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Differing growth dynamics in seed-grown planar
vertical chemical gardens
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Chemical gardens are self-assembled structures of semi-permeable precipitates. They are considered

laboratory analogues of hydrothermal vents and can potentially be used for functional chemobrionic

materials. In this work, the behaviour of chemical gardens grown from magnesium chloride seeds in

sodium silicate solutions in a vertical Hele-Shaw cell has been investigated. The chemical gardens

exhibited non-isotropic radial growth - fastest at the bottom and slowest at the top. In each direction,

the radial growth can be modelled by a diffusion-controlled law. The relative pressure at the centre of

the chemical garden underwent an initial, gradual growth, followed by a rapid increase that turned into a

plateau. Upward tubular growth was observed for higher silicate concentrations, and the onset of

upward tubular growth has been found to correlate with the onset of rapid pressurisation. The results

may have implications on the formation mechanisms of hydrothermal vent flanges.

1. Introduction

Chemical gardens are self-assembled structures of semi-
permeable precipitates formed by a set of reactive, non-
equilibrium processes.1–4 They were initially studied by Glauber
in the 17th century, who dissolved a seed crystal of iron chloride
in an aqueous solution of potassium silicate.5 The name,
‘‘chemical gardens’’, arose from their plant-like appearance
and growth mechanism, and the study of chemical gardens or
their related phenomena is known as ‘‘chemobrionics’’.1

Interest in chemical gardens increased in the 1970s, when
chemobrionic mechanisms were found in cement hydration
processes.6,7 Approximately at the same time, deep-sea hydro-
thermal vents were discovered on voyages by the naval sub-
mersible Alvin.8,9 These submarine volcanic fissures came to be
hypothesised as the sites for the origin of life on Earth and
possibly elsewhere.10–16 As chemical gardens and hydrothermal
vents are physically and chemically similar, chemical gardens
have been used as laboratory analogues of hydrothermal vents;

conversely, hydrothermal vents have been viewed as natural
chemical gardens.17,18

A key process in the formation of chemical gardens is the
osmosis of water through the semi-permeable precipitates.19,20

To give an example, when a crystal seed of metal chloride salt is
placed at the bottom of a beaker containing an aqueous sodium
silicate solution, the salt begins to dissolve, and the seed
becomes covered by a layer of semi-permeable precipitate. This
layer acts as a membrane, which is more permeable to water
molecules and less permeable to the metal cations and the
silicate anions. The osmotic pressure at the core is higher than
the outside, causing water to flow inward from the outside
silicate solution, which pressurises the membrane and rup-
tures it. As a result, a tubular, segmented, plant-like structure is
created. This process is similar to the corrosion of metals.21–23

In order to investigate the dynamics of chemical garden
formation and develop understanding of the growth of hydro-
thermal vents, a variety of experiments have been performed.
Traditionally, chemical gardens are grown in three dimensions by
placing a metal salt seed into an anion-containing solution.24–32

The structures formed this way are often highly complex and
difficult to analyse. For this reason, it is desirable to simplify the
structures formed, and a way to achieve this is to reduce the
dimensions in which chemical gardens are grown. Examples of
this include microfluidic chips for quasi-1D growth,33–38 as well
as Hele-Shaw cells for quasi-2D growth.39–52

Hele-Shaw cells are devices made of two parallel plates
separated by a small gap.53 The small gap size renders the
physics in the normal direction of the plates insignificant and
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the system quasi-two-dimensional.54 Hele-Shaw cells are there-
fore versatile tools for studying problems involving viscous
flows with chemical reaction.55–60

The present work focuses on chemical gardens grown from
seeds in a vertical Hele-Shaw cell. Zheng et al.52 showed that the
growth of chemical gardens in a horizontal Hele-Shaw cell can be
described by a diffusion-controlled model, before fracture due to
osmotic pressurisation. This model assumes an isotropic circular
geometry for the chemical garden pattern. Ding et al.44 showed
that, due to gravity, the chemical gardens in a vertical Hele-Shaw
cell exhibit a systematic asymmetry between the upward direction –
characterised by tubular growth – and the downward direction –
characterised by bulk, finger-like growth. The present work aims to
quantify these two growth regimes – in particular, to explore if the
diffusional model found in the horizontal system is also applicable
in the vertical system. A further goal is to confirm whether
pressurisation and fracture are also present in the vertical system.

2. Experimental methods

The experiments were conducted using solid pellets made from
magnesium chloride hexahydrate (MgCl2�6H2O, ACS reagent,
Sigma-Aldrich). A concentrated solution of sodium metasilicate
(Na2SiO3, reagent grade, 1.39 g mL�1 at 25 1C, 26.5% SiO2,
Sigma-Aldrich) was diluted with deionised water into solutions
of concentrations 0.2 M, 0.6 M, 1.0 M, 1.2 M, 1.4 M, 1.6 M,

1.8 M, and 2.2 M. For each silicate concentration, the experi-
ment was repeated three times.

A schematic of the experimental procedure is shown in Fig. 1.
First, 0.1850 g of MgCl2 crystals are pressed into a cylindrical
pellet with a 1.0 cm diameter and a 1.0 mm thickness using a steel
die and a KBr Port-A-Press Kit (International Crystal Laboratories)
under a pressure of 110 MPa for a minimum of 5 minutes. The
pellet is then placed at the centre of a Hele-Shaw cell made from
two methacrylate plates of dimensions 130 mm � 100 mm �
6 mm that are separated by a 1.0 mm thick spacer. A thin plastic
tube connects the centre of one plate to a PS-2114 PASPORT
Relative Pressure Sensor (PASCO Scientific) configured to measure
the gauge pressure at the centre of the cell at a rate of 20 Hz. The
Hele-Shaw cell is then positioned vertically, with an opening at the
top end. A syringe is used to inject sodium silicate solution of a
desired concentration into the cell until it is almost filled. The cell
is illuminated by a light pad and photographed every 20 seconds
by a Nikon D5300 digital single-lens reflex (DSLR) camera with a
resolution of 6000 pixels � 4000 pixels. The chemical garden is
allowed to grow for a minimum of two hours. All experiments
were carried out in a laboratory maintained at 20 1C.

3. Representative experiment

Fig. 2 shows results for a representative experiment performed
with a MgCl2 pellet in a 1.2 M Na2SiO3 solution. Photographs of

Fig. 1 Schematic of the experimental procedure. (a) and (b) 0.1850 g of MgCl2 crystals are pressed into a cylindrical pellet with a 1.0 cm diameter and a
1.0 mm thickness. (c) The pellet is then placed at the centre of a Hele-Shaw cell made from two transparent plates separated by a 1.0 mm thick spacer. A
thin plastic tube connects the centre of one plate to a relative pressure sensor. (d) and (e) The Hele-Shaw cell is then positioned vertically, with the
opening at the top. A syringe is used to inject sodium silicate solution of a desired concentration into the cell until it is almost filled. (f) The cell is
illuminated by a light pad and photographed by a camera.
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the experiment taken every 1000 s are shown in Fig. 2a, and a
video is available in the supplementary information (SI). In
these photographs, gravity was operating downwards. After the
pellet was submerged in the silicate solution, it began to
dissolve. The resulting solution then reacted with the silicate
solution to produce a precipitate. From the images, it can be
seen that the growth was non-uniform. Initially, bulk growth
occurred in all directions: fastest in the downward direction,
followed by the horizontal left and right directions, and the
slowest in the upward direction. After some time, thin ‘‘tubes’’
or ‘‘filaments’’ started to preferentially grow upward from the
side of the upper precipitate layer. These structures resemble
classical chemical gardens,19 albeit with an additional down-
ward growth, as they are not constrained below.

Fig. 2b displays a plot of the relative pressure measured at
the centre of the Hele-Shaw cell throughout the experiment.
The pressure gradually increased until approximately 1200 s, at
which point there was a sudden sharp increase from approxi-
mately 0.18 kPa to 0.58 kPa. The points of onset and end of this
sharp increase are marked on the figure. The elevated pressure
was maintained until the end of the experiment at 7500 s. This
is expected and due to the osmotic flow of water from the outer
silicate solution into the centre of the chemical garden. A
similar sharp increase in pressure was also observed in the
horizontal Hele-Shaw experiments by Ding et al.39 and Zheng
et al.52. Ding et al.39 argued that this is a case of a chemical
clock reaction. There, the pressurisation coincided with the
fracture of the chemical garden, exhibiting a spike that

gradually decreased back. Here, however, no visible fracture
was observed in the chemical garden in Fig. 2a; instead of
exhibiting a spike, the pressure after the rapid increase did not
decrease back and reached a plateau as seen in Fig. 2b.

4. Final chemical garden structures

The results obtained from the experiment in 1.2 M Na2SiO3

solution were also generally obtained in experiments with other
silicate concentrations. The pressure evolved with time in three
regimes - a slow, linear, initial increase, followed by a rapid
increase, followed by a plateau. Fig. 3a shows the images
obtained from experiments in silicate solutions of various
concentrations at 3000 s. This time was selected as it was
generally in the region of pressure plateau, and any further
observed growth was not significant. The growth patterns can
be separated into two regimes: 0.2 M to 1.0 M, and 1.2 M to
1.8 M. In the first regime, the silicate solution was relatively
dilute, and the growth was predominantly downward, with little
to no tubular growth in the upward direction. In particular, at
0.2 M, the precipitate grew all the way downwards, reaching the
bottom of the Hele-Shaw cell and forming a structure that was
vastly different from all others. In the latter regime, the solution
was more concentrated, and significant amount of tubular
growth was observed which occurred preferentially from the
side of the upper precipitate layer.

The density of a saturated aqueous solution of MgCl2 at
room temperature and atmospheric pressure is approximately

Fig. 2 Results for a representative experiment performed with a MgCl2 pellet in a 1.2 M Na2SiO3 solution. (a) Photographs of the experiment taken every
1000 s, where gravity was operating downwards. The scale bar is 1 cm long. (b) Plot of the relative pressure at the centre throughout the experiment. A
sharp increase can be observed at approximately 1200 s whose points of onset and end are marked by arrows.
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1.25 g mL�1,61 whereas the densities of the Na2SiO3 solutions
used in this work are in the range of 1.03 g mL�1 to 1.15 g mL�1.44

At the centre of the chemical garden, the shrinking pellet
continuously supplies MgCl2, making the solution at the centre
and in the close vicinity of the pellet to be effectively a saturated
solution of MgCl2. Therefore, we believe that at lower silicate
concentrations, the inner, denser MgCl2 solution moved down-
ward due to gravity. When the silicate concentration was higher,
the density difference between the inner and outer solutions was
smaller. Osmotic pressurisation of the chemical garden centre,
which fractured parts of the top thin layer, could drive MgCl2
solution upward through the small cracks, forming tubular
structures. The MgCl2 solution responsible for the upward
tubular growth was likely unsaturated and less dense than the
outer silicate solution.

In many previous studies of seed-grown chemical gardens,
the seed was placed at the bottom of a vessel—for example, a
crystal salt placed in a beaker containing sodium silicate
solution – where the majority of growth occurred upward as
tubular structures.62–64 But when the seed is suspended in the
middle of the vessel, as in this study, downward growth can be
significant.

5. Pressure results

Fig. 3b and c show the results of the time and relative pressure
at the onset and end of the region of rapid pressurisation,
corresponding to the points marked on Fig. 2b for the experi-
ment in 1.2 M silicate solution. Fig. 3b presents the average
times of pressurisation against the concentration of silicate,

and Fig. 3c presents the average values of relative pressure
during pressurisation against the concentration of silicate. In
both figures, the data do not exhibit an obvious trend against
silicate concentration. There is also no significant difference
between the behaviours at the onset and end of pressurisation.
Nonetheless, two regimes can be observed separated at 1.0 M
silicate concentration which roughly correspond to the two
distinct growth regimes observed in Fig. 3b. For experiments
conducted with silicate concentrations below 1.0 M, it seemed
that the results were more reproducible as seen by the smaller
error bars; in this regime, the time at which pressurisation
occurred appeared to increase with silicate concentration.

6. Image analysis

To quantify the observed chemical garden growth, we analysed
the photographs with the Image Processing Toolboxt on
MATLAB (MathWorks). Two types of analysis were performed
on the images: radial growth and upward tubular growth. The
radial growth analysis was carried out by examining the thick-
ness of the precipitate layer in four orthogonal directions – up,
down, left, and right. The upward tubular growth was assessed
by calculating the area covered by the precipitate tubes above
the bulk of the chemical garden.

6.1. Radial growth

An example of the image analysis procedure for the radial
growth is shown in Fig. 4 for an experiment performed in
1.0 M silicate solution. The program first identifies the circular
pellet to determine its radius, r0 = 0.5 cm, and the coordinates

Fig. 3 (a) Photographs of experiments in silicate solutions of various concentrations at 3000 s. (b) Plots of the average times at the onset and end of
pressurisation against silicate concentration. (c) Plots of the average values of the relative pressure at the onset and end of pressurisation against silicate
concentration. The error bars are the sample standard deviations.
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of its centre (indicated by the green dot at the centre on Fig. 4a
and the blue circle on Fig. 4c). This is an important step for
obtaining a suitable crop of the picture, because the pressure
sensor tube is similar in colour to the precipitate and could
interfere with the analysis. Once cropped, the image is

binarised, and the output is shown in Fig. 4b. The pixels
corresponding to the precipitate pattern’s edge are identified
(represented by the red curve in Fig. 4c), and the coordinates of
the circle centre are set as the origin to obtain the locations of
the edge of the precipitate in both the horizontal and vertical
directions (represented by the green circles in Fig. 4c), given as
ri(t), where i A [1, 2, 3, 4] represents the up, down, left, and right
directions, respectively. The radius r0 is subtracted from ri(t) to
calculate the thickness of the precipitate layer in that direction,
wi(t). This process is repeated for all images.

A plot of wi(t) in all four directions for this experiment
conducted in 1.0 M silicate solution is shown in Fig. 5a. It
can be seen that, while the chemical garden grew in all
directions, it did not do so isotropically and varied across the
four directions. The upward radial growth was the smallest,
and the downwards radial was the largest, which aligns with
expectation due to the influence of gravity: in the range of
silicate concentrations studied, saturated MgCl2 is denser than
the outer silicate solution. The growths in the left and right
directions were intermediate. Furthermore, growth in the hor-
izontal directions was largely, albeit not completely, symme-
trical. Growth in all directions ceased after certain time – about
3000 s in the bottom and left directions and 2000 s in the top
and right – after which the value of wi(t) reached a plateau.

Previously, Zheng et al.52 concluded that the radial growth of
a horizontal chemical garden is well described by a diffusional
growth law, whereby the diffusion of metal cations from the
shrinking seed pellet controlled the rate of precipitate growth

Fig. 4 An example of the radial growth image analysis procedure for an
experiment performed in 1.0 M silicate solution. (a) The program identifies
the circular pellet to determine its radius, r0 = 0.5 cm, and the coordinates
of its centre (green dot at the centre). (b) Once cropped, the image is then
binarised. (c) The pixels corresponding to the precipitate pattern’s edge are
identified (red curve). The coordinates of the circle centre (blue dot) are set
as the origin to obtain the locations of the edge of the precipitate in both
the horizontal and vertical directions (green circles), given as ri(t), where i A
[1, 2, 3, 4] represents the up, down, left, and right directions, respectively.
The radius r0 is subtracted from ri(t) to calculate the thickness of the pellet
in that direction, wi(t). This process is repeated for all images.

Fig. 5 (a) A plot of wi(t) in all four directions for an experiment conducted in 1.0 M silicate solution, where i A [1, 2, 3, 4] represents the up, down, left, and
right directions, respectively. wi(t) grew with varying rates across the four directions. Growth in all directions ceased at a certain point - about 3000 s in
the bottom and left directions and 2000 s in the top and right - after which the value of wi(t) reached a plateau. (b)–(e) Plots of yi(t) = wi

3(t) + 3r0wi
2(t)/2 for

the same experiment. Initial growth of yi(t) against time was linear in all the four directions, where the solid lines represent the linear fits, suggesting
that the early growth of wi(t) can be described by the diffusion-controlled law described in the work of Zheng et al.52 The approximate points when the
diffusion-controlled regime ended and when the radial growth itself ended are marked by arrows.
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until the precipitate layer fractured due to osmosis. Assuming
that wi(t) in the vertical geometry of this study also follows the
same law, then

yiðtÞ ¼ wi
3ðtÞ þ 3

2
r0wi

2ðtÞ ¼ kit: (1)

Here, wi
3(t) + 3r0wi

2(t)/2 is grouped into a single function yi(t) in
the direction i. If this model holds, yi(t) should be proportional
to time, with ki as the proportionality constant. Fig. 5b–d show
how yi(t) evolves with time for the experiment conducted in
1.0 M in the four directions. In these figures, at early time, the
growth of yi(t) was linear in all the four directions (the solid
lines represent the linear fits). The results suggest that the
diffusion-type growth model can be applied to the vertical
geometry for the initial growth of the chemical gardens. The
approximate points when the diffusion-controlled regime

ended and when the radial growth itself ended are marked
on the graphs. Similar behaviours of wi(t) and yi(t) are found in
data obtained from experiments conducted with different
silicate concentrations.

Fig. 6 shows plots for the average results of wi(t) and yi(t) for
all experiments apart from those carried out in the 0.2 M
silicate solutions which exhibited very fast downward growth.
Fig. 6a shows plots of the average times at the end of the
diffusion-controlled regime against the concentration of the
silicate employed. Fig. 6b shows the average times at which
radial growth stopped entirely against silicate concentration. In
both Fig. 6a and b, no clear trend can be deduced.

Fig. 6c presents the average values of the precipitate thick-
ness, wi(t), at the end of the diffusion-controlled regime in the
four radial directions against silicate concentration. Fig. 6d
presents the average values of wi(t) at the end of the radial

Fig. 6 The average results of wi(t) and yi(t) for all experiments apart from those carried out in 0.2 M silicate solutions which exhibited very fast downward
growths. (a) Plots of the average times at the end of the diffusion-controlled regime against silicate concentration. (b) Plots of the average times at which
radial growth stopped entirely against silicate concentration. (c) Plots of the average values of wi(t) at the end of the diffusion-controlled regime in the
four radial directions against silicate concentration. (d) Plots of the average values of wi(t) at the end of radial growth in the four radial directions against
silicate concentration. (e) Plots of the average gradients of yi(t), ki, at the end of the diffusion-controlled regime for the four radial directions. (f)–(i) The
same results as (e) but without data obtained from 0.6 M experiments. The error bars are the sample standard deviations.
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growth. It is evident that the precipitate layer at the bottom was
the thickest across all concentrations, and the thickness at the
top was the thinnest. Additionally, the bottom thickness
decreased with increasing silicate concentration. The likely
reason is, when the silicate solution is more concentrated, it
becomes more dense, and the density difference between the
inner and outer solutions becomes smaller, which limits down-
ward growth. The values of wi(t) on the left and right directions
are similar to each other for most concentrations, except for
0.6 M. Since growth in the horizontal directions are not affected
by gravity, it is not surprising that the two directions are largely
symmetric to each other. Overall, no visible trend is discerned
for the values of wi(t) with varying silicate concentration.

Fig. 6e displays plots of the average gradients of yi(t), ki, at the
end of the diffusion-controlled regime for the four radial direc-
tions. Due to large error bars for the 0.6 M silicate solutions, the
same plots without 0.6 M are presented in Fig. 6f and individually
in Fig. 6g–i. ki indicates the growth rate of wi(t) in direction i. The
results show that growth was fastest in the bottom layer, inter-
mediate in the left and right horizontal layers, and slowest in the
top layer. Growth rates in the bottom and horizontal directions
are orders of magnitude faster than in the top direction. For the
bottom layer, the gradient of y2(t), k2, decreases as the silicate
concentration increases. However, no observable pattern can be
concluded in the growth behaviours in the other directions.

6.2. Tubular growth

The image analysis procedure for the tubular growth of an
example experiment performed in a 1.6 M silicate solution is
illustrated in Fig. 7. As for the radial growth, the location and
radius of the circular pellet is first identified, shown by the red
circle. The picture is cropped just slightly above where the
pellet is located, as shown by the green rectangle in Fig. 7a. The
image is then binarised, as shown on Fig. 7b. The number of
pixels corresponding to the precipitate in the cropped area is
counted, as illustrated in Fig. 7c, and this value is converted
into cm2. This process is repeated for all the experiments
performed with silicate concentrations above 1.0 M, where
tubular growths were observed. Fig. 7d shows the results
obtained from the experiment performed with 1.6 M silicate
solution. The graph reveals an initial time offset before growth
started, followed by a linear increase in tubular area. Results
from the first 1000 s show the details of the initial time offset of
400 s in Fig. 7e. The plateau observed at around 2500 s
corresponds to the tubes reaching the top of the experimental
set-up and is not related to the plateaus seen in the relative
pressure and radial growth graphs.

Plots of the average times at which the tubular growth began
against silicate concentration is shown in Fig. 7f. The average
times at the onset and end of pressurisation for this silicate

Fig. 7 Schematic of the image analysis procedure for the tubular growth of an example experiment performed in a 1.6 M silicate solution at 4000 s. (a)
The location and radius of the circular pellet is identified (red circle). The picture is suitably cropped above where the pellet is located (green rectangle).
(b) The image is binarised. (c) The number of pixels corresponding to the precipitate in the cropped area is counted. (d) The number of pixel obtained is
converted into cm2 and plotted against time. An initial time offset of 400 s before growth was observed, followed by a linear increase in tubular growth.
The plateau observed at around 2500 s corresponds to the tubes reaching the top of the experimental set-up and is not related to the plateaus seen in
relative pressure and radial growths graphs. (e) The same results as (d) but only for the first 1000 s to show the details of the initial time offset of 400 s. (f)
Plots of the average times at which the tubular growth began against silicate concentration. The average times at the onset and end of pressurisation
against silicate concentration are reproduced from Fig. 3b and also shown here. (g) Plots of the average growth gradients of the tubes at the onset of
growth across different silicate concentrations. The error bars are the sample standard deviations.
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concentration range are also shown on the same figure, repro-
duced from Fig. 3b. It can be seen that there is likely a
relationship between the time at which tubular growth occurs
and the time at which pressurisation begins, suggesting that
the growth of the tubes is driven by the pressure at the centre of
the chemical garden. As the inner, saturated MgCl2 solution
has a higher chemical potential than the outside silicate
solution, water on the outside flows inward through the semi-
permeable precipitate, giving rise to a pressure buildup. Since
the top layer is the thinnest, as seen in Fig. 6, small cracks open
up on the top layer after a given time. Through these small
cracks, some unsaturated MgCl2 solution can be ejected, which
forms tubular structures upon reaction with silicate. This is in
contrast to the horizontal experiments, where the pressurisa-
tion catastrophically fractures the precipitates layer at a ran-
dom location.

Fig. 7g displays the average growth gradients of the tubes at
the onset of growth across different silicate concentrations. No
clear pattern emerges.

7. Conclusions

Chemical gardens have been grown in a vertical Hele-Shaw cell
from solid magnesium chloride pellets in solutions of sodium
silicate. All chemical gardens exhibit non-isotropic radial
growths, with the growth on the bottom the fastest and on
the top the slowest. In each direction, the radial growth initially
follows a diffusion-controlled model similar to horizontal
experiments. In all experiments, the relative pressure sensed
at the centre underwent an initial, gradual growth, followed by
a rapid increase which turned into a plateau. No fracture was
observed, in contrast to what was observed in the horizontal
configuration. For experiments with silicate concentrations
greater than 1.0 M, upward tubular growths were observed,
and the time at which tubular growth initiates is correlated
with the time of rapid pressurisation.

Further investigations can focus on developing mechanical
laws for the temporal evolution of the relative pressure at the
centre of the Hele-Shaw cell and the growth dynamics of the
tubes. In addition, the concentration profile of the seed salt in
the interior solution can be studied via techniques such as UV-
vis spectroscopy. The large lateral tubular growths observed in
this work are visually similar to hydrothermal vent flanges,65,66

and this may mean that seed-grown chemical gardens in
vertical Hele-Shaw cells can act as good laboratory analogues
for studying the behaviour of hydrothermal vent flanges.
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Diaz, J. H. E. Cartwright and M. M. Hanczyc, Proc. Natl.
Acad. Sci. U. S. A., 2023, 120, e2300491120.

11 T. Matreux, P. Aikkila, B. Scheu, D. Braun and C. B. Mast,
Nature, 2024, 628, 110–116.

12 C. M. Gutiérrez-Ariza, L. M. Barge, Y. Ding, S. S. S. Cardoso,
S. E. McGlynn, R. Nakamura, D. Giovanelli, R. Price,
H. E. Lee, F. J. Huertas, C. I. Sainz-Dı́az and
J. H. E. Cartwright, Prog. Earth Planet. Sci., 2024, 11, 11.

13 H.-E. Lee, T. Okumura, H. Ooka, K. Adachi, T. Hikima,
K. Hirata, Y. Kawano, H. Matsuura, M. Yamamoto,
M. Yamamoto, A. Yamaguchi, J.-E. Lee, H. Takahashi,
K. T. Nam, Y. Ohara, D. Hashizume, S. E. McGlynn and
R. Nakamura, Nat. Commun., 2024, 15, 8193.

14 P. Rimmer and O. Shorttle, J. Colloid Interface Sci., 2024,
14, 498.

15 C. Liu, W. Xu, Z. Zhang, K. Robinson, M. Lau, F. Huang,
F. Huang, C. R. Glein and J. Hao, Astrophys. J., 2024, 971, 51.

16 F. Westall, Philos. Trans. R. Soc. B, 2025, 380, 20240106.
17 M. J. Russell, A. J. Hall and D. Turner, Terra Nova, 1989, 1,

238–241.
18 T. C. Marlin, J. M. Weber, R. Y. Sheppard, S. Perl, D. Diener,

M. M. Baum and L. M. Barge, Chem, 2025, 11, 102289.
19 J. H. E. Cartwright, J. M. Garca-Ruiz, M. L. Novella and
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