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Hydrothermal	systems	have	long	been	proposed	as	plausible	environments	for	the	chemical	origins	of	life	on	early	
Earth.	Characterized	by	dynamic	physicochemical	gradients,	mineral-rich	�luids,	and	sustained	energy	�luxes,	these	
systems	provide	conditions	conducive	to	prebiotic	chemistry.	Both	deep-sea	hydrothermal	vents	and	terrestrial	hot	
spring	systems	offer	unique	geochemical	microenvironments	that	may	have	facilitated	the	synthesis,	concentration,	
and	organization	of	organic	molecules	into	increasingly	complex	structures.	Mineral	surfaces,	redox	gradients,	and	
naturally	 occurring	 proton	 gradients	 within	 hydrothermal	 settings	 are	 thought	 to	 have	 driven	 abiotic	 carbon	
�ixation,	 polymerization	 reactions,	 and	 protometabolic	 pathways.	 Furthermore,	 compartmentalization	 within	
mineral	pores	may	have	acted	as	precursors	to	biological	membranes,	promoting	molecular	selection	and	catalytic	
enhancement.	This	review	synthesizes	current	evidence	regarding	hydrothermal	geochemistry,	catalytic	mineral	
surfaces,	 energy	 sources,	 and	 experimental	 simulations	 relevant	 to	 prebiotic	 chemistry.	 Competing	
models—including	alkaline	vent	and	surface	hydrothermal	�ield	hypotheses—are	critically	evaluated.	By	integrating	
insights	 from	 geochemistry,	 molecular	 biology,	 and	 experimental	 origin-of-life	 research,	 this	 article	 highlights	
hydrothermal	 systems	 as	 dynamic	 reactors	 that	 potentially	 bridged	 the	 transition	 from	 geochemistry	 to	
biochemistry.
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1.	Introduction
The origin of life remains one of the most profound 
and enduring questions in science. Understanding 
how non-living chemical systems transitioned into 
self-sustaining biological entities requires identifying 
plausible early Earth environments capable of 
supporting complex prebiotic chemistry. Among the 
various hypotheses proposed—including primordial 
soup, ice matrix, and extraterrestrial delivery 
models—hydrothermal systems have emerged as 
leading candidates due to their rich chemical diversity 
and sustained energy availability. Early Earth, 
approximately 4.0–4.5 billion years ago, was 
geologically active, characterized by widespread 
volcanism, tectonic instabil ity,  and intense 
hydrothermal circulation. Interaction between 
seawater  and hot  basalt ic  crust  generated 
hydrothermal vents on the ocean �loor, while volcanic 
landmasses supported terrestrial hot springs and 
geysers [1]. These systems provided continuous �luxes 
of heat, reduced gases, metal ions, and mineral 
surfaces capable of catalyzing chemical reactions. 
Unlike static surface environments, hydrothermal 
s y s t e m s  g e n e ra t e  s t ro n g  p hy s i c o c h e m i c a l 
gradients—temperature, pH, redox potential, and 
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ionic composition—that can drive non-equilibrium 
chemical processes. Modern biological systems 
universally rely on redox reactions and proton 
gradients to generate metabolic energy, suggesting 
that life may have harnessed similar geochemical 
gradients during its earliest stages [2]. Two principal 
hydrothermal models dominate current discussions: 
deep-sea alkaline hydrothermal vent systems and 
terrestrial hydrothermal �ields. Each presents unique 
advantages for prebiotic chemistry, including catalytic 
mineral scaffolds, natural compartmentalization, and 
energy-rich conditions. Evaluating these systems 
provides insight into the chemical plausibility of life's 
emergence. This review examines the geological 
characteristics of hydrothermal systems, their 
chemical properties, experimental simulations, and 
their potential roles in facilitating key prebiotic 
processes such as carbon �ixation, polymer formation, 
and compartmentalization.

2.	Geological	and	Geochemical	Characteristics	of	
Hydrothermal	Systems
Hydrothermal systems form when water interacts 
with heated rock, typically in tectonically active 
regions. 
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In marine environments, seawater in�iltrates oceanic 
crust, becomes superheated by underlying magma, 
and re-emerges enriched with dissolved metals and 
reduced compounds. These �luids can reach 
temperatures exceeding 350°C in black smoker 
systems, while alkaline vents typically operate at 
lower temperatures (40–90°C) [3]. Alkaline 
hydrothermal vents are particularly relevant to 
origin-of-life hypotheses. These systems produce 
h y d r o g e n - r i c h ,  h i g h - p H  � l u i d s  t h r o u g h 
serpentinization reactions between water and 
ultrama�ic rocks. The resulting vent structures 
consist of porous mineral precipitates composed of 
iron-sulfur and carbonate minerals .  These 
microporous matrices create natural compartments 
that separate vent �luids from surrounding ocean 
water, generating steep proton and redox gradients 
[4]. Terrestrial hydrothermal �ields, such as hot 
springs and geysers, also exhibit �luctuating wet–dry 
cycles, temperature variation, and mineral-rich 
c o n d i t i o n s .  Pe r i o d i c  eva p o ra t i o n  i n  t h e s e 
environments can concentrate organic molecules, 
facilitating polymerization reactions that might 
otherwise be inef�icient in dilute oceanic conditions 
[5]. The geochemical diversity of hydrothermal 
systems provides reduced gases such as hydrogen, 
methane, ammonia, and hydrogen sul�ide—key 
ingredients for prebiotic synthesis. Metal ions 
including iron, nickel, and molybdenum serve as 
catalytic centers for redox chemistry. These 
properties collectively make hydrothermal systems 
chemically favorable environments for prebiotic 
evolution.

3.	Energy	Sources	and	Redox	Gradients
Life requires a continuous energy source to maintain 
chemical organization. Hydrothermal systems supply 
multiple energy forms, including thermal energy, 
r e d o x  p o t e n t i a l  d i ff e r e n c e s ,  a n d  n a t u r a l 
electrochemical gradients. Redox gradients arise 
when reduced hydrothermal �luids encounter more 
oxidized ocean water. The resulting disequilibrium 
creates opportunities for electron transfer reactions, 
analogous to those driving modern cellular 
re s p i ra t i o n .  H yd ro g e n  g e n e ra te d  t h ro u g h 
serpentinization can serve as an electron donor, while 
carbon dioxide acts as an electron acceptor. Proton 
gradients across mineral barriers in alkaline vents 
resemble the proton motive force used by 
contemporary cells to synthesize ATP. Some 
researchers propose that early protometabolic 
systems exploited these naturally occurring gradients 
before evolving membrane-bound proton pumps [6]. 
The availability of continuous geochemical energy 
distinguishes hydrothermal systems from transient 
surface environments, making them attractive 
candidates for sustained chemical evolution.

4.	Mineral	Catalysis	and	Surface	Chemistry
Mineral surfaces within hydrothermal systems 
provide catalytic platforms that enhance chemical 
reactions. Iron-sulfur minerals, such as greigite and

pyrite, exhibit catalytic properties similar to active 
sites in modern enzymes. The structural resemblance 
between these minerals and the iron-sulfur clusters 
found in ancient metabolic enzymes supports the 
hypothesis of geochemical continuity. Surface 
adsorption concentrates organic molecules, 
increasing local reaction rates. Mineral pores create 
microenvironments that stabilize intermediates and 
promote polymer formation. Experimental studies 
demonstrate that amino acids and nucleotides can 
form under hydrothermal conditions and may 
polymerize when associated with mineral surfaces. 
Clay minerals and metal sul�ides can facilitate 
condensation reactions necessary for forming 
peptides and nucleic acid chains [7]. These catalytic 
processes reduce the reliance on improbable 
spontaneous polymerization in dilute aqueous 
solutions.

5.	Carbon	Fixation	and	Protometabolism
One of the key challenges in origin-of-life research is 
explaining how simple  carbon compounds 
t r a n s f o r m e d  i n t o  c o m p l e x  b i o m o l e c u l e s . 
Hydrothermal systems offer plausible pathways for 
abiotic carbon �ixation through Fischer–Tropsch-type 
reactions and metal-catalyzed reduction of carbon 
dioxide. Experimental simulations show that iron and 
nickel catalysts under hydrothermal conditions can 
produce organic acids, hydrocarbons, and amino acid 
precursors.  Some proposed protometabolic 
pathways resemble the reductive acetyl-CoA 
pathway, one of the most ancient carbon �ixation 
routes in modern anaerobic microorganisms. The 
resemblance between hydrothermal chemistry and 
primitive metabolic networks suggests that life may 
have emerged from geochemically driven reaction 
cycles [8]. These protometabolic systems could have 
g ra d u a l ly  i n c o r p o ra te d  o rga n i c  c a t a lys t s , 
transitioning from mineral-based catalysis to 
enzyme-driven metabolism.

6.	 Compartmentalization	 and	 Proto-Cellular	
Structures
Compartmentalization is essential for concentrating 
molecules and sustaining reaction networks. In 
alkaline hydrothermal vents, microporous mineral 
structures provide natural compartments separated 
by thin inorganic walls. These compartments 
maintain pH and redox gradients, creating semi-
isolated reaction chambers. Such mineral pores may 
have functioned as precursors to biological 
membranes [9], lipid-like amphiphilic molecules 
could have formed and assembled within these 
compartments, eventually replacing mineral 
boundaries with organic membranes. Terrestrial 
h y d r o t h e r m a l  � i e l d s  o ff e r  a l t e r n a t i v e 
compartmentalization mechanisms through wet–dry 
cycling. Repeated dehydration and rehydration 
promote vesicle formation and polymer stabilization. 
The integration of compartmentalization with energy 
gradients and catalytic surfaces strengthens the 
plausibility of hydrothermal origin scenarios.
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7.	 Experimental	 Simulations	 and	 Laboratory	
Evidence
Laboratory experiments replicating hydrothermal 
conditions provide empirical support for prebiotic 
synthesis. High-pressure reactors and micro�luidic 
systems simulate vent environments, demonstrating 
formation of amino acids, lipids, and nucleotide 
precursors. Microcompartment models have shown 
that mineral membranes can sustain proton 
gradients for extended periods. Other experiments 
reveal that thermal gradients can drive molecular 
concentration through thermophoresis. While 
challenges remain—particularly regarding RNA 
stabi l i ty  at  high temperatures—moderate-
temperature alkaline vents offer conditions 
compatible with organic molecule persistence [10].

8.	Competing	Hypotheses	and	Critical	Evaluation
Despite strong support for hydrothermal models, 
alternative hypotheses remain viable. Surface pond 
scenarios emphasize ultraviolet-driven synthesis and 
wet–dry cycles. Ice matrix models highlight 
protective freezing environments [11]. Hydrothermal 
systems must address concerns regarding molecular 
stability at elevated temperatures and dilution effects 
in oceanic settings. However, spatial heterogeneity 
w i t h i n  v e n t s  a n d  e x i s t e n c e  o f  c o o l e r 
microenvironments mitigate these concerns. Rather 
than being mutually exclusive,  surface and 
hydrothermal models may represent complementary 
stages in chemical evolution.

9.	Implications	for	Astrobiology
Hydrothermal systems are not unique to Earth. 
Evidence of subsurface oceans and hydrothermal 
activity on icy moons such as Europa and Enceladus 
suggests that similar processes may operate 
elsewhere in the solar system. The universality of 
water–rock interactions and redox gradients implies 
that hydrothermal environments could represent 
common habitats for life's emergence [12-13]. 
Studying terrestrial hydrothermal systems thus 
informs the search for extra-terrestrial life.

10.	Conclusion
Hydrothermal systems represent one of the most 
compelling and scienti�ically coherent models for the
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Table	1:	Important	Features	of	Hydrothermal	Systems	Relevant	to	the	Chemical	Origins	of	Life

chemical origins of life on early Earth. Their 
signi�icance lies not in a single favorable factor, but in 
the convergence of multiple complementary 
processes within a single dynamic environment. 
These systems provided sustained energy �lux 
through redox disequilibria, naturally occurring 
proton gradients, catalytic mineral surfaces, and 
structurally complex microporous compartments. 
Together, these features created localized conditions 
capable of driving chemical reactions far from 
thermodynamic  equi l ibr ium—an essent ia l 
requirement for the emergence of organized, self-
sustaining systems. The geochemical processes 
occurring within alkaline hydrothermal vents, 
particularly serpentinization-driven hydrogen 
production and iron–sulfur mineral formation, 
closely parallel core aspects of ancient metabolic 
pathways. The structural resemblance between 
mineral catalysts and modern enzyme cofactors 
suggests a plausible evolutionary continuity from 
inorganic geochemistry to biological catalysis. 
Furthermore, naturally generated electrochemical 
gradients across mineral barriers provide a 
mechanistic bridge to chemiosmotic energy 
conservation, a universal feature of life today. 
Terrestrial hydrothermal systems add another 
dimension by introducing wet–dry cycling and 
concentration mechanisms that may have facilitated 
polymerization and membrane assembly, marine and 
terrestrial hydrothermal models may represent 
complementary stages in chemical evolution, 
contributing distinct yet synergistic processes 
toward increasing molecular complexity and 
regarding the stability of informational polymers and 
the transition to fully autonomous cellular 
systems—ongoing experimental simulations, 
micro�luidic vent models,  and geochemical 
reconstructions continue to strengthen the 
plausibility of hydrothermal origin scenarios. 
Importantly, hydrothermal environments are not 
unique to Earth; similar water–rock interactions 
likely occur on icy moons and early planetary bodies, 
expanding the relevance of this model to astrobiology, 
hydrothermal systems provide an integrated 
framework linking planetary geodynamics, prebiotic 
chemistry, protometabolism, and early bioenergetics.
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