregate. It is noted that
Df =1 represents the case of a linear aggregate with only one bond,
which reduces to the exponent of x = -2 derived in previous studies
(Bremer et al.,, 1989; Kranenburg, 1994). Eq. (13) also shows that the
necking stress reduces to just the interparticle bond strength for a
solid aggregate (Df = 3), which would be representative of the tensile
fracture strength in a solid material.

3 Results

3.1 Shear rates of aggregated diatom and
plastic microspheres at breakup

We performed breakup experiments for OA, SG, PS, and PE
and observed fragmentation of OA, SG, and PS aggregates. PE
aggregates did not break at the shear rates produced in our
disaggregation tank. Our automated particle tracking algorithm
identified and tracked 180,682 (OA), 114,549 (SG), 94,571 (PS), and
31,980 (PE) aggregates. OA, SG, and PE aggregates ranged from
several hundred microns to up to five millimeters in equivalent

10.3389/fmars.2023.1224518

diameter, while the largest size of PS flocs was approximately two
millimeters. Our breakup detection algorithm obtained 79, 75, and
51 breakup events for OA, SG, and PS, which we manually
confirmed in the images prior to analysis. It should be noted that
the breakup events were conservatively identified. During
experimentation, we visually observed more breakup events than
are reported. These events were ultimately rejected due to
inappropriate lighting or insufficient lifespan in the image
timeseries. It should be emphasized that some breakup events
using PS were also not counted due to the small particle size and
our detection size limit of 4 pixels (~ 200 um in diameter).

Figure 4 summarizes breakup results with various aggregated
materials reported in this study and from the literature (Alldredge
et al., 1990; Bache et al., 1997; Zaccone et al., 2009; Saha et al., 2014;
Song and Rau, 2020a). Equivalent dissipation rates, é calculated
from é = GV, are also plotted, where v is the kinematic viscosity.
The disrupted algae aggregates from this study had equivalent
diameters ranging from 1 mm to 5 mm, while the smallest
fragmented PS aggregate detected had a diameter of 300 um. The
shear rates at breakup in this study showed a wide range, reaching
as high as 10 s™', similar to values observed in a surf zone (George
et al., 1994), though breakup was also observed at shear values
below 10" s™" for both algae and PS aggregates, equivalent to shear
caused by a turbulence dissipation rate of less than 10™® W/kg. This
value is representative of the median dissipation rate at ~20-30 m
depths in the open ocean but has also been observed in short bursts
at depths of 200 m (Franks et al., 2022). Given that our observed
breakup events typically occurred from less than one second of
shearing, even these short bursts are likely important to the
disaggregation of sinking marine snow.
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FIGURE 4

Shear rates at breakup as a function of aggregate size for various material types from other literature, originally shown in Song and Rau (2022) but
updated to include the data from this study (the current experimental shear range plotted as the shaded area). Equivalent dissipation rates é are also
plotted. Fragmentation of PE flocs was not observed during the experiment, so shear rates for PE are estimated based on the size range detected in
the experiment. Shear rates in studies marked with * are calculated from turbulence dissipation rates.
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Comparing all of the breakup results in Figure 4 across material
types and aggregate sizes, the shear rate at breakup seemed to follow
a logarithmic decay as aggregate size increased. Sonntag and Russel
(1986) and Higashitani et al. (2001) described a decline of breakup
strength that followed a power law for microplastic flocs and
simulated aggregated spheres, meaning that generally the
disruption of smaller flocs required stronger fluid stress. In our
study, both the OA and SG algae aggregates broke at similar sizes
and shear rates despite having distinct primary cell sizes. PS
aggregates broke at similar shear rates but also at smaller sizes,
which indicated that their interparticle bonding was weaker than
that of the OA and SG aggregates.

We did not observe fragmentation of PE aggregates even though
they were similar in size to the OA, SG, and PS aggregates, which
means that the bonding stress of PE used in this experiment was
stronger than the other aggregate types. To calculate the primary
bonding force within the PE and PS flocs, we applied the XDLVO
theory. We used high salt concentrations that screened electrostatic
repulsions for these aggregates, so the primary attractive forces were
equal to the sum of van der Waals forces and Lewis acid-base forces.
The attractive force for PE flocs was estimated to be two orders of
magnitude stronger than PS flocs, assuming similar interparticle
separation distances. This result was due to stronger hydrophobicity
and a larger primary particle size of the PE particles. Assuming that
the interparticle separation distances between the aggregates are ~10
nm for both the PE and PS (Tabor and Winterton, 1969; Israelachvili
and Tabor, 1972; Gregory, 1981; Li et al, 2011), we estimate the
interparticle force to be approximately 10" N for PS and 3x10™'° N
for PE (see Figure S1). Given that PE and PS aggregates appear to be
both stronger and weaker, respectively, than the algae aggregates
shown in Figure 4, we expect that the interparticle bonding forces
including the biological sticky content (TEP) holding the OA and SG
aggregates together lie in between these two values.

Shear rates at breakup can represent characteristic flow
conditions, but it should be emphasized that breakup strength
also depends on the size and morphology of aggregates (Burd and
Jackson, 2009), especially the elongation and necking behavior. The
large range of shear at breakup in our results, shown in Figure 4, was
likely due to variations in aggregate morphology. Another reason
that could have caused the variability was that fluid stress likely
exceeded the critical strength of aggregates in some cases.
Additionally, biological factors such as varying concentrations of
transparent exopolymer (Azetsu-Scott and Passow, 2004) could
have affected the overall cohesiveness of the diatoms.

3.2 Morphology and fragmentation
behaviors

Figure 5 illustrates the importance of the time-varying
deformation of the aggregates prior to breakup. The figure shows
three example breakup events of OA, SG, and PS aggregates with
their sub-images obtained from particle tracking. We plot their
shear exposure and morphological evolutions, including the major
axis length L,,, of an ellipse fit to the aggregate image, the
orientation angle ¢ between the major axis and the streamwise
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direction of the fluid motion, and the neck size L,, which was
defined as the thickness of the neck that formed during aggregate
elongation. The time is listed for reference, with ¢ = 0 s equal to the
first image after the tank started to create shear for fragmentation.
The fragmented OA aggregate (Figures 5A-D) initially had a major
axis length of 2.24 mm. This aggregate began to elongate due to
shear exposure at t = 37.02 s, and we observed a notable necking
behavior starting at t = 37.28 s. The major axis length increased, and
the neck became thinner with the increase in shear rates
(Figure 5D). At t = 38.04 s, this aggregate broke into two separate
parts. The SG aggregate shown in Figures 5E-H underwent a re-
orientation prior to breakup. Two connected parts started to fold as
the major axis length decreased from 5.32 mm to 3.27 mm. We also
observed a drastic change in its orientation angle, which was
followed by stretching. Multiple necks occurred during the
elongation, but only one developed into the fracture at t = 87.97
s. The PS aggregate experienced a decaying shear exposure before its
breakup. At t = 25.08 s, a neck emerged, which thinned until
fragmentation occurred at ¢ = 25.61 s.

In total, we observed 205 breakup events, which allow us to
provide a summary of some of their common characteristics. First, a
monotonic increase in fluid shear was not necessary for
fragmentation. Second, we found that all fragmentation events
underwent substantial elongation in their major axis length, with
over 95% of them accompanied by necking that continued until
breakup. This characteristic deformation led to the assumption of
our ‘dumbbell’ shape model for the force analysis described below.
Moreover, the torque from the hydrodynamic forces tended to align
the aggregates’ major axes with the streamlines of the flow. This can
be seen in Figures 5C, G, K as the orientation angle of the aggregates
reduced in magnitude as they elongated prior to breakup.

In addition to disrupted aggregates, we also sampled unbroken
aggregates and compared their morphology under shear. We
randomly selected 3,879 OA aggregates, 3,870 SG aggregates, and
2,300 PS aggregates that were tracked continuously for more than
one second and did not fragment. We did not sample PE aggregates
because we could not confirm if they reached a critical condition
near breakup since we did not observe PE fragmentation. We
calculated the time-varying 8 ratios of all of the sampled
aggregates, which was the ratio of the aggregate’s neck size L, to
its minimum Feret diameter dg,,;,, shown in Figure 2. Assuming
that the minimum J value represented the point at which the
aggregate was nearest breakup, we compiled the minimum f3 ratios
for all aggregates of one particle type (PS, OA, or SG) and took the
1** percentile to be representative of the critical necking for the
entire aggregate population, f..; (i.e., the amount of necking
possible for that aggregate type before it would fragment). This
analysis revealed that OA and SG had similar critical necking ratios,
Berie = 0.138 and 0.134, respectively, while PS aggregates had a
significantly higher value of 3, = 0.237. The larger ratio of the PS
flocs means that these aggregates required thicker necks with more
interparticle bonds, relative to their size, to avoid fragmentation.
Figure 2 schematically shows the difference in these critical shapes
between PS flocs (Figure 2D) and the diatom aggregates (Figure 2E).
Most PE flocs did not show necking behaviors at all and had a
convex shape, shown in Figure 2C.
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FIGURE 5

Lagrangian time series of example OA (top), SG (middle), and PS (bottom) aggregates. the time-resolved shear exposure (A, G, I), major axis length
(B, F, J), orientation angle (C, G, K), and neck size (D, H, L) are shown respectively as a function of time. There is notably some error associated with
the identification of neck size, particularly for the small polystyrene aggregate (L). Inset images show the aggregates at the respective times
highlighted on the major axis length plot. Flow vectors shown indicate the flow direction at the aggregate centroid at the time of breakup.
Supplementary Videos showing aggregates’ deformation and breakup are available online.
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3.3 Fractal structures and decay of breakup
strength with size

We used both the non-fragmenting aggregates, discussed in the
section above, and disrupted aggregates to estimate the critical
necking stress as a function of aggregate size. For the fragmenting
particles, we assumed the necking stress just prior to breakup was
the critical value. For all breakup events, we plot the pseudo necking
stress calculated from the breakup force using Eq. (8) and their

10.3389/fmars.2023.1224518

pseudo neck size calculated from the critical necking ratio f3,;; we
could not define an actual neck size for disrupted aggregates as the
neck size decreased to zero as breakup occurred. To estimate the
strength of the deforming, but not fragmenting aggregates, we
calculated the maximum necking stress experienced by the
aggregates over the time they were tracked using the simplified
force expression in Eq. (9) and their measured neck size at that
instant. If a neck was not detected, we replaced the neck size with
the minimum Feret diameter. We only analyzed deforming
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FIGURE 6

Necking stress as a function of the neck size for non-fragmenting (+) and fragmenting aggregates (O), shown for (A) Odontella aurita, (B)
Skeletonema grethea, and (C) Polystyrene aggregates. The four black curves represent size dependent necking stress predicted by Eq. (13) for

varying fractal dimensions.
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aggregates with aspect ratios of AR > 2. Next, we grouped them into
logarithmically spaced size bins commonly used in instruments for
in-situ particle size measurements (e.g., LISST-HOLO2, Sequoia
Scientific) and picked the top 10™ percentile in necking stress for
each size bin, which we assumed was approaching the critical
necking stress required for breakup for each aggregate size class.
Figure 6 plots the necking stress of these nearly broken particles
with that of the disrupted aggregates, and the predicted necking
stress versus the neck size predicted using Eq. (13) for four example
fractal dimensions. We used the primary cohesive stress of o7 = 1 Pa
for PS aggregates, which was obtained from the XDLVO analysis
assuming an interparticle force of 10" N and a particle size of 3
pm. We estimated the primary cohesive stress to be approximately
0, = 10 Pa for the algae aggregates to plot Eq. (13) in Figures 6A, B.
This value qualitatively makes sense relative to the predicted
interparticle forces of the PS and PE particles if the algae contact
areas were approximately 10" m? Overall, the critical necking
stress for the OA and SG aggregates showed a decaying trend with
increasing aggregate size and fractal dimensions of 1.5~2.5. The
strength-size relation of the PS aggregates was similar, but shifted to
lower strengths given their weaker interparticle bonds.

3.4 Accumulated stress of aggregates and
colloid flocs

This study uniquely resolved the details of dynamic aggregate
fragmentation. It allowed us to couple the morphological evolutions
to the time-varying fluid force and highlighted the importance of
elongation and necking before breakup. To quantify the total
deformation of an aggregate, we estimated the aggregate strain e=
(Lina—deq)/deq by assuming each aggregate was initially shaped like a
perfect sphere. While a simplification, it is true that the aggregates
in these experiments had more spherical shapes after purely AM
tank operation, whereas the elongation primarily occurred during
the fragmentation process. We also defined a particle Reynolds

10.3389/fmars.2023.1224518

number Re = dequ/ V, using equivalent circular diameter d,, as the
characteristic length scale. The velocity scale was the velocity
difference across the particle and can be written as d.,G. This
Reynolds number definition roughly compares the relative
importance of the inertial terms to the viscous drag terms acting
on the aggregates in Eqs. (8) and (9). Figure 7 shows the aggregate
strain as a function of the particle Reynolds number for the
disrupted aggregates, where the symbol color denotes if the
aggregate experienced either increasing or decreasing shear prior
to breakup, defined as an increase or decrease of at least 10% over
the previous second. Figure 7 shows that there is little difference in
the deformation of aggregates at Reynolds numbers less than
~fifteen, where the viscous drag force governed the
fragmentation. At higher Reynolds numbers, we observed
differences as inertia played a more important role in the breakup
mechanism. Diatom aggregates seemed to reach higher strain (i.e.
they elongated more) when exposed to decreasing shear. We could
not find PS aggregates at these higher Reynolds numbers for
comparison due to their small sizes. As aggregates deform, the
internal stress caused by fluid forces fractures internal bonds and
causes restructuring. The aggregate strain, thus, is representative of
an aggregate’s state of fragility. Deformation continues to occur if
aggregates can still rearrange their internal bonds with continued
forcing. Increasing shear exposure means that the aggregates
experienced a growing hydrodynamic force as they elongated and
weakened. This led to less overall deformation as the hydrodynamic
forces quickly exceeded the strength of the weakening aggregate.
Conversely, aggregates exposed to decreasing shear experienced a
weakening hydrodynamic force as they elongated. This allowed
these aggregates to restructure and elongate for longer before the
decreasing hydrodynamic forces exceeded the aggregate strength.
The hydrodynamic force calculation provided by Egs. (8) and (9)
does not fully explain this transient behavior since the model
assumes a dynamic equilibrium at the point of breakup and
ignores the temporal evolution leading up to that point.
Moreover, models assuming rigid particles also cannot account
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FIGURE 7

Aggregate strain as a function of particle Reynolds number for aggregates of OA (O®@), SG (A A), and PS (CJM). Blue hollow symbols (OA[])
represent disrupted aggregates with increasing shear exposure, and red solid symbols (@ AN represent decreasing shear exposure.
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Accumulated internal stress as a function of strain difference at breakup, plotted in semilogarithmic scale, for (A) Odontella aurita, (B) Skeletonema
grethae, and (C) Polystyrene. The color shading of every individual breakup event is scaled by total exposure time from a frame with the smallest
strain to breakup. The yellow line indicates the best correlation, and the black dashes line represents the linear relation for water.

for fragmentation under a decreasing shear condition. The time
variation of aggregate strength likely provides a plausible
explanation for breakup under these conditions and will be
important for parameterization of disaggregation in unsteady (i.e.
turbulent) flows.

As the above results showed, the breakup of aggregates required
forcing over time and a weakening of their internal bonding network.
To investigate this further, we plot the accumulated internal stress of
each aggregate against its strain difference in Figure 8. Comparably,
Saha et al. (2016) proposed a similar breakup mechanism due to drag
stress accumulation. Since we could not track the entire forcing
history of each aggregate from the point that the aggregates were
exposed to shear to the point of breakup, we calculated the integrated
stress and strain difference using only the measured lifespans of each
aggregate. We defined the strain difference, Ae, as the difference
between the smallest strain measured for each aggregate and its strain
at breakup. To characterize the accumulated internal stress, we
integrated the instantaneous necking stress, (defined as the
instantaneous force expressed in Eq. (9) divided by the
instantaneous neck area) from the time frame with the smallest
strain to breakup. We observed that the cumulative internal stress
was positively correlated with total deformation of disrupted
aggregates. Similar accumulations of internal stress caused algae
aggregates (Figures 8A, B) to deform less than PS flocs (Figure 8C).
Yellow lines in Figure 8 represent a power fit from a linear regression
of the scattered data. PS flocs in Figure 8C showed the strongest
correlation (R* = 0.71) on a logarithmic scale, but algae aggregates
displayed a weaker trend (R* = 0.23 for OA and 0.35 for SG). PS flocs
had a better linear regression likely because of more homogeneous
structures and more uniform interparticle forces compared to OA
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and SG. The possibility of more-varied cohesive content (e.g.
transparent exopolymer particles) in the algae aggregates could also
explain their variability.

The time integration of the stress is representative of the total
amount of fractured bonds in an aggregate. The strain difference
quantifies the rearrangement of internal bonding networks, so we
expect it to be positively correlated to the stress accumulation. We
compared the aggregate deformation behaviors with that of a parcel
of Newtonian fluid (water), shown as the black dashed line in
Figure 8. In a Newtonian fluid, the viscous stress is a linear function
of its strain rate. If we relate the integration of internal stress to the
strain difference, [ 0,dt o Ae, a Newtonian fluid has an exponent
of n = 1. The exponent for the PS flocs was n = 2.47, and best
correlations for OA and SG are 1.19 and 1.58. Comparisons
between the yellow and black lines generally show that the
aggregates deformed less than a parcel of Newtonian fluid would
have under similar cumulative stresses. This is expected given that
Newtonian fluids have free molecules and continuous structures,
allowing easier and more homogeneous strain deformation.
However, the exponent n > 1 for the PS aggregates with a
relatively strong correlation indicates that the apparent viscosity
of PS flocs increases as stress increases. This behavior is similar to a
shear thickening fluid. The weak correlations for the algae
aggregates show that more complex interactions are governing
their deformation. Therefore, the effective properties of an algae
aggregate could display characteristics of elasticity, plasticity, and
viscosity, i.e., the internal stress could be a function of both strain
and strain rate, 0 < f(¢,d¢€/dt).

The shade of each fragmentation event is also plotted based on
the total strain time used in the integration. There was no evident
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relation in exposure time for PS flocs, which indicates that strong
shear with short time exposure had a similar effect on the breakup
of PS flocs to a case with small shear and a long time exposure. OA
and SG aggregates behaved similarly, but we observed that longer
shear exposure generally tended to cause more deformation.

4 Discussion

In this study, we performed fragmentation experiments on four
different aggregate types: OA, SG, PS, and PE. We utilized a rotating
and oscillating roller tank to expose aggregates to laminar
oscillatory shear flow and captured the Lagrangian time series of
individual aggregates. Similar fluid shear caused the breakup of OA,
SG, and PS flocs but failed to disrupt PE flocs. The unique problem
of interparticle adhesive strength between marine algae cells
stemmed from the stickiness of EPS, in which we had to consider
the biological sticky content more than the classic colloidal
aggregation theory. The result uncovered the cohesive strength of
OA and SG aggregates between PE microspheres that were much
stronger than those and the PS particles. The XDLVO theory
confirmed the relative strength of the plastic aggregates, which
also bounded the interparticle adhesive forces of the OA and SG
aggregates investigated. All types of disrupted aggregates had to
experience large enough shear and undergo a substantial elongation
with subsequent necking in order to fragment. In addition to
analyzing fragmenting aggregates, we analyzed thousands of
deformed, non-fragmenting aggregates and found that the ratio of
their neck size to aggregate width was smallest for the PS aggregates.
A simplified analysis of the hydrodynamic forces acting on the
elongating aggregates allowed us to define the time-varying stresses
leading to deformation and breakup. We found that this transient
forcing played a crucial role in the fragmentation process. The
aggregates showed a decay of breakup strength with neck size that
was primarily a result of the porous structures of the aggregates. To
describe this behavior, we derived an expression relating the
bonding stress between primary particles to the breakup stress
required to fragment an aggregate.

Our experimental methodology had some limitations in that we
could only resolve a two-dimensional aggregate projection from the
single camera system. Thus, we could not measure the aggregate
thickness along the axial direction of the tank. Our camera
resolution was also not capable of resolving the primary particle
sizes for the SG and PS samples. Both effects, plus limited camera
recording time, prevented us from obtaining the entire shear and
morphological history of the aggregates. Additionally, our particle
tracking method only allowed us to confirm a small number of
breakup events with high confidence and we observed many more
breakup events than were reported. A longer recording time is
desirable for future implementations. Furthermore, it should be
noted that an aggregate will influence the surrounding flow to some
extent and that this influence will change as it deforms. For
example, as an aggregate rotates within a shear flow, weak vortex
rings can form Li et al. (2011), which may contribute to the
hydrodynamic forcing as deformation occurs. Though we could
not capture these local flow considerations in the present
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investigation, the imposed shear acting on an aggregate
contributed much more significantly to the disaggregation forcing
than these secondary flow structures (Dizaji et al., 2019). Our model
estimates of the coupling forces from the primary shear rate in Eqgs.
(8) and (9) reflects this importance.

Despite these limitations, this study has demonstrated many
important aspects of the transient deformation and fragmentation
process. In particular, this study demonstrates the importance of
exposure time. High enough shear can undoubtedly disrupt
aggregates, but low-magnitude shearing can also cause
fragmentation if the exposure time is sufficient to cause aggregate
restructuring and deformation. Figure 4 shows that breakup events
occurred at very low shear rates. In the context of the deformation
results, it is likely that these events were preceded by deformation
resulting in a fragile floc that could be fragmented by a very low
shear rate. It is important to discuss this time exposure in the
context of the duration of shear events in the ocean. It should be
emphasized that the maximum experiment time was less than three
minutes. Natural phytoplankton aggregates can easily be exposed to
low values of shear for hours or even longer. For example, Franks
etal. (2022) observed that the median dissipation rates were smaller
than 10® W/kg in the upper 100 m, and that 99% of observations
had dissipation rates less than 10 W/kg. Turbulence intensity
decreased rapidly with depth and the most frequent turbulence
levels were low enough in magnitude that breakup caused by high
shear cannot be dominant. Low shear, but long time exposure, likely
provides a feasible explanation for aggregate fragmentation in an
environment of low turbulence dissipation energy. Further
investigations should be implemented for evidence of
fragmentation due to low shear in the upper 200 m or at deeper
depths caused by internal waves or other transient events.

The deformation behavior observed in this study revealed that
aggregates have some fluid-like behavior. However, their loose and
porous structures of connected primary particles still move with
limited freedom. Future investigations should expose individual
aggregates to a more controlled hydrodynamic environment to
further clarify these properties. The breakup strength expression
(Eq. (13)) provides the possibility of obtaining a breakup stress for
aggregates from a simple relationship relying on fractal dimension
and primary particle bonding strength. Fractal dimensions are
typically used to describe large populations of aggregates (Jiang
and Logan, 1991; Johnson et al., 1996; Burd and Jackson, 2009), but
the aggregate-to-aggregate variation will always cause outliers in
statistical analyses. More investigations are desired in order to
quantify the expected aggregate-to-aggregate variability within
aggregates of varying particle types. In-particular, the deformation
processes exhibited in this study should be further investigated in
the field to determine their applicability to aggregates of different
sizes and makeup. This can be accomplished with targeted field
campaigns; however, the increasing deployments of in-situ imagers
(e.g., underwater vision profilers) may enable a path to quantify
aggregate elongation and necking in-situ and at depth at a variety of
locations around the globe.

The findings of this study have important implications for
modeling the ocean biological carbon pump. It has long been
hypothesized that marine aggregate fragmentation can explain
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part of the observed carbon flux attenuation and recent evidence
supports this conclusion (Briggs et al., 2020). However, mechanisms
that would lead to the disaggregation of settling particulate matter
have not yet been confirmed. The weakening of aggregates with
exposure to low shear presented here is one such mechanism. These
influences can be incorporated into biogeochemical models as
extensions to typical aggregation considerations, where
aggregation due to turbulent shear and/or differential settling is
already considered to quantify changes in particulate settling
velocity (Aumont et al, 2015; Maerz et al., 2020). The shear
exposure of the modeled particulate matter can be tracked with
time and Eq. (13), and other relationships to represent the aggregate
microstructure and composition (e.g., (Maerz et al., 2020)) can be
applied to estimate breakup rates in response to the predicted
hydrodynamic shear stresses. We think this approach will be
particularly valuable for models capable of resolving the effects of
stratification on turbulence and particle settling, as pycnoclines can
both reduce aggregate settling velocity (Prairie et al., 2015;
Ahmerkamp et al, 2022) and enhance turbulence dissipation
rates (Fernando, 1991). These effects could combine to enhance
particle disaggregation at depth.
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