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Abstract: Chemical gardens are tubular structures that consist of inorganic precipitate 

membranes formed under far-from-equilibrium conditions. Their possible existence in natural 

geological settings complicates the differentiation between Earth’s earliest microfossils and 

abiotic structures as well as the search for life signatures on other planets. Here we address 

the question whether laboratory-grown chemical gardens can withstand encapsulation in a 

slowly forming inorganic matrix. We report high-temperature conditions for which FeCl3-derived 

chemical gardens persist for several months allowing the surrounding silicate solution to 

solidify. This crystallization typically starts on the surface of the chemical gardens, slowly 

embeds them within spheroidal globules, and finally spreads across the entire system to create 

a rock-like sample with the preserved chemical garden as a complex inclusion. We show that 

the initially solution-filled interior of the tube also undergoes solidification with minor amounts 

of iron present. The main matrix material is identified as polycrystalline sodium silicate 

hexahydrate. The results can be compared with enigmatic mineral tubules preserved in some 

natural geological settings (e.g., agates), which in some instances show spheroidal 

overgrowths of quartz. 
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1. INTRODUCTION 

 

Inorganic precipitation and crystallization processes can produce a wealth of smoothly curved, 

often life-like, structures that clearly do not fall within the canonical spectrum of crystal shapes.1 

Some systems, like the co-precipitation of barium carbonate and silica, self-assemble 
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micrometer-scale structures such as double helices, funnels, and coral-like shapes, with 

intricate hierarchical order reaching down to nanoscopic lengths.2 These purely inorganic 

“biomorphs” form by the complex self-assembly of colloidal nanoparticles and directing 

nonlinear reaction-transport processes.3,4 Biomineralization expands this shape repertoire 

further and yields breathtaking constructs such as the silica skeleton of certain glass sponges.5 

It also upgrades abundant substances with poor performance characteristics to remarkable 

architectures with specialized features that vastly improve transport, mechanical stability, 

and/or light-harvesting abilities.6 Within this universe of inorganic complexities, chemical 

gardens7 are the earliest studied examples dating back to the days of alchemy when minerals 

were assumed to grow analogously to actual plants.8 

Today the term “chemical garden” refers to tubular (and other odd-shaped) precipitates 

with diameters between about 1 μm and 1 cm and lengths of up to several decimeters.7,9-11 

They form within seconds to minutes due to precipitation reactions at the reactive interface of 

two disparate solutions.12,13 They can self-organize in simple experiments that only require a 

solid seed (typically a metal salt) and alkaline sodium silicate solution. When this seed 

dissolves into the surrounding solution, insoluble products, such as colloidal metal hydroxide 

and silica, are formed. These particles aggregate as a semi-permeable membrane around the 

seed particle. Osmotic pressure then drives the inflow of water, which causes the thin inorganic 

membrane to burst ejecting a buoyant jet of salt solution.13 In the simplest case, this upward 

rising jet templates a tubular precipitate structure at its interface to the surrounding solution.14 

This templating process creates a solution-filled conduit that extends its length by addition of 

new material to the top end of the tube. The increasing length eventually limits the injection of 

new liquid and either stops the growth or induces new breach sites.15 Slower growth that 

thickens the tube wall is also observed and typically occurs strictly in the inward direction as 

the tube wall can be permeated by hydroxide ions but is essentially impermeable to metal 

ions.16-18 We note that other more complex shapes and dynamics are also observed including 

closed precipitate stalks that expand in length due to often rhythmic sequences of burst events 

and rapid self-healing.19,20 

The breadth of chemical garden materials is extremely diverse including metal 

(hydr)oxides, sulfides, carbonates, borates, and phosphates as well as polyoxometalates and 

organic polymers.7,21-25 Moreover, some of these precipitates are major constituents of the 

chimney-like structures in hydrothermal vent fields and have been implicated in the origins-of-

life due to their porous26 and catalytic nature27. Possible naturally occurring chemical gardens 

have also been discussed as potential sources for the misidentification of Earth’s earliest 

microfossils9,28 and could, in a similar fashion, complicate the search for remnants of life on 

Mars and moons with water-rock interfaces such as Europa and Enceladus.29 In this context, 

we note that various reports of disputed microfossils30,31 involved tubular structures of nano- 
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and microcrystalline iron (hydr)oxides (e.g. hematite) in rocks primarily composed of 

aggregated microgranular quartz and/or chalcedony (a cryptocrystalline form of quartz)10. 

To test whether chemical gardens can withstand the encapsulation in a solid matrix and 

to identify structural fingerprints that might also be observable in geological samples, we here 

investigate the formation of FeCl3-derived chemical gardens in solutions of high silicate 

concentrations and at high temperatures. These conditions lead indeed to the nucleation of 

sodium silicate crystals on the chemical garden tubes and, within weeks, form clear spheres 

that continue to expand and eventually encapsulate the entire structure. The chemical garden 

tubes remain intact during this process and show features akin to complex inclusions in agates. 

 

2. EXPERIMENTAL SECTION 
 
2.1 Chemical and Materials. Ferric chloride hexahydrate (Fisher) and sodium metasilicate 

pentahydrate (Alfa Aesar) are used as received and the latter is dissolved into solutions (1-5 

mol/L) using ultrapure water from a Barnstead EASYpure UV unit (18 MΩ cm).  
2.2 Growth Experiments. Silicate solutions (10 mL) are transferred to test tubes (inner 

diameter 15 mm, height 10 cm) and either kept at room temperature (21 °C) or heated to 100 °C 

in a water bath allowing for sufficient equilibration time. Then FeCl3 grains are added to the 

silicate solutions where they quickly sink to the base. For the high temperature samples, this 

process is carried out while the test tubes containing the solutions are still in the hot water bath 

and they are removed two minutes after the addition of the FeCl3. After two minutes, no 

additional chemical garden growth occurs. Some test tubes are left open, while others are 

sealed with Parafilm. The progression of the chemical garden growth and the much slower 

subsequent crystallization processes are monitored with a Nikon D3300 camera equipped with 

a Tamron macro lens. In most experiments, the samples are illuminated with white light in a 

custom-built lightbox ensuring minimal glare and reproducible contrast over the long durations 

of these experiments (up to 72 days). 

We perform additional experiments on the crystallization of sodium silicate in pseudo-

two-dimensional systems. For these measurements, hot silicate solution is poured into the gap 

between two horizontal polystyrene sheets spaced at a distance of about 1.5 mm. Typically, 

these conditions are realized by placing the rimmed lid of plastic Petri dishes upside-down into 

their respective base with thin spacers sandwiched into the gap. In some of these experiments, 

we add a small amount of FeCl3 powder to the thin layer of solution before adding the upside-

down lid above the spacers. The subsequent crystallization is monitored using a bright-field 

optical microscope (Leica DM-IRB). Captured digital images are analyzed using in-house 

MATLAB scripts. 



4 
 

2.3 Characterization. Scanning electron microscopy (SEM) and energy dispersive X-ray 

spectroscopy (EDX) are conducted with an FEI Nova400 scanning electron microscope 

coupled to a 100 mm2 UltimMax SDD EDS X-Ray detector using a beam energy of 10.0 kV 

and a 2.0 spot size. Samples are coated with a 10 nm iridium layer to prevent charging under 

the electron beam. Compositional analyses of the precipitate tubes are carried out by 

conducting micro-Raman spectroscopy using a HORIBA Jobin Yvon LabRAM confocal, high-

resolution light spectrometer at an excitation wavelength of 633 nm (1 mW). Powder X-ray 

diffraction patterns were measured on a Rigaku SmartLab diffractometer equipped with a 

copper rotating anode-type generator (Cu-Ka, λ =0.154 nm, 40 kV, 44 mA) and D/teX Ultra 

detector. The scans were performed from 10° to 50° of 2-theta, with a step size of 0.05° and 5 

seconds per step. 

 

3. RESULTS  
 

 
Figure 1. Chemical garden growth and collapse in a 5 mol/L Na2SiO3 solution at room 

temperature. The hollow precipitate structures form when a FeCl3 seed is submerged in the 

solution. Initially, chemical garden tubes of varying diameters form. These precipitates begin 

to break and disintegrate before becoming dispersed within an orange-tinted solution. Scale 

bar is 5 mm. 

 

This study focuses on chemical gardens grown from FeCl3 seeds in sodium silicate solutions 

of high concentration. Our initial focus is on the long-term stability of the resulting chemical 

gardens in relation to temperature. Within the studied concentration range of 1 to 5 mol/L, 

centimeter-scale chemical garden structures form within a few minutes; however, for 5 mol/L 

solutions at room temperature, these structures decay and have essentially vanished after 
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several hours. A typical example of this rise and fall of FeCl3-derived chemical gardens is 

shown in Figure 1. The time sequence spans a total of 4.5 hours and illustrates the rapid 

formation of thick, often bubble-guided32, precipitate tubes and secondary growth33 of thinner, 

more erratic filaments. As described in the introduction, all of these structures are filled with 

ferric chloride solution. The growth phase completes after approximately one hour while a slow 

decay and collapse of the chemical gardens initiates approximately ten minutes after the start 

of the reaction and continues to deteriorate almost all of the formed tubes. During this stage, 

the precipitates turn from an orange-brown to a darker, nearly black color indicating chemical 

conversions. In addition, the surrounding solution turns from a nearly colorless state to a 

reddish-brown color, which is due to dissolved ferric ions and possibly also dispersed colloidal 

particles. 

 

 
Figure 2. Scanning electron micrographs of a FeCl3-derived chemical garden formed in an 

initially hot solution of sodium silicate (5 mol/L). The images show the outer surface at (a) low 

and (b) high magnification. The tube sample was carefully rinsed with water and dried before 

iridium coating and imaging. For additional SEM data see Figures S2 and S3.  

 

Mechanically stable chemical gardens are obtained when the chemical garden growth 

is initiated in solutions that we thermally equilibrated to a boiling water bath (100 ˚C) prior to 
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the seeding step and kept in the bath for 2 min, after which no additional precipitate formation 

is observed. For such conditions and a silicate concentration of 5 mol/L, FeCl3-derived 

chemical gardens do not collapse but instead maintain their structural macroscopic integrity 

for at least several months. Despite the initially elevated temperature, structures grown at lower 

silicate concentrations often collapse under mild mechanical agitation (Figure S1). In this 

context, we characterized the tube material and compared them to tubes formed in 5 mol/L 

solutions at room temperature. All samples are retrieved about 2 min after formation and then 

thoroughly rinsed and dried. Figure 2 shows two scanning electron microscopy images of a 

sample obtained under initially hot conditions. The outer surface texture is unusual compared 

to chemical gardens reported earlier7,19 and involves a multitude of folds forming swirling 

patterns (see also Figure S2). Zooming into the folds reveals another surface pattern that 

consists of densely packed worm-like structures. The interior surface of the tube wall shows 

an unremarkable granular structure (Figure S3). Comparable SEM data for tubes produced at 

room-temperature could not be acquired as the fragile tubes—despite early retrieval—quickly 

disintegrated creating a paste-like substance. We note that all tube samples tested were 

attracted to strong permanent magnets.  

Micro-Raman spectra of both samples are shown in Figure S4 and indicate a complex 

mixture of iron minerals. A quantitative comparison with the literature34, together with the 

observed magnetic behavior, suggests that the tubes contain δ-FeOOH (feroxyhyte) and, to a 

lesser extent, g-Fe2O3 (maghemite) and α-FeOOH (goethite). The spectra for these latter 

compounds are also shown in Figure S4. Notice that δ-FeOOH is the only ferric hydroxide to 

exhibit a significant magnetization at room temperature.35 Moreover, distinguishing maghemite 

from magnetite (Fe3O4) usually requires Mӧssbauer spectroscopy which was not performed 

for this study; in the presence of oxygen, the magnetite phase also readily oxidizes into the 

maghemite phase.36 

 

 



7 
 

Figure 3. Encapsulation of FeCl3-derived chemical garden tubes. The green arrow marks a 

pair of translucent spheres that expand over the duration of the experiment. Similar structures 

can be discerned in other areas of the chemical garden. The photos were recorded 6, 11, and 

16 days after the initial precipitation. Scale bar is 5 mm. Also see movie S1. 

We prepare all of the following experiments at the high initial temperature and at an 

initial silicate concentration of 5 mol/L. Figure 3 illustrates the large variety of tube shapes and 

sizes that formed during the first minutes of the experiment. The precipitate structures include 

straight and almost helical shapes with thicker formations found near the base. After letting the 

systems equilibrate to room temperature, the chemical gardens remain intact in the 

concentrated silicate solution. A comparison of the samples on days 6, 11, and 16 reveal the 

growth of translucent globular structures. For instance, the spherical solids highlighted by a 

green arrow nucleated as a pair near the upper end of a thin chemical garden tube. Within 

days 15-20, their average growth velocity was 0.04 mm/d. The crystal growth then slowed 

down to around 0.01 mm/d and maintained this speed during days 20-47 after the start of the 

experiment (Figure S5). Other examples are more expansive, surround long segments, and 

even merge across neighboring tubes. A preferred location for the nucleation and growth of 

these secondary crystals are the bulbous extremities of the tubes as well as other enlarged 

tube segments; however, we also found some examples where the translucent crystals formed 

along unremarkable, seemingly random, tube segments (Figure S6) and even on the glass 

wall of reaction vials without chemical gardens. If a chemical garden is present, globule 

nucleation and growth occur exclusively on the precipitate structures. 

With a total of over 50 samples studied, we observed the translucent globules only for 

preparations with the highest investigated silicate concentration of 5 mol/L. Lower 

concentrations (1 and 3 mol/L) did not show these structures over the observation time of 72 

days, although one 3 mol/L sample formed a white, opaque overgrowth on a small tube 

segment (Figure S7) that is reminiscent of the globules. The nucleation times for the formation 

of the first globules varies from 4 days to 2 months. During this time, the volume decreases by 

less than 5% per month for an initially 5 mol/L silicate solution and constant gas-liquid interface 

of 1.8 cm2 (the height of the solution column decreased from 5.5 cm to 5.3 cm over the first 30 

days). 



8 
 

 
Figure 4. Encapsulated chemical gardens removed from their test tubes. The pink putty on the 

base is used to mount the sample. Scale bars are 5 mm. 

The continued growth of the translucent material can eventually cover large portions of 

the iron-based precipitate structures and create a “petrified chemical garden”. These 

encapsulated structures have an overall glassy appearance and can be readily extracted from 

the sample vial; they are not gel-like but hard to the touch. A typical example is shown in 

Figure 4 for two different viewing angles. The overall solid is irregularly shaped and grew over 

an approximate period of two months. During this time, it completely engulfed the chemical 

garden which remains intact and discernable as reddish-brown, filamentous inclusions.  

 

 
Figure 5. (a-c) Images of petrographic thin sections in cross-polarized light showing three 

chemical garden tubes encased in sodium silicate. (d-f) EDS maps of a chemical garden tube 

encapsulated in sodium silicate. The elemental detection of Fe is shown in red (d), Si in blue 

(e), and Na in yellow (f). Both scale bars are 500 µm and apply to their respective row. 
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Figure 5a-c shows thin sections of the petrified chemical garden in Figure 3. The 

sections are prepared using standard geological methods employing a diamond saw and 

progressively finer abrasive grit until a section thickness of 30 µm is reached. These sections 

are then imaged under a polarizing petrographic microscope. All three examples show a dark 

outline within a crystalline medium. These dark structures are the cross-sections of the 

chemical gardens indicating that the petrification preserved the main tubular shape. 

Surprisingly, the cavity of the tubes (i.e. the interior of the dark wall) is filled with a solid material 

that appears identical to the exterior matrix. Accordingly, the original FeCl3 solution within the 

chemical garden was altered or replaced during some stage of the petrification process. 

A significant decrease of the dissolved iron concentration can be expected during the 

first hours following the formation of the chemical garden, because the precipitate walls are 

known to thicken into the cavity via diffusive transport of hydroxide ions and precipitation of 

additional iron (hydr)oxides on the interior tube surface.16-18 Possible scenarios for the 

incursion of silicate could be small fractures. The intact tube wall, however, is unlikely to allow 

such an exchange, especially if we consider that relatively high silicate concentrations are 

needed for volume-filling solidification. 

To obtain further insights into the fate of the original solution in the tube cavity, we 

performed energy dispersive X-ray spectroscopy (EDS) on fractured samples. The EDS maps 

in Figure 5 show the elemental distributions of iron (d), silicon (e), and sodium (f) with bright 

regions indicating areas in which these elements have a high relative abundance. Iron is clearly 

localized within the wall and essentially absent in the exterior region. The interior shows minor 

traces of iron. To quantify this observation, we calculated the molar ratio of iron between 

exterior and interior regions and obtained a value of 1:20 (see Table S1). Silicon is 

anticorrelated to iron and found at high concentrations in both the embedding matrix and the 

cavity. This distribution is matched by sodium. The molar Fe:Si ratios are 1:140 and 1:8, for 

the exterior and interior region, respectively. 

We also performed single-crystal X-ray diffraction (XRD) measurements to clarify the 

composition of the encapsulating translucent materials. Possible candidates include sodium 

silicate and silica as the latter one could form via acid-catalyzed polymerization near the acidic 

ferric chloride solution (FeCl3 is a Lewis acid and saturated solutions have a pH<2 at room 

temperature37). Our XRD data (Figure S8), however, reveal that the matrix is composed of 

sodium metasilicate hexahydrate. 

Lastly, we describe a variation of our experiment that complements the three-

dimensional encapsulation discussed so far. Very similar processes can be observed if the 

silicate solution is confined to the thin gap between two polystyrene sheets and FeCl3 is added 

prior to closing the system. As shown in Figure S9, such experiments can induce the 
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crystallization of sodium silicate and—in the presence of FeCl3—induce the formation of 

complex patterns. The crystallization fronts in these pseudo-two-dimensional systems consist 

of numerous overlapping euhedral crystallites that create an overall spiky appearance (Figure 

S9a). Their propagation speed (Figure S9b,c) is about ten times faster the crystallization speed 

of the translucent globules in Figure 3. Possible sources for this difference include the 

curvature of the three-dimensional globules and heterogeneities as well as surface charges on 

the confining plexiglass plates in the thin layer experiments. We suggest that—in analogy to 

recent advances obtained from experiments with chemical gardens confined to Hele-Shaw 

cells38-40—the encapsulation studies in thin layers might provide advantages for dynamic and 

spectroscopic characterizations.  

 

4. CONCLUSIONS 
 

In summary, we have shown that chemical gardens can nucleate the growth of sodium silicate 

crystals that embed the precipitate structure in a solid matrix. This very slow process widely 

preserves the tubular structures that formed during the first minutes of the process and also 

fills the tube interior. The times required for the entire processes vary greatly as can be 

expected for nucleation-dependent phenomena, but the embedding material grows with 

speeds of about 0.01-0.04 mm/d. For the FeCl3-derived chemical gardens studied here, a 

sufficiently long-lasting mechanical integrity is essential and was achieved by selecting a high 

starting temperature well above ambient conditions.  

 

 

Figure 6. Comparison of encrusted chemical garden tube in our experiment (a,b) with naturally 

occurring mineral filaments preserved in agate, viewed in thin section in plane-polarized light 

(c,d). The agate sample is from basalts approximately 30 million years old41 and was collected 

4 to 5 miles southeast of Ciudad Manuel Benavides, in northeastern-Chihuahua, Mexico. Scale 

bars are 2 mm (a,b) and 200 µm (c,d). 
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Despite difference in the involved reaction conditions and matrix material, our results 

suggest that chemical gardens, if present in natural settings, could be “fossilized” by 

surrounding Si-based materials. We specifically suggest that our results should be considered 

by future studies interpreting mineral filaments and tubes encased in chalcedony in naturally 

occurring samples such as agates. There is debate about the nature of these tubes, with some 

authors suggesting that they may be fossilized organisms10,42 whereas others propose that 

they are natural chemical gardens43. We note that mineral tubes in some agates occur with 

overgrowths of fine, radiating quartz crystals (spherulitic chalcedony) that resembles the 

products of our experiments, at least superficially (Figure 6). The origin of spherulitic 

chalcedony in agates has been debated, specifically whether it forms by the maturation of a 

gel or by direct precipitation from solution.44,45 Our results suggest that precipitation of 

spherulites from solution may be necessary for the preservation of tubes. Although the globules 

formed in our experiments are composed of sodium silicate rather than silica, future work may 

approximate the natural systems more closely. 
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