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The widespread release of gas bubbles from aquatic sediments (ebullition) has
been receiving growing scientific interest because of its globally relevant
contribution to methane emissions. Besides being an efficient transport
pathway for methane and other gases to the atmosphere, these bubbles have
the potential to mobilize resources and pollutants previously buried in the
sediment by carrying solutes and particles on their surface. The phenomenon
of bubbles transporting substances other than gases is well studied in open water
and widely used in technical applications, such as froth flotation or dissolved air
floatation. Research on the transport capabilities of natural bubbles forming in, and
being released from, aquatic sediments is exceedingly rare. Ebullition resulting
from biogenic gas production in sediments is characterized by large spatial and
temporal variability and bubble sizes exceed those typically used in technical
applications. Here we summarize the current state of research concerning bubble
mediated transport (BMT) from aquatic sediments and develop a perspective
based on these findings and own experimental results. We present measurements
from a shallow reservoir to explore methods to monitor BMT and gather data on
ebullition over 1 year. We found consistent bubble size spectra, despite large
temporal variations of ebullition fluxes. We highlight some of the inherent
difficulties of research in this area and argue that more experiments are
needed for improving empirical and mechanistic understanding of BMT.
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1 Introduction

The presence of free gas in form of bubbles ranging in size from micrometers to
centimeters is ubiquitous in aquatic ecosystems. Bubbles not only affect the physical
properties of water, they also facilitate an important transport pathway with relevance
for global biogeochemical cycling and climate. Rising bubbles transport gases, as well as
particles, solutes and bacteria on their surfaces.

In lack of a consistent definition, we refer to bubble-mediated transport as the transport
of gases, solid particles, dissolved substances and living organisms during events of ebullition
in aquatic systems. Ebullition, in this context, is the process of gas bubble formation, either in
sediment or in free water, followed by their buoyancy-driven rise towards the water surface.
Depending on the location of bubble formation and bubble fate, the transport can occur not
only within the water column, but also across the sediment-water and air-water interfaces.
We will discuss the different sources for bubbles as they form the basis for any transport and
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in the following chapter we will present what is known about the
transport in fresh water bodies.

Near the water surface, bubbles can be generated by entrainment
of air due to physical forcing, e.g., by turbulence, wave breaking, or
in chute flows. Depending on the difference in partial pressures
between atmospheric and dissolved gases, diffusive gas exchange
between the bubble and surrounding water enhances the overall air-
water gas exchange (Farmer et al., 1993). Rising bubbles are also
known to enrich the surface micro layer (SML) at the air-water
interface with particulate and dissolved matter (Robinson et al.,
2019). This process is known as bubble harvesting or scavenging.
The bursting of bubbles upon reaching the surface allows for
transport of particulate material into the atmosphere. Aerosols
produced in this way can contain a variety of organic and
inorganic substances, e.g., Brevi toxins produced during algae
blooms (Larrson and Södergren, 1982; Pierce et al., 2003).

Within the water column, gas bubbles can form if the total
dissolved gas pressure exceeds the sum of hydrostatic and
atmospheric pressure. Near the water surface down to 9 m
(~500% O2 sat. necessary), oxygen produced by
photosynthetically active organisms can provide the required
supersaturation (Koschorreck et al., 2017). In the ocean or deep
lakes like Lake Kivu, the long-term accumulation of geogenic gases,
e.g., CO2 and CH4, from the Earth’s crust can provide the necessary
gas pressure (Sigurdsson et al., 1987; Pasche et al., 2011).

Under anaerobic conditions within sediments carbon can
replace oxygen as an acceptor for electrons and hydrogen in
cellular respiration. If the concentration of sequestered methane
surpasses the solubility, gas bubbles can form in the sediment (Leifer
and Patro, 2002; Bastviken and Likens, 2009). Methane emissions
from aquatic ecosystems are of great concern as recent estimates
suggest that about half of the global CH4 emissions come from
aquatic ecosystems (Rosentreter et al., 2021). About 50% of these
emissions are facilitated by ebullition (Tokida et al., 2007; Maeck
et al., 2014; McGinnis et al., 2016). Since the bubbles form in the
sediment, they have the potential to transport substances and
microorganisms from there all the way to the water surface, even
in deep and stratified lakes (Delwiche et al., 2020). They can also
strip material and gases during their rise. Seepage from natural
resource deposits such as oil, gas and volcanic activities presents an
abiotic source of bubbles.

While the above-mentioned processes resulting in bubble
formation are natural, human activities can be associated with
additional sources of bubbles in aquatic ecosystems. At the water
surface, vehicle traffic is associated with enhanced turbulence and
waves (Nylund et al., 2021). Turbine operation and plunging waters
can be an extensive source of supersaturation (Beiningen and Ebel,
1970). Moreover, bubbling with air or oxygen has been a widely
applied measure for improving water quality through oxygenation
in lakes, fish ponds, and reservoirs (Beutel and Horne, 1999).

Sediments in freshwater and costal marine systems often carry
the legacy of industrialization in the form of pollutants
(Rheinheimer, 1998; Atgin et al., 2000; Li et al., 2007). Heavy
metals, polycyclic aromatic hydrocarbons (PAH), and
microplastic, are some of the prominent examples (Rabodonirina
et al., 2015). The potential of bubbles to mobilize such materials is
known from industrial processes, waste water treatment or mineral
and oil processing (Smith, 1989; Saththasivam et al., 2016; Temesgen

et al., 2017; Han et al., 2022). Therefore, knowledge about the
potential of ebullition to reintroduce these materials into the
water is vital for understanding sediment-water interactions in
rivers, lakes and reservoirs. Sun et al. (2021) estimated that
ebullition facilitate flux of PAH from lake sediments on a global
scale. According to their work this flux could potentially
overcompensate (118%) the global deposition of PAHs into lake
sediments (Sun et al., 2021). Detailed theories and experimental
work though are mostly available for describing the interactions of
rising gas bubbles with suspended particles in technical applications
(i.e., particle scavenging, or stripping), with scarce studies
considering natural processes. The potential of bubbles to
transport particles is related to size and surface charge of the
particles, as well as on the ionic composition and pH of the
water (Edzwald, 2010). For optimizing operation, gas bubbles in
technical applications are typically small (around 100 µm or less), at
least one order of magnitude smaller than bubbles sizes reported for
sediment ebullition (Delwiche and Hemond, 2017). Existing
knowledge therefore applies mostly to particle stripping, but not
to the transport of particles from the sediment by CH4 bubbles
forming in the sediment. This process is more complex, because the
bubbles are in contact with a large variety of particles sizes and
particle properties, compared to stripping from a homogeneous
suspension.

The specific focus of this perspective is on bubble mediated
transport of sediment particles by methane ebullition. In the
following section, we review existing experimental studies, before
we present our own field experiments, aiming to understand the
potential of ebullition in a shallow reservoir to transport particles
and heavy metals through the water column.

2 Current advances

Early work demonstrated that sediment can rerelease previously
adsorbed polychlorinated biphenyls (PCBs) and in the presence of
ebullition. These contaminants can then reach the water surface and
become aerosolized (Larrson and Södergren, 1982). Yuan et al.
(2007, 2009) performed laboratory experiments and modelled
fluxes of phenanthrene (a polycyclic aromatic hydrocarbon PAH)
from the sediment to the air-water interface, (Yuan et al., 2007,
2009). Their laboratory setup consisted of a columnwith sediment at
the bottom, an optional cap of sand, a water column, and a final layer
of hexane on top of the water. The hexane layer was an extraction
phase for the phenanthrene. Methane gas was injected at constant
rates into the sediment; information on bubble size were not
provided. Their experiments showed that sediment resuspension
by rising bubbles was an important factor for contaminant release.
The authors further concluded that at natural rates of biogenic gas
generation in sediments (<1 L m−2 d−1), resuspension rates and
facilitated release rates of solid-associated contaminants are small in
comparison to fluxes expected from bioturbation.

Viana et al. (2012) examined BMT in 14 different urban water
bodies, (Viana et al., 2012). Natural bubbles were collected using an
inverted funnel functioning as a bubble trap. To collect particles and
PAHs, glass wool was fixed at the outlet of the funnel and at the
outside as a reference. Ebullition was measured as the total
accumulated gas volume during the sampling period and showed
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high variability between 2 to 450 mmol m−2 d−1 (approx.
0.05–10.82 L m−2 d−1). Significant fluxes of relevant PAHs and
certain heavy metals were recorded. The analysis indicates that
metals are more so associated with resuspended particles. The
transport of PAHs appears to be more complex with a
combination of sorption to particles as well as transport directly
by bubbles. In an additional study, benthic fluxes of PAHs and
metals were compared to ebullition enhanced fluxes from sediments
in a contaminated waterway (Viana et al., 2018). Ebullitive fluxes
were significant and exceeded benthic fluxes, for some metals and
PAHs by one order of magnitude.

Delwiche et al. (2020) studied heavy metal and particle transport
by gas bubbles in an urban lake, (Delwiche et al., 2020). Their
analysis focused on the potential transport of cyanobacteria. Bubbles
released upon disturbance of the sediment were collected, funneled
through an optical bubble sensor, which detects the number and size
of individual gas bubbles (Delwiche and Hemond, 2017) and then
into a particles collection cup. The field measurements were
complemented by laboratory experiments in a 15 m tall column.
Metals were analyzed with inductively coupled plasma mass
spectrometer (ICP-MS) and cyanobacteria were quantified with
quantitative PCR (qPCR). They found that the concentrations of
heavy metals and cyanobacterial cells in bubble-transported
particulate material were similar to those in the bulk sediment.
Bubble-mediated heavy metal transport appeared to be a small
component in lake-wide cycling, whereas BMT of cyanobacteria
could contribute substantially to their recruitment into the surface
layer.

The transport of microbes via methane bubbles was also studied
at a natural seep site off the coast of California (Schmale et al., 2015;
Jordan et al., 2020). Methane oxidizing bacteria (MOB) were
collected in a bubble catcher, a steel frame with a glass cylinder
suspended inside, which is outfitted with valve and stop-cocks. A
variant has an additional gas outlet below the glass cylinders opening
for artificial ebullition. Ebullition rates were characterized from
video files, and the quantification of MOB was accomplished
with the CARD FISH method [see (Kubota, 2013)] and the
identification via DNA analysis. The field measurements showed
the transport of bacteria form the sediment into the water column
above vent sites. Interestingly, the rate of transport was not
proportional to the rate of gas release. Instead, the lower
volumetric bubble rates showed higher transport rates. It is
speculated that higher volumetric flows don’t allow a sufficient
resupply of the bubble path with microorganisms (Jordan et al.,
2020).

McLinn and Stolzenburg (2009) investigated the transport of
tar droplets from contaminated sediments to the water surface
in the Penobscot River (USA), (McLinn and Stolzenburg,
2009). Floating tar droplets were collected directly at the
water surface and, in the case of a visible hydrocarbon
sheen, teflon nets were used for sampling. Bubble rates were
determined by collecting rising gas in transparent polyethylene
tubes at locations of high ebullition. The occurrence of tar at
the surface was found to correlate with water temperature and
water level, both are known to be major driving factors for
biogenic methane production and bubble release (Maeck et al.,
2014). A concise overview of all the experimental parameters
and studied systems can be found in Table 1.

3 Particulate matter transport in a
shallow reservoir

In-situmeasurements were conducted at the upstream region of
Wupper reservoir (Latitude 51.16°N and longitude 7.33°E), a shallow
impoundment of 2 m average depth. Quasi continuous ebullition
measurements were conducted using optical bubble detectors as in
(Delwiche and Hemond, 2017), see Figure 1A for schematic and
yielded an average flux of 0.04 L m−2 d−1. Despite the strong
temporal dynamics of ebullition fluxes, the bubble size
distributions remained similar throughout 500 days of
measurements, with an overall median diameter around 6.4 mm
and daily median values varying between 2 to 10 mm (Figure 1B).
The measurements during the continuous instrument deployment
were often interrupted by clogging of the bubble sensor, but showed
variations between months and sampling locations. Because of the
apparent transport happening, the decision was made to equip
bubble detectors with a sedimentation trap at the outlet of the
detector for 5 months, where solid material carried by bubbles would
deposit. To ensure that the collected material was transported by
bubbles, additional traps were installed, in which the bottom of the
funnel was blocked, but with additional holes at the side, allowing for
exchange with flowing water. These traps consistently contained less
material than traps with open funnels, indicating that biological
growth within the trap was not a dominant source of particulate
matter (Figure 1C).

At the beginning of the seasonal field sampling, sediment
samples were collected and analyzed for heavy metals. We
compared the fractional content of heavy metals in the sediment
with that in the particulate material collected by the bubble traps
using ICP-MS. Figure 1D) shows an example of this analysis and the
following discussion only applies to results of this first sampling in
the first month. In this case no statistically significant difference
(t-test, p = 0.42) could be detected, suggesting that both samples
could have the same source. Although not being statistically
significant, lead and nickel concentrations differed by up to
100%, with Ni being highly enriched and Pb being
underrepresented in the material from the bubble trap. It could
be reasoned that granules of Pb containing sediment suspended in
the bulk water would lose more Pb to the water before analysis than
sediment at the river bed. The surplus of Ni and to a lesser degree Cu
and Zn most likely stem from additional organic matter that also
accumulated in the traps. For later samplings (not shown) in the
following month statistical test still gave similar results although the
bar charts did not show as obvious of a pattern.

The total dry weight of the particulate matter collected in the
bubble traps over deployment periods of around 30 days was
generally below a maximum of 1 g (0.042 g m−2 d−1), while the
total volume of gas detected was below max. Volume of 1 L
(0.04 L m−2 d−1) in 90% of cases. The corresponding rate of BMT
of 1 mg mL−1 is about one to two orders of magnitude higher than
the values reported in (Delwiche et al., 2020), which included field
sampling and laboratory experiments.

Preliminary tests of the authors showed that the water exchange
caused by bubbles passing through a trap alone can lead to
substantial sedimentation from turbid water but a comparable
turbidity to lab tests was not observed in the reservoir.
Consequently, the most likely source of additional material in the
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bubble traps is organic matter. The studied reservoir contains
large amounts of waterweed in the shallower parts. Fragments
of these plants as well as floating algae could drift up the funnels
and such plant material was indeed found in the traps
(Figure 1C). The second main source could be swimming or
migrating animals. We found living segmented, insectoid and
worm-like animals. It is assumed that they migrated up along
the funnel surface through the bubble-sizer. Another source of
animal material were shells of insects, for example, corixidae,
additionally legs, torsos, heads and other fragments of
unidentified insect bodies could also be found. Organisms in
freshwater are known to perform diurnal vertical migration
(Stich and Lampert, 1981). It is likely that migrating organisms
would be caught in the funnel when they are moving upwards
and subsequently trapped. This effect should vary with the
seasons, being more pronounced in the warmer months with
increasing biological activity. For the first sampling from April
to May 2021 the analytical results showed a generally similar
pattern between sediment and trap material. In the following
months, results showed greater differences and the bar plots did
no longer appear visually similar. This could indicate increasing

biological activity, since metals accumulate in different ratios in
living matter compared to sediment. The data was too limited
though for a definitive analysis.

Another important factor to consider is the natural bubble size
spectrum that was found. During the 1 year of measurements, the
mean diameter was 6.9 and themedian 6.3 mm, compared to a mean
of bubble size of 4.6 mm (Delwiche and Hemond, 2017), 5.7 mm
(Ostrovsky et al., 2008) and 5.9 mm (DelSontro et al., 2015). The
difference in mean diameters could in part be caused by bubble
coalescence in the trap, especially for high ebullition rates and
bubble plumes. Experimental data and mathematical models in
the context of dissolved/dispersed air floatation show higher
transport efficiency for smaller bubbles, typically at the
micrometer scale (Edzwald, 2010; Coward et al., 2015).
Additionally, the transport of material through the funnel of the
bubble trap leads to two issues. The first is material getting stuck,
which is evidenced by data gaps (Figure 1A). The second problem is
the potential false positive detection of rising bubbles. The principle
of the optical bubble sensor is to detect a loss of signal at its internal
light barriers. This means, particles can be counted as bubbles
passing through the detector which would reduce the transport

FIGURE 1
(A) Deployment schematics of an optical bubble sensor. (B) Time series of bubble size distributions (each symbol represents a single bubble)
measured in a freshwater reservoir. Note that the periodicity in time (approx. 6 h) results from intermittent measurement intervals. The bi-modal size
distribution ismost likely caused by the funnel geometry, which leads tomerging of bubbles into larger ones within the glass funnel. (C) Bar chart showing
themass of collectedmaterial in May 2021 in blue as well as the volume of bubbles in orange during the same time. In the red rectangle are two traps
that served as a reference for the accumulation of material without bubbles as well as the background of the bubble detection. All values below 50 are
most likely not caused by ebullition. The smaller picture showsmaterial found in in the bubble trap. Wemonitored ebullition over the course of 1 year in a
pre-dam at theWupper River in Germany with optical bubble traps based on Delwiche and Hemond (2017), (Delwiche and Hemond, 2017). After half of a
year collection tubes for particulatematter were added. The collectedmaterial was dried, weighed and analyzed by ICP-MS to compare the composition
of metal ions in the samples with previous sediment analysis. (D)Comparison ofmetal concentrations in driedmaterial found in the bubble trap and in the
sediment of the reservoir.
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flux by adding false volume. Considering all factors, it is never the
less assumed that the measured transport rate is very likely still
overestimated due to biological factors.

4 Discussion and perspective

Monitoring sediment ebullition and BMT in the field has been
proven difficult. The higher the transport rates the easier their
analytical quantification, but there is also an increased risk of
material blocking or distorting bubble detection. Separating BMT
and other modes of transport, like migrating zooplankton is still
quite complex during long term monitoring considering the current
available methods. Additionally, due to spatial heterogeneity of
ebullition, extrapolating between sampling locations or across

different water bodies can lead to large over- or underestimates
(de Mello et al., 2018; Wik et al., 2018).

Priority in future research should be to establish empirical
relationships and mechanistic models between bubble
characteristics and observed particle fluxes. Early works like
(Larrson and Södergren, 1982) treated ebullition rather as a black
box mechanism to observe transport and therefor the results are
mostly just the comparison between ebullition and its absence.
Accordingly, future investigations should aim at the mechanistic
side of BMT. These studies need to differentiate between direct
transport of particles being attached to bubbles versus particle
resuspension and turbulence-driven transport through the water
column. Klein (2006) pointed out from laboratory experiments the
sediment suspended by ebullition enhanced solute flux, (Klein,
2006).

TABLE 1 Previous works examining bubble-mediated transport of solutes and particles by bubbles released from aquatic sediments in field and in laboratory
settings.

Natural
system
studied

Field
measurement

Laboratory (column
height)

Ebullition parameters Compound Source

Lake Triggered ebullition Column 0.7 mL min−1 (Column) 22 mL m−2 d−1

[average for the lake based on
(Varadharajan, 2009)] average diameter
5.6 mm (anchor) average diameter
6.4 mm (natural)

Microorganisms
(Cyanobakteria)

Delwiche et al.
(2020)

15 m Particles (Metals)

Ocean/Methane
Seeps

Natural ebullition and
artificial reference

NA 0.07–10.35 mL s−1 volume flux
1.160–5.488 mm diameters

Microorganisms (Methane
Oxidizing Bacteria)

Jordan et al.
(2020)

River Collection at the
surface

NA 20–50 mL min−1 Tar/Oil and coal
processing residues

McLinn and
Stolzenburg
(2009)

Seawater used NA Column + Box on top (1.65 +
0.35) m

0.00058–1.35 mm diameter
14,500–16,500 mL min−1

Microbes Robinson et al.
(2019)

TEP

Chlorophyll

Ocean/Coastal
Region

Natural ebullition and
artificial reference

NA 3.620 and 5.488 mm main bubble sizes
43.68 (vent) and 53.33 (artifical) mL
min−1

Microorganisms (Methane
Oxidizing Bacteria)

Schmale et al.
(2015)

Urban River Natural ebullition NA 3300 ± 2100 mL m−2 d−1 No diameters
were measured

Polycyclic Aromatic
Hydrocarbons (PAHs),
Heavy Metals

Viana et al.
(2012)

Urban Rivers Natural Ebullition NA fluxes normalized to ebullition Polycyclic Aromatic
Hydrocarbons (PAHs),
Heavy Metals

Viana et al.
(2018)

River Sediments
used

NA Column 0.0035–6.85 mLmin−1 (L m−2 d−1) flow in
the column

Phenanthrene (PAH) Yuan et al.,
2007 (2009)

0.74 m

Lake Sediment
and Water

NA Column 1–3 mm bubble diameter 0.75–33.92 mL
min−1

Polychlorinated Biphenyls
(PCBs)

Larrson and
Södergren
(1982)~0.75 m

Freshwater used NA Narrow box 1 mL min−1 0.7 mm outlet diameter Dense non-aqueous phase
liquids (DNAPLs)
(creosote as source)

Wu et al. (2022)

0.2 m

Lake Sediments
used

NA Wetted Wall Column 0.32 m and
liquid reservoir for bubbling
through (Fendinger and Glotfelty,
1988)

30–200 mL min−1 Lindane (14C labeled) Fendinger et al.
(1992)
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Water depth is certainly an important parameter when
considering BMT. In laboratory experiments, particles that are
attached to rising bubbles can be observed using optical
techniques, such as shadowgraphy (Trudel et al., 2018), or one
could transform bacteria to express fluorescent proteins to visualize
their transport by methane bubbles. To assess the flow driven
transport, techniques from research into dissolved air flotation
and fluid mechanics could be utilized, e.g., shadowgraphy,
particle image velocimetry, laser-induced fluorescence, turbidity
sensors, etc., In the field, information about the size, frequency
and origin of the bubbles can be collected in order to compare to lab
experiments. Optical bubble sensors are readily applicable, but are
more limited in their results than imaging techniques. While the
latter are more precise, they require extensive technical equipment
and computational effort. Nevertheless, mechanistic studies will be
of great value as they provide the knowledge for precise modelling
and extrapolation to field conditions.
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