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Introduction: Well over 50 years have passed 
since the 1953 benchmark paper by Miller and Urey 
heralded amino acids, formed in electric discharges 
in a simulated prebiotic atmosphere, as “building 
blocks of Life” (1). This influential work set off an 
explosion of activity to decipher the abiogenic 
pathways toward the Origin of Life.   

Over the past decades essentially every possible 
combination of gas mixtures and aqueous solutions 
with and without catalysts has been tried out to refine 
the methodology of abiogenic synthesis. The goal 
was always to go from simple to complex, where 
complex means large, stereochemically distinct 
molecular entities similar to those, which are the 
carriers of biological function in all forms of Life – 
terrestrial Life as we know it.  

It is probably true to say that all studies aimed at 
assembling molecules of interest to the Origin of Life 
have so far been conducted in gases or fluids or at 
gas-solid or fluid-solid interfaces. Some reactions 
have been tried in “soft” solids like clay minerals, 
which are capable of fixating certain organic 
molecules by intercalating them between their 
weakly bonded 2-dimensional sheets.  

One reason for the preponderance of gas and 
liquid phase chemistry in Origin of Life research is 
that the majority of those who have chosen this field 
are chemists. As chemists they are most familiar with 
gas-phase, fluid-phase and gas-fluid-solid interface 
reactions. Another reason is that Life probably began 
in an aqueous environment, either in the ocean or in 
Darwin’s famous “warm little pond”. It therefore 
appears self-evident that the chemistry needed to 
reach this momentous goal would have taken place in 
a similar gas-phase or liquid-phase environment.   

Misconception: By contrast, the hard dense 
matrix of igneous minerals has never been seriously 
considered by the Origin of Life community as a 
medium for organic reactions. The reason is a widely 
held belief that the solid state is just not suitable.     

This misconception has been promoted by a 
relatively small number of authors (2-5) who 
proclaim, on thermodynamic grounds, that low-z 
elements such as carbon and nitrogen will not enter 
into the matrix of igneous minerals such as olivine, 
the most abundant mineral in the universe and most 
abundant constituent of Earth’s upper mantle.  

In reality, we must look at olivine and similar 
minerals in igneous rocks not from a thermodynamic 
equilibrium but from a disequilibrium perspective.  

Solid State Chemistry: When minerals 
crystallize at high temperatures from a magma laden 
with the fluid-phase components H2O/CO/CO2/N2/ 
H2S/SO2 etc., they take up H, C, N, and S into solid 
solution. The low-z elements form solute species, 
typically oxyanion complexes, of which hydroxyl, 
OH– or O3Si-OH, is the simplest and most familiar. 

Melt-grown MgO crystal   
Fig. 1:  MgO crystal with 

internal segregation of 
solute gas/fluids. 

Fig. 2:  Gem-quality 
olivine containing 
solute gas/fluids. 

During cooling processes takes place, controlled 
by diffusion, to adjust the solid solution to the 
changing conditions. Sooner or later, depending on 
the cooling rates, these processes become so sluggish 
that the solid solution drifts out of thermodynamic 
equilibrium: it becomes supersaturated with respect 
to the remaining concentration of low-z elements.       

There is evidence that a peculiar type of redox 
reaction takes place around 500°C: Hydroxyl pairs, 
O3Si-OH HO-SiO3, rearrange electronically in such a 
way as to reduce two H+ to H2 and to oxidize two O2– 
to O–, which then form a peroxy link, O3Si-OO-SiO3.  
This reaction was first recognized during a study of 
OH– in MgO (6, 7). It reflects a peculiar type of 
redox reaction, typical of low-z elements, in which 
the low-z element rips off an electron from O2– (8, 9).  
Solute C, deriving from the incorporation of CO/CO2, 
appears to be capable of doing the same, turning into 
chemically reduced, “organic” C. Other elements, 
also electropositive relative to oxygen, in particular N 
and S, are candidates for the same redox reaction.  

The most important consequence of this family 
of redox reactions is that, when a mineral such as 
olivine has taken up H2O/CO/CO2/N2/H2S/SO2 fluid 
phase components during crystallization from a 
magma, it will turn into a system, where the mineral 
matrix contains chemically reduced H, C, N and 
possibly S in a supersaturated state. 
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Stereochemistry: To the extent that the reduced 
H, C, N and possibly S are diffusively mobile, they 
will be subjected to a thermodynamic driving force 
during further cooling, trying to expel them from the 
mineral matrix. Those close to the surface can diffuse 
out.  Others, further away from the surface, can only 
internally segregate to dislocations and other places 
in the mineral matrix, where there is some extra room 
to accommodate structurally incompatible impurities.  

Segregation is nothing else but a very efficient 
process to concentrate “impurities”, here chemically 
reduced H, C, N, and S, into confined spaces such as 
dislocations. There, the low-z elements can react with 
each other.  Some, in particular C, remain bonded to 
O–. They form polyatomic entities of the general 
formula [HxCyNzOm]n–.   

Of special interest to Origin of Life is the fact 
that the polyatomic entities of the general formula 
[HxCyNzOm]n– form under the stereochemical control 
of their local environments, i.e. the 3-dimensionally 
structured surrounding provided by the host mineral. 
Therefore, if polyatomic Cn chains form, they have to 
comply to the geometry of the local lattice structure. 

We have demonstrated this crucial fact in a study 
of carboxylic and dicarboxylic acids formed in the 
matrix of MgO from H2O and CO/CO2 taken up in 
solid solution during crystallization from the melt of 
a carbon arc fusion furncace (10). Matching the C-C 
distance in an aliphatic Cn chain to the MgO crystal 
structure led to the prediction that the most likely Cn 
unit formed through segregation into a dislocation 
will be one with n = 4. Indeed the major extractable 
organic compound from crushed melt-grown MgO 
was found to be succinic acid (11).  

Olivine has a more complex crystal structure 
than face-centered cubic MgO, but it is also densely 
packed and might appears to be an unlikely reaction 
medium for organic molecules. However, segregation 
as described here works best in dense mineral 
matrices, because they provide the strongest thermo-
dynamic driving forces for segregating “impurities” 
and pushing them into available assembly sites.   

As part of a continuing effort to study organic 
entities or “proto-molecules” formed in the dense 
matrix of igneous minerals we conducted a series of 
preliminary experiments extracting freshly crushed 
gem-quality olivine crystals with THF, tetra-
hydrofurane.  The analysis by ultrahigh resolution 
mass spectrometry yielded whole families of rather 
complex hydrocarbons as depicted in Figure 3.  

These observations suggest that the solid state, in 
particular the hard, dense matrix of igneous minerals, 
is a medium, in which a type of organic chemistry 
can take place that is of interest to Origin of Life. 
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Fig. 3: O-rich organic compounds THF-extracted 

from freshly crushed olivine crystals. 

Conclusions: The goal of science has always 
been to improve our understanding of natural 
processes. Quite often in the history of science, 
however, communities of scientists have pursued for 
a long time a path that did not lead to the intended 
goal. The emphasis on liquid and gas phase chemistry 
in Origin of Life research may be a case in point. By 
considering the solid state as a medium, in which 
organic molecules or proto-molecules can be 
assembled, new insights are to be gained that can 
bring us closer to an understanding of the natural 
processes leading to the beginning of Life.  
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