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Abstract 

The Strytan Hydrothermal Field (SHF) in basaltic terrain in Iceland is one of the extant alkaline submarine hydrother‑
mal vent systems favoured as analogues for where life on Earth may have begun. To test this hypothesis we analyse 
the composition, structure, and mineralogy of samples from hydrothermal chimneys generated at the SHF. We find 
that the chimney precipitates are composed of Mg‑silicates including clays of the saponite‑stevensite group (high 
Mg and Si, low Fe and Al), Ca‑carbonates and Ca‑sulfates. The chimneys comprise permeable structures with pores 
sizes down to 1 µm or less. Their complex interiors as observed with SEM (Scanning Electron Microscopy) and X‑ray 
CT (computed tomography scanning), exhibit high internal surface areas. EDX (energy‑dispersive X‑ray spectroscopy) 
analysis reveals an increase in the Mg/Si ratio toward the chimney exteriors. Chemical garden analogue experiments 
produce similar Mg–silicate chimneys with porous internal structures, indicating that injection‑precipitation experi‑
ments can be high‑fidelity analogues for natural hydrothermal chimneys at the SHF. We conclude that SHF chimneys 
could have facilitated prebiotic reactions comparable to those proposed for clays and silica gels at putative Hadean 
to Eoarchean alkaline vents. Analysis of the fluid dynamics shows that these chimneys are intermediate in growth rate 
compared to faster black smokers though slower than those at Lost City. The SHF is proposed as a prebiotic alkaline 
vent analogue for basaltic terrains on the early Earth.
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1 Introduction
Across the ocean floor one finds hydrothermal vents 
emitting mineral-laden waters of higher temperature 
and different pH and composition than ambient sea-
water. Owing to the differences in concentration, pH, 
and temperature, minerals are deposited at these vents, 
where solid chimney structures are formed that reach 
many metres in height. The composition and time-
scale of hydrothermal chimney formation varies greatly 
between different types of vents, whose geochemical 
characteristics are a result of the host rock type and the 
degree of magmatic input. On Earth today, vents range 
from acidic, ~ 300–400  °C “black smokers” with metal-
sulfide rich chimneys; intermediate temperature (around 
100–300  °C) acidic “white smokers” (Gamo et  al. 2004; 
Kormas et  al. 2006; Fustec et  al. 1987); and lower-tem-
perature (less than 100  °C) vents with chimneys of bru-
cite and carbonates formed via serpentinization that can 
range from seawater pH to very alkaline (Okumura et al. 
2016a, b; Kelley et al. 2005; Ludwig et al. 2006; Lecoeuvre 
et al. 2021; Monnin et al. 2014; 2021). These serpentini-
zation-hosted vents generate hydrogen from hydration 
of olivine, providing energy to support microbial life 
(Proskurowski et al. 2008; Kelley et al. 2005).

The Lost City Hydrothermal Field (LCHF) in the 
north Atlantic Ocean was the first discovered serpen-
tinite-hosted deep-sea vent, and its properties have 
formed the basis for a detailed emergence-of-life the-
ory (Russell and Hall 1997, 2006; Martin et  al. 2008) 
based on the LCHF redox, pH, and chemical gradients 
that mimic the gradients that life harnesses across cel-
lular membranes (Lane and Martin 2012). It has been 
proposed that in an early Earth context, a LCHF-like 
hydrothermal chimney composed of Fe(II)-bearing 
hydroxides/sulfides/carbonates (due to the anoxic, 
 Fe2+-rich early oceans; MacLeod et al. 1994; Jiang and 
Tosca 2019; Tosca et al. 2016; Halevy et al. 2017) could 
have driven prebiotic reactions such as  CO2 reduction 
and amino acid synthesis toward the emergence of life 
(Russell and Hall 2006; Russell 2018). The first pre-
cipitate in LCHF chimneys is brucite, Mg(OH)2, when 
alkaline vent fluids react with  Mg2+ in seawater. Simul-
taneously, dissolved  Ca2+ in vent fluids can mix with 
 HCO3

− in seawater to precipitate calcium carbonate 
(Früh-Green et  al. 2003); in an early Earth ocean the 
first precipitate at a similar vent would therefore be 
ferrobrucite and/or green rust (Russell 2018). Green 
rust—a double layered Fe(II)/Fe(III)-hydroxide—is a 
mineral of great interest in environmental science and 
wastewater treatment due to its versatile adsorption 
capacity and reactivity; e.g., it absorbs phosphorus, and 
drives abiotic nitrogen redox cycling through reduction 
of nitrate/nitrite (Hansen et  al 2001; Barthélémy et  al. 

2012; Etique et  al. 2014). The presence of green rust 
in prebiotic alkaline vent chimneys is central to this 
origin-of-life theory; since green rust is proposed to 
function as a “nano-engine” driving synthesis of amino 
acids/peptides/proto-enzymes capable of harnessing 
hydrothermal pH and redox gradients toward the emer-
gence of autotrophic metabolism (Russell 2018, 2023).

However, it is still unclear what the properties of early 
Earth seafloor and ocean crust were and thus what the 
geochemical characteristics of alkaline vents would 
have been; i.e., whether they would have been LCHF-
like—resulting from aqueous alteration of olivine-rich 
crust—or whether they would have been more similar 
to basalt-hosted vents (Miyazaki and Korenaga 2022; 
Barnes and Arndt 2019; Papineau et  al. 2022) or even 
vents produced by aqueous alteration of komatiite (Ueda 
et al. 2021). The Strytan Hydrothermal Field (SHF), Eyjaf-
jord, Iceland, is the only known alkaline basalt-hosted 
hydrothermal vent (Price et  al. 2017; Barge and Price 
2022, Rucker et  al. 2023), and thus represents a crucial 
analogue for early Earth alkaline hydrothermal systems 
that could be amenable for origin-of-life processes (Rus-
sell and Hall 1997; Russell 2018, 2023). The SHF emits 
alkaline (pH ~ 10.2), hot (~ 70  °C) freshwater hydrother-
mal fluids, that are enriched in dissolved  SiO2 and results 
in precipitation of Mg–silicate (saponite) chimneys up to 
55 m tall (Barge and Price 2022; Price et al. 2017; Geptner 
et al. 2002; Stanulla et al. 2017; Marteinsson et al. 2001). 
The SHF chimneys host similar pH, redox, and tem-
perature gradients to the LCHF chimneys (Lane & Mar-
tin 2012), and in addition, SHF chimneys exhibit a  Na+ 
gradient between the vent fluid (sourced from meteoric 
water) and seawater (Price et al. 2017). Previous studies 
have focused on the microbiology (Marteinsson et  al. 
2001; Twing et al. 2022) and chimney mineralogy/struc-
ture (Stanulla et al. 2017; Geptner et al. 2002) of the SHF; 
however, the composition of the SHF chimneys has not 
been characterized in a prebiotic context: i.e., whether 
the important reactions proposed in a LCHF context 
would also be likely to occur in a SHF-like early-Earth 
system.

In the present work we examine material collected 
from SHF chimneys. We present a structural and compo-
sitional overview of two samples of SHF chimneys with 
scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), energy-dispersive X-ray spec-
troscopy (EDX), and X-ray computed tomography (XCT). 
We compare the vent material with laboratory produced 
analogue structures from experiments of the type that 
have been previously used to simulate hydrothermal 
chimneys (Barge et al. 2019; Hermis et al. 2019). Our goal 
is to understand whether the SHF chimneys exhibit com-
positions and mineralogy consistent with reactants and 
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catalysts necessary to drive prebiotic reactions in an early 
Earth context.

1.1  The Strytan hydrothermal vent system
An intense hydrothermal activity is observed in many 
localities in Iceland, due to its location on the Mid-
Atlantic Ridge (MAR) and as a mantle hotspot (Celli 
et  al. 2021). Although the common subaerial features 
are gas emissions, hot springs and mud volcanoes, sub-
marine hydrothermal activity occurs as well. Strytan 
hydrothermal vents are located in Eyjafjordur, north of 
Akureyri, 1.8 km offshore in the northeastern part of the 
fjord. The bedrocks are Tertiary basaltic lavas, 6–12 My 
old (Bjornsson 1981). Geothermal activity is connected 
with tectonic features dominating the area, in particular 
the intersection of NW fault zone and the predominant 
NNE tectonic trend. However, there are no magmatic 
inputs, and the only contribution to the hydrothermal 
system from the MAR is heat. The geothermal field con-
sists of a series of steep cones rising from the seafloor at 
approximately 70–80 m below sea level. They are aligned 
along faults, generally trending E–W (Marteinsson et al. 
2001). The largest cone reaches approximately 15 m bsl, 
and is around 55  m in total height. The cones consist 
predominantly of saponite precipitates, but also contain 
sediments and shells embedded in the material (Geptner 
et al. 2002).

The hydrothermal fluids are composed of meteoric rain 
waters—and are thus fresh—falling on the high ground 
inland to the south (Marteinsson et  al. 2001), that per-
colate deep into the bedrock and flow tens of km before 
ascending to the surface through the tectonic features 
while they draw heat from surrounding rocks. The dis-
charged hydrothermal fluids at Strytan show maximum 
measured temperature in the active discharge points 
of approximately 70  °C, high pH values up to 10.2, and 
high silica content of ~ 94 mg  L−1 out of a total mineral 
concentration of 291 mg  L−1, (i.e., ~ 1/3 silica) (Marteins-
son et al. 2001). Images of the vents where samples were 
taken for this study are given in Fig. 1A, B.

2  Methods
2.1  Field sample analysis
In August 2017, we performed a field-sampling campaign 
to the Strytan hydrothermal field (Fig. 1A, B), and scien-
tific scuba divers collected mineral precipitates from two 
of the cones, Big Strýtan and Arnarnesstrýtan. Precipi-
tates were taken by breaking off small, ∼15  cm × 5  cm, 
pieces and placing them into sterile Whirl–pak bags 
(Nasco, WI, United States). The samples were stored at 
four degrees Celsius for transportation and finally dried 
at room temperature.

Two field samples (S1 and S2) collected from the 
Strytan vents (Fig.  1C, D) were studied. In sample S1 
there were identified two zones, termed S1(tube), owing 
to the existence of some parallel tubes, and S1(tip) 
(Fig. 1E). Specific zones of these samples with particular 
microstructures were investigated: Two zones in sample 
S2, S2(top), and S2(bottom), were investigated for their 
different colours (Fig.  1F). These zones were extracted 
from the whole sample, and portions of these were stud-
ied separately. One portion was ground in an agate mor-
tar and analysed by powder X-ray diffraction (XRD). 
Scanning electron microscopy (SEM) was performed 
using FEI Quanta 400 and 650 microscopes. Chemi-
cal analysis of the micromorphology was determined 
by EDX analysis. Transmission and analytical elec-
tron microscopy (TEM-AEM) was performed in a FEI 
TITAN G2 microscope, with an XFEG emission gun, a 
spherical aberration corrector, and a high-angle annular 
dark-field (HAADF) detector. Samples were ground in 
an agate mortar, suspended in pure ethanol and dropped 
on Cu grids. Analyses were performed at 300 kV with a 
resolution of ~ 0.2  nm in the high-resolution (HRTEM) 
mode and ~ 2  nm in scanning TEM (STEM) mode 
(where the STEM method uses an HAADF detector). 
Compositional analysis was performed with a Super X 
micro X-ray analyser equipped with four detectors by 
EDX. In addition, ultrathin sections were prepared with 
samples encased in resin. X-ray computed tomography 
(XCT) was performed in an Xradia 510 VERSA tomo-
graph. A 0.4X detector was used. Given that the two 
samples present a noticeable difference in density, the 
operating parameters vary from one to another. For S1 
we set 80 kV potential, 87 µA current, and a 7 W target 
power; exposure time was 2 s and pixel size 17.1 µm. For 
S2, the configuration was set instead to 50 kV potential, 
80 µA current, and 3.98 W target power; exposure time 
was 15  s and pixel size was 12.22  µm. Data processing 
was performed using Scout and Scan Control System 
12.0.8059 and Reconstructor Scout and Scan 12.0.8059. 
Further data treatment and visualization were carried 
out with the FIJI distribution of ImageJ including the 
3DViewer plugin.

2.2  Laboratory chemical garden experiments
A glass Hell-Shaw cell of 15  mm thickness, 60  mm 
width and 200  mm height was filled with an aqueous 
solution of 1  M sodium silicate. An aqueous solution 
of 1 M magnesium chloride was injected into this reac-
tor by using a motorized syringe at a constant injec-
tion rate of 3 mL/hr, following the procedure reported 
elsewhere (Sainz-Díaz et al. 2018). The experiment was 
performed in a laboratory maintained at 20 °C. Demin-
eralized and decarbonated water was used in all assays. 



Page 4 of 15Gutiérrez‑Ariza et al. Progress in Earth and Planetary Science           (2024) 11:11 

Fig. 1 Chimneys at the Strytan hydrothermal vent system (A), Sampling of solids and fluids (B). Close up of samples S1 (C) and S2 (D). Zones 
identified in samples (E) S1; S1(tube) and S1(tip) are in yellow and green, respectively, and (F) S2; S2(top) and S2(bottom) are in yellow and green, 
respectively
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For analysing the structures formed in this process, 
the solid was washed twice with water and dried at air 
at 45  °C. Micrographs of these solids were obtained by 
using a FEI-Quanta 400 environmental scanning elec-
tron microscope.

3  Results
3.1  Field samples
Sample S1 has a light colour and is highly porous with 
low density; the sample S2 has a greyish colour and is 
more compact.

Fig. 2 SEM micrographs of Strytan vent sample S1, light in colour and highly porous
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In sample S1 many tubular structures were found 
growing in disordered groups (Fig.  2A). In many cases 
isolated rods are observed (Fig. 2B–F). Typical rhombo-
hedral crystals of calcite morphology are found with an 
average size of 6–10 µm (Fig. 2C–E). This was confirmed 
with EDX chemical analysis, which showed these crystals 
are composed of calcium carbonate. They are covered 
and surrounded by flaky solids that likely precipitated 
later. The chemical analysis of these flaky solids indicated 
that they are composed of magnesium silicate. The pres-
ence of some rods was detected with an average diameter 
of 2–5 µm (Fig. 2G–J). The microstructure of these rods 
shows a compact centre and a flakier structure in the 
external surface (Fig.  2G-–J). This structural difference 
indicates two possible growth regimes: one along the rod 
length and another in a radial direction perpendicular 
to the central compact rod. We cannot know from this 
evidence alone, however, whether the regimes are simul-
taneous or consecutive. These rods can grow in straight 
forms and in periodic globular chains. At some points 
along these chains isolated calcite crystals have formed, 
stopping the chain growth in some cases (Fig. 2E).

In sample S2, the microstructure is different to that of 
S1. No isolated calcite crystals are observed. Some tubu-
lar forms of 5–10 µm in diameter are observed (Fig. 3A–
C, H). Some rods similar to those found in sample S1 of a 
diameter of 2–3 µm (Fig. 3C–D) were found. The micro-
structure of these rods showed that nanorods of 100 nm 
diameter grow radially, i.e., normal to the rods’ central 
axes (Fig.  3E). The microstructure of some tubes indi-
cates that globular aggregation units of 100–300 nm form 
the tubular structure (Fig.  3F, G). Some microspheres 
of 1 μm are also observed; some of them forming disor-
dered columns (Fig. 3F, G). In some zones compact crys-
tals were observed (Fig. 3I) and other zones are covered 
by layers of NaCl (Figs. 3J, 4c).

The chemical composition of the samples was deter-
mined in  situ within the SEM with energy-dispersive 
X-ray spectroscopy (EDX) analysis of the sample (Fig. 4). 
In sample S1, carbonate crystals were observed (Fig. 4A 
left), whose rhombohedral morphology indicates calcite. 
These crystals are surrounded by a thin layer of a highly 
porous material presumed to be a magnesium silicate 
(Fig. 4A, right). In some zones a small amount of Al was 
also detected in the magnesium silicate solids (Fig.  4B). 
In sample S2, rods are surrounded by a highly porous 
material identified as magnesium silicate. In some cases, 
the relative Mg/Si proportion increases along with the 
oxygen content in the external border of this material 
(Fig. 4D left). These changes in the chemical content can 
be assigned to the formation of magnesium hydroxide 
along with silicate layers. In the external zones of magne-
sium silicate materials with a higher Al content has been 

observed (Fig. 4D, bright zones in the left zones), whereas 
the internal zones the amount of Al is negligible (Fig. 4D, 
bright zones in the right side). Since the vent fluid is the 
source of aqueous  Al3+, this change in precipitate com-
position from inner to outer would indicate a change in 
the precipitation conditions (Fig. 4D). Some phases with 
low porosity are identified as calcium carbonate and 
sodium chloride (Fig. 4C). Some rods are generated from 
nuclei of calcium sulfate (Fig. 4F).

XRD data show that the S1(tip) sample has crystals of 
aragonite and calcite (Fig. 5A) along with saponites of low 
crystallinity showing broad peaks. The S1(tube) sample 
shows calcite crystals and saponite (Fig. 5B). The S2(top) 
sample shows crystals of saponite and calcite (Fig.  5C). 
Finally, sample S2(bottom) shows a similar composition, 
but with more saponite (Fig. 5D).

The overall TEM pictures show some dense particles 
surrounded by a disordered fringing material (Fig.  6A). 
HRTEM micrographs showed layered morphology in 
many particles of all samples. This material consists of 
smectite-like particles grown from the alteration of mag-
nesium silicate precipitated from the alkaline waters, as 
observed above in Fig.  6D. The layered particles corre-
spond to aggregates of flakes, a few hundred nm or less 
in size. They consist of aggregates of curved or folded 
lamellar particles (Fig.  6B). The crystallinity of these 
materials is very low, and no small-angle electron diffrac-
tion (SAED) patterns could be obtained. In some cases, 
spacings of 10 to 16 Å can be identified, with scarce lat-
eral continuity and numerous stacking defects. These 
spacings and the texture of the aggregates indicate that 
they are probably smectite lamellae (Fig.  6C). The dark 
particles correspond to denser grains, with no apparent 
internal structure, since in no case have lattice fringes or 
diffraction patterns been observed. Probably these par-
ticles correspond to fragments of larger particles, which 
have been disaggregated during the sample preparation 
procedure. They often present a reticulated and spongy 
rim, in which curved and folded lamellae are seen, simi-
lar to those observed in flaky particles. In some cases, 
they also present lattice fringes corresponding to basal 
spacings of smectite-like minerals. The images obtained 
in ultrathin sections showed that the dense particles 
without crystalline structure correspond to the interior 
of large particles, which are externally surrounded by a 
rim of smectite lamellae. This morphological evolution 
suggests that the smectites were formed by a process of 
alteration and precipitation involving previously formed 
amorphous magnesium silicates. Spherical particles con-
sisting of a core surrounded by lamellae, similar to those 
observed in larger particles, were also observed (Fig. 6D).

Chemical analyses of individual particles or small 
areas were obtained in STEM mode (Additional file  1: 
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Table  S1). Intensity ratios were recalculated as oxide 
composition. The samples are mostly composed of Mg 
and silica, with variable Al content, as well as minor 
amounts of Fe, alkali and alkaline earth cations. Plotting 

the analyses on a  SiO2-(Al2O3 +  Fe2O3)-MgO ternary 
plot (Fig. 7), the dots are seen to be located next to the 
 SiO2-MgO line, with  Al2O3 +  Fe2O3 < 10%. Analyses of 
flaky structures are compatible with Mg phyllosilicates 

Fig. 3 SEM micrographs of Strytan vent sample S2, grey in colour and compact
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of the saponite-stevensite type (Fig. 7, dark colour). The 
calculation of the structural formulae was carried out on 
non-homoionic (raw) samples, so that a part of the Mg 
content should be located in the interlayer space as an 
exchangeable cation. Structural formulas were estimated 
on the basis of  O10(OH)2, that correspond to half unit cell 
for a smectite. Si and Al were assigned to the tetrahedral 

layer up to 4 cations; the remaining Al together with Fe 
and Mg were assigned to the octahedral layer up to 3. Fe 
was estimated as Fe(III). Mg was divided between octa-
hedral and interlayer positions using charge balance as a 
criterion. The composition of these particles is within a 
limited area that corresponds to the saponite-stevensite 
smectites.

Fig. 4 EDX analysis of SEM images of field samples. a–b S1, c–f S2

Fig. 5 Powder X‑ray diffraction patterns of the sample S1(tip) (A), S1(tube) (B), S2(top) (C), and S2(bottom) (D). Most of the reflections may be 
assigned to aragonite (a), calcite (c), and saponite (s)
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The analyses of those particles that show neither crystal 
arrangements nor layered morphology (Fig. 7, light col-
our) are divided into three groups. The first one includes 
most of the analyses of S2(bottom) and some S2(top) 
particles, which are grouped in a narrow range of com-
positions (approximately  SiO2 60–63%, MgO 35–37%, 
 Al2O3 +  Fe2O3 < 1%), close to the Mg-richer saponites. 

Most of the S1(tube) particles belong to the second 
group and correspond to compositions richer in silica 
than saponites and extended over a wide range of com-
positions  (SiO2 65–80%, MgO 15–27,  Al2O3 +  Fe2O3 1.5–
5.5%). In contrast, the third group comprises the analysis 
of a few S2(top) particles. These particles are very rich in 
silica (72–76%), but the content of trivalent cations (13–
16%) is much higher than that of MgO (3–8%).

These results indicate that the particles are composed 
of magnesium silicate, with an important variability of 
the ratio between both elements, which reflects a certain 
heterogeneity of the material. Other cations are in the 
minority, except for the third group already mentioned.

The heterogeneity of the composition of the clays in 
the chimney can be seen in Fig.  8. This corresponds to 
a fragment with a dense core surrounded by lamellar 
structures, as well as another deposit of small rounded 
particles, smaller than 100  nm. All analyses have been 
recalculated as smectite structural formulas for compari-
son (Additional file 1: Table S1). The chemical analysis #4 
of the core is compatible with a Mg smectite, although 
its lack of internal structure and its morphology do not 
correspond to a smectite. Analyses #2 and #5 correspond 
to laminated textures and can be identified as saponite. 
The slight positive octahedral charge may be due to part 
of the Mg occupying interlaminar positions. The analysis 
of the laminations in area #6 would be compatible with 
a very low charge stevensite, and a fraction of the Mg 
could also occupy interlaminar positions. On the other 

Fig. 6 HRTEM micrographs of samples S1 (a–c) and S2 (d)

Fig. 7 Ternary diagram and composition of the clay minerals found in the Strytan vent samples. Dark colour, layered particles; light colour, other 
morphologies
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hand, the analysis of area #1, with a laminar texture simi-
lar to #5 or #6, presents an excess of Mg that leads the 
calculated formula to have a deficit of Si and Al. Finally, 
the analysis of the rounded particles of area #3 shows an 
excess of Si and a very high Al content, allowing a prob-
able identification as a smectite.

The results of the punctual analysis show compositional 
heterogeneity in the particles. The general composition is 
magnesium silicate, with local predominance of Si or Mg, 
and presence of other cations. The lamellar structures, 
which can be assimilated to smectites, have low crystal-
linity and numerous lattice defects. In addition, between 
the lamellae there are remains of the original amorphous 
material or of cations leached during the alteration and 
formation of smectites. This may be the cause of smectite 
particles whose structural formula has an excess or defect 
of cations.

With X-ray computed tomography, Fig. 9, we note how 
the greyish sample S2 has a more compact structure with 
fewer and smaller pores showing thicker walls and a 
more robust construction than S1.

3.2  Laboratory chemical gardens
Similar flaky morphology is observed in chemical garden 
materials formed in the laboratory with magnesium chlo-
ride solution injected into sodium silicate solution, being 
mainly magnesium silicate with a high proportion of 
magnesium hydroxide (Fig. 10) (Sainz-Díaz et al. 2018).

4  Discussion
4.1  SHF chimneys compared to other vent types
Our investigations of the SHF field samples are consist-
ent with previous literature regarding the presence of 
smectite/saponite clays, amorphous silica, gypsum, and 
carbonates (Geptner et  al. 2002; Price et  al. 2017; Mar-
teinsson et al. 2001; Stanulla et al. 2017). We additionally 
report the presence of magnesium hydroxide in the SHF 
field samples. This has been reported at other alkaline 
vents, including LCHF and Prony Hydrothermal Field 
(Proskurowski et  al. 2008; Pisapia et  al. 2017; and also 
see Okumura et  al. 2016a, b), but has not been previ-
ously detected in SHF chimneys (Price et al. 2017; Rus-
sell 2017). Though magnesium hydroxide may be difficult 
to detect in these field samples, it makes sense that it 
should form in this system, as it is seen in chemical-gar-
den experiments of precipitation of Mg salts into silicate 
solutions, where both Mg–silicate and Mg oxide/hydrox-
ide are abundant in the resulting precipitates (Sainz-Diaz 
et al. 2018; and Fig. 10).

The SHF chimneys also bear similarities to LCHF that 
are relevant in an early-Earth context. The SHF chim-
neys have a microporous, labyrinthine interior structure 
(Fig. 9) that is similar to observed interior structures of 
other alkaline vents such as LCHF (Kelley et al. 2005) or 
Prony (Jones et al. 2020); and is different than chimneys 

Fig. 8 HAADF analysis of chimney composition. Numbers 
correspond to values in Table 1

Table 1 Chemical composition of points in particle in Fig. 8

Chemical analysis was converted to cations on the basis of  O10(OH)2. Analyses 2, 4, and 5 are compatible with Mg smectites

Cation 1 2 3 4 5 6

Si 3.80 3.85 4.37 3.76 3.82 3.96

Al 0.16 0.16 0.96 0.49 0.28 0.18

Mg 3.11 2.99 0.38 2.53 2.87 2.76

Fe(III) 0.00 0.01 0.02 0.00 0.00 0.00

Na 0.00 0.00 0.49 0.14 0.00 0.00

K 0.00 0.01 0.19 0.03 0.00 0.01

Ca 0.05 0.04 0.06 0.13 0.06 0.04
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of black or white smokers, which exhibit denser, more 
cemented interiors with defined fluid flow conduits 
(Tivey and Singh 1997). This similarity between alka-
line vents is likely due to the slower, diffuse flows that 
occur in alkaline vent chimneys compared to the hotter, 
faster flows that occur in the smoker vent chimneys (Von 
Damm 1990).

In an origin-of-life context both the lifetime of the 
Vent (i.e., the timeline for which the hydrothermal flow 
remains active) and the rate of chimney growth (since 
this determines its structure) are important. We can use 
fluid mechanics to model the growth rate of the chimney 

precipitate over time. The Strytan hydrothermal vent is 
a geological chemical garden, similar to Sainz-Diaz et al. 
(2018) but with interior and exterior solutions reversed 
and different chemistry, where, driven by osmosis, high 
Si enriched vent fluid reacts and precipitates with cations 
in the surrounding seawater. For slow osmosis, the wall 
thickness of a chemical garden Lm over time is given by 
(Ding et al 2019):

here cSi is the concentration of the external silicate 
solution, po is the osmotic pressure, kin is the permeabil-
ity of the membrane in the regions of inflow, μ is the vis-
cosity of the fluids, ρs is the precipitate density. For the 
Strytan hydrothermal vent precipitates, calculating from 
data in the literature, the permeability is 0.4 ×  10–15 to 
 10–14  m2 (Price et al. 2017; Geptner et al. 2002), thus, tak-
ing a value in the middle of that range, allowing for cal-
culation of the chimney wall growth rate. The osmotic 
pressure is calculated with consideration of all the ions 
of sea water and vent water; the osmotic coefficient 
for the sea water φ = 0.907, the vent water is dilute and 
φ = 1.0. We estimate the density of the rock, ~ 3 kg/L, as 
10 times higher than the overall density of porous sam-
ples, 0.3–0.5 kg/L. We may compare this calculation with 
the growth of black smoker and LCHF vent chimneys 
(Cardoso and Cartwright 2017), as shown in Fig. 11. We 
find that Strytan will have faster growth compared with 
chemical diffusion of Lost City, but is still much slower 
compared to a black smoker, which grows by thermal dif-
fusion. The predicted growth rate of Strytan is compat-
ible with a hypothesis that the cones could have started 
growing at the end of the last glacial maximum, ~ 18 k y 
ago; compare with the > 30,000  years predicted for the 
LCHF (Früh-Green et al. 2005).

L2m =

2MkinpocSi

µρS

t

Fig. 9 µCT slices showing the inner structures of S1 (top) and S2 
(bottom) samples

Fig. 10 A chemical garden formed in laboratory experiments 
from 1 M Mg chloride and 1 M silicate solution (a) and an SEM image 
(b) of the internal surface of the material formed

Fig. 11 Fluid‑mechanical prediction of the growth of a Strytan vent 
over time in terms of wall thickness Lm (blue) compared with black 
smokers (grey) and LCHF (orange) vents
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4.2  SHF‑like vents in an early Earth context
An important issue for prebiotic early-Earth alkaline 
vents is what types and chemistries of vents and chim-
neys were likely to be present, given different host rock 
and ocean composition. The basaltic host rock of the 
Strytan vents is similar to typical mid-ocean ridge 
basalts, MORB (Arnórsson et al. 2002; Price et al. 2017). 
In contrast, the LCHF is produced by olivine-rich mantle 
rock that is exposed to seawater during seafloor spread-
ing at the mid-Atlantic ridge, yielding its alkaline fluids, 
brucite/carbonate chimneys, and high concentrations of 
 H2 and  CH4 (Kelley et  al. 2001, 2005; Früh-Green et  al. 
2003). However, it is debated when plate tectonics began 
and if it was operating on early Earth around the time 
of the origin of life; this is important since it determines 
the rock composition of the ocean crust that would form 
hydrothermal vents. On one hand, it has been argued 
that Earth had an early onset of plate tectonics that 
resulted in olivine-rich ocean crust that would facilitate 
serpentinization, and thus, LCHF-like vents (Miyazaki 
and Korenaga 2022; Debaille et  al. 2013; Deng et  al. 
2023); alternatively, it has been argued that Hadean Earth 
was in a stagnant-lid regime without geochemical cycling 
from plate tectonics (Tarduno et  al 2023). Komatiites, 
MgO-rich igneous rocks that appear almost exclusively 
in the Archean rock record, and form at hotter mantle 
temperatures (Barnes and Arndt 2019; Takahashi and 
Scarfe 1985; Grosch and Wilson 2023), may have been 
a predominant seafloor crust rock on the early Earth, 
along with other Archean basalts, which could have been 
in some ways similar to modern MORB (Barnes and 
Arndt 2019; O’Neil et  al. 2012). There has been limited 
experimental work on aqueous alteration of komatiite, 
but a recent study has shown that  H2 concentrations, 
as well as pH in komatiite-produced “hydrothermal flu-
ids” increased at higher temperatures (~ 300  °C) (Ueda 
et  al. 2021), meaning that on early Earth, hotter vents 
with black-smoker temperatures might have had pH and 
redox gradients similar to Strytan or LCHF. Another 
consequence of early Earth’s hotter mantle is potential 
seafloor shallowing leading to volcanic islands creating 
exposed land mass (Rosas and Korenaga 2021); Archean 
basalt-hosted shallow vents could have also existed on 
the coasts of volcanic islands (Barge and Price 2022).

The interface of alkaline hydrothermal fluid, rich in 
 OH−,  Mg2+, and  HS− (Mielke et  al. 2010; White et  al. 
2020), with the early Earth’s ocean, anoxic, rich in dis-
solved  Fe2+,  SiO2, and  CO2 (MacLeod et al. 1994; Halevy 
and Bachan 2017; Tosca et al. 2016) would have resulted 
in chimney precipitates containing minerals similar to 
those at Strytan (Mg-silicates and clays, calcium carbon-
ates, magnesium hydroxides), but also Fe-hydroxides, 
Fe-carbonates, greenalite and/or silica gels, and perhaps 

Fe–Mg-containing clays (Ferris et  al. 1986, Ferris 2005, 
2006 Meunier et  al. 2010, Russell 2018, 2017; Barge 
et  al. 2020; Tosca et  al. 2016; Halevy et  al. 2017). If the 
early-Earth vents were, like Strytan, in shallow waters 
(e.g., Barge and Price 2022), then the chimney mineral-
ogy could also have been influenced by photochemically 
produced species. For example,  NO3

−/NO2
− could have 

acted as oxidants to produce  Fe3+ from  Fe2+ (Wong et al. 
2017; Ranjan et  al. 2019); or  Fe2+ could also have been 
oxidized directly by UV radiation (Nie et al. 2017). This 
would have resulted in precipitation not just of Fe(II)-
minerals, but also mixed-valence Fe(II,III) minerals, 
including green rust (Russell 2018; Halevy et  al. 2017). 
Green rust, fougerite, has been proposed to be impor-
tant for driving a variety of prebiotic reactions toward 
the emergence of metabolism (Russell et  al. 2018, 2023; 
Branscomb and Russell 2013).

The metastable Fe-containing analogue of brucite (fer-
robrucite) forms in serpentinizing systems even today 
(Templeton and Ellison 2020) and is theorized to have 
existed at LCHF-like vents on the early Earth (Trolard 
et al. 2022). Our detection of magnesium hydroxide along 
with silicates in the Strytan chimneys is significant since 
it implies that, in the early  Fe2+-bearing oceans, Strytan-
like chimneys would also contain iron-bearing minerals 
such as ferrobrucite or green rust, and could thus sup-
port LCHF-like prebiotic chemistry. Potential early-Earth 
LCHF-like prebiotic reactions driven by Fe-hydroxide 
and Fe-sulfide minerals: e.g., carbon reduction, amino 
acid synthesis, peptide formation, phosphorous chemis-
try, have been discussed at length in the literature (e.g., 
Russell 2023, 2018; White et al. 2015; Roldan et al. 2015; 
Barge et al. 2019, 2020, Hudson et al 2020). However, in 
contrast to a LCHF-like chimney, a Strytan-like chimney 
would additionally host reactions driven by silicate min-
erals such as Fe/Mg-clays (saponite), greenalite, and silica 
gels. This could include aromatic amino acid synthesis by 
Fe/Mg-saponites (e.g., Ménez et  al. 2018); dehydration 
and/or condensation reactions in silica gels (e.g. Westall 
et al. 2018; Gorrell et al. 2017; Dass et al. 2018); or polym-
erization of RNA-type molecules catalysed by greenalite 
particles (e.g. Rasmussen et al. 2021).

5  Conclusions
The Strytan field samples investigated in this work have 
properties of interest to prebiotic chemistry in a Strytan-
like system on the early Earth. Similar to the pore struc-
ture of other alkaline vent chimneys, the Mg–silicate 
chimneys are porous and contain a labyrinthine internal 
structure. Chemical analysis of the chimneys is consist-
ent with previous studies, demonstrating the presence 
of clays and silicate minerals, but in this study we also 
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detected Mg-hydroxide. This implies that Strytan-like 
vents on early Earth could have hosted LCHF-like prebi-
otic chemistries driven by iron-containing magnesium 
hydroxide and/or perhaps other Fe-hydroxides. Thus 
Strytan may be an even higher-fidelity early-Earth ana-
logue than the LCHF, because of its basalt host rock. 
Further studies of the SHF and other basalt-hosted vents, 
as well as further laboratory experiments simulating the 
growth of hydrothermal chimneys, can continue to shed 
light on the prebiotic reactions that could have been 
favoured in these kinds of systems.
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