
The Science of Aeon 
Looking at the Earth 4.6 billions years ago, you would not 
have seen a planet, but a young star surrounded by clouds of 
dust and gas: the whole solar system was forming, including 
our planet. Once formed, Earth was covered in a magma 
ocean and relentlessly pelted by asteroids. It was not a good 
place for life. And it got even worse barely 80 million years 
later, as Theia, a whole planet the size of Mars smashed into 
the Earth.That titanic impact melted much of the Earth’s 
surface, frying any possible form of life. Above ground, the 
impact hurled into orbit the debris which became the Moon. 
Underground, it partially melted the core. This started the geomagnetic dynamo that gives our 
planet a magnetic field, shielding life from harmful radiation. Earth recovered quickly, and 50-ish 
million years later, it had vast, stable oceans. It was a habitable planet. Soon (in geological terms) it 
became inhabited: the earliest traces of life date back to 3.7 billion years ago. 
What happened in that time is called Abiogenesis: the formation of life from lifeless matter. In  
antiquity people thought that abiogenesis happened all the time, and that small animals or microbes 
could form spontaneously from a number of substances. In 1858, however, Louis Pasteur 
conclusively proved that life cannot spontaneously appear. At least not with fully formed organisms  
popping into existence. But, at least once, inanimate matter did become alive. So why doesn’t it 
happen again? Well, existing life (even the simplest of single-celled microbes) feeds very efficiently 
on pretty much anything at hand and has colonized every conceivable niche. Any emerging life-like 
chemical system immediately becomes food for existing organisms before it can fully shape into 
new life. 

What is life? 
“What is alive?” is an easy enough question to answer, but drawing a sharp line to decide “What is 
life” is very difficult. People have debated about this for decades and still do, as the problem gets 
harder the simpler the organisms you consider—think much, much simpler than unicellular bacteria. 
Scientists at NASA attempted to formulate a definition to cover known life as well as exotic forms 
we might encounter on distant planets: life is a self-sustaining chemical system capable of 
Darwinian evolution.  This concise definition highlights most features of living things. First, all life 
relies on networks of chemical reactions. Second, these reactions feed themselves, staving off 
(albeit temporarily) decay and death. Finally, living beings have the peculiar ability to make copies 
of themselves—imperfect copies, with small changes (called mutations) which allow the species to 
evolve. However, even this simple definition has challenges: for example mules are clearly alive, 
but they are sterile, so they can neither reproduce nor evolve. 

What are the basic processes of earthly life? 
Without strictly defining life as a whole, a few fundamental processes are shared across all known 
living beings: metabolism, compartmentalization, and information processing. 
Metabolism is the combination of harvesting usable energy and producing complex molecules. It is 
the engine that powers life. Some organisms, like humans, get their energy from breaking apart 
molecules, for example sugars. Others, like plants, capture energy from sunlight and store it by 
building molecules. The first lifeforms used much simpler reactions, such as the production of 
methane (as some microorganisms do to this day). 
Part of that energy goes into building molecules. Usually, organisms cannot collect ready-made 
complex compounds from their surroundings. Instead, they must build them from simpler “raw 



materials”. All complex molecules in your body—from the hemoglobin in the blood to the 
neurotransmitters driving brain chemistry—were built on the fly using simple components that 
came from breaking down food. 
Information and its replication are needed to build the right molecules that keep a living organism 
going. For instance, hemoglobin in your blood is made of over 500 amino acids, that must be 
arranged in a precise order for the protein to work properly. It is virtually impossible for a cell to 
assemble one of these molecules without instructions, let alone have every red blood cell 
individually to assemble many of them reliably. Reliably storing, reading, and passing along this 
information is one of the hardest problems in life. Through a finely-tuned processes, microscopic 
molecular machines (which themselves need information to be built) read the information from 
DNA and translate it into proteins. Their activity determines everything, from the internal 
functioning of each cell to, ultimately, the appearance of the entire organism. 
Compartmentalization means enclosing living matter in confined spaces: cells. This 
compartmentalization ensures that useful molecules stay close to where they are needed, and that 
everything else stays away. Without a membrane, precious molecules dilute away, a major problem 
at the origins of life. Metabolism and replication work reliably only in tidy cells, with very high 
concentrations of biomolecules. Indeed, everything remotely alive—from humans to bacteria–is 
organized in cells: compartments separated from the outside environment by some membrane. Even 
viruses (which may or may not be alive, depending on whom you ask) are essentially compartments 
filled with genetic material. 

What are the main components of life on Earth? 
Despite life’s astonishing diversity, the vast majority of its matter consists of a handful of elements: 
carbon, hydrogen, nitrogen, oxygen, phosphorus, and sulfur. Biological processes use these few 
elements, found in many simple molecules, to build the four types of molecules needed to carry out 
the basic processes of life. 

 
 
 
 
 
 

Carbohydrates (like sugars or cellulose) store energy, provide structures, and are a basic building 
block to build more complex molecules. Nucleic acids (like DNA and RNA), store and pass on 
genetic information. Fatty acids, encapsulate the cell in a membrane. Proteins perform a variety of 
jobs: some are the molecular machines that do much of the mechanical work in the cell, some (like 
hormones and neurotransmitters) carry signals in the organism, and some (enzymes) facilitate 
specific chemical reactions. These enzymes, in particular, ensure that the complex biochemical 
networks of metabolism unfold in an orderly fashion. 
However, complex biomolecules can form also without the organized pathways of life. So-called 
prebiotic reaction networks also produce them, albeit less efficiently. Much of the research in the 
origins of life looks for these reaction networks. Although many possible prebiotic pathways have 
been proposed for different molecules, the specific environmental conditions of Earth 4 billion 
years ago determine which chemical process works best. With very little specifics available about 
the distant past, those conditions are impossible to know for sure. 



How did life happen? 
The research on the origins of life accelerated greatly in 1952 with 
the key work by Stanley Miller and Harold Urey. In their famous 
experiment, they reproduced the conditions of the early Earth (or 
what they thought they were). Their apparatus mimicked water 
evaporating from the ocean and raining down from an atmosphere of 
simple gases (methane and ammonia), and used electric sparks to 
simulate lightning and add energy. Gradually, their “ocean” 
thickened into a dark paste, containing many organic compounds, 
including amino acids, some of the most important building blocks 
of Life. 
Early Earth probably did not match the conditions they used, and 
lightning alone definitely do not provide enough energy to start life. Still, the Miller-Urey 
experiment proved that the complex molecules of life can form spontaneously from inanimate, 
inorganic substances. Since then, the research on the origins of life has expanded considerably. 
Different hypotheses have emerged to explain how life could have started and evolved. Even though 
none of them is fully accepted in the field, they trace the path for further experiments and 
reflections. 

Process-based ideas 
Some hypotheses on the emergence of life focus on how life started. They look at how each process 
could have started, independently from the others, to begin the circle of life. 
Metabolism first: Simple reactions, similar to the metabolism of some microorganisms, can 
happen without life. While living organisms use complex, highly evolved enzymes to accelerate 
these reactions, metals perform the same task in inanimate matter. The very same metals sit at the 
core of many of life’s enzymes, where the reactions take place. For this reason, some scientists 
think that life grew out of a rudimentary energy-harvesting reaction network. According to this 
hypothesis, around that very simple core, more and more complex infrastructure evolved to get 
energy more and more efficiently, and produce molecules better and better. 
Membrane first: The lipids that form cell membranes in modern organisms need very little to make 
a membrane. When in water, they spontaneously arrange themselves in hollow spheres. One of the 
first modern ideas on life’s origins is that such compartments could have swallowed some 
interesting molecules, which started reacting with each other. Each of these compartments would 
have been its own little world, where complex reaction networks slowly emerged. As these 
protocells grew, met, and merged, they could have gradually increased their efficiency and 
complexity. Eventually, they developed metabolisms and information processing, becoming the 
ancestors of modern cells. 
RNA world: Nowadays, cells build proteins using information stored in the DNA. But DNA itself 
is replicated, protected and “read” by proteins. So which came first: the DNA egg or the protein 
chicken? According to the RNA world hypothesis, neither: life worked differently at the beginning. 
The entire basis of life would be RNA, a molecule similar to DNA, which in modern cells transfers 
information. It can store genetic information as well as fold into structures to function like certain 
enzymes. Some RNA sequences can even replicate themselves. According to the RNA world 
hypothesis, these functional, self-replicating RNA sequences formed the core of life. Later, they 
evolved better ways to store information (DNA) and built better structural proteins. The use of RNA 
in modern life would be a remnant of its origin. 
These hypotheses can combine, to some extent, with one another. Some scientists, for example, 
proposed the idea of multiple origins of life, that different primordial types of life emerged 



independently. For example a metabolism- and an RNA-based life could arise, then merge in 
symbiosis and become the life we know. According to others, no process really established itself 
independently of the others. Instead, they all co-evolved, piggybacking off the advantages of each 
other until they grew into full-fledged life. 

Environment-based ideas 
Not all ideas consider how life started: some prefer to focus on where. Life cannot emerge just 
anywhere. The “primordial soup” idea (that oceans were filled with a broth of ingredients that 
became life) was very popular at the time of Miller and Urey, but not today. The ocean is way too 
vast: the primordial soup would be too watered down for life’s processes to happen. Life probably 
emerged in places that look pretty inhospitable now. 
Deep-sea vents, hot springs, and volcanic pools all have some features in common. They all have 
liquid water, which is necessary for life’s reactions, and steady geothermal heating. Moreover, their 
rock surfaces have small pores, nooks, and crannies where chemicals can accumulate and stay close 
without diluting away. Finally, they have a constant flow of chemicals to feed reactions. 

Deep-sea hydrothermal vents are sorts of underwater volcanoes, where magma from deep in the 
Earth meets frigid sea water. This meeting of extremes sparks strong reactions that form rocks that 
build tall chimneys, through which a mixture of boiling hot water and noxious chemicals flows 
continually, and comes out looking like smoke. Specific conditions inside the vents determine if this 
“smoke” comes out light or dark, giving the chimneys the names of “black smokers” and “white 
smokers”. Despite their hellish appearance, they host rich microbial and animal ecosystems. 
Hot springs have many of the same features as vents, but with less extreme conditions. Moreover, 
large spring fields can have multiple pools, each with very different chemical conditions. If the 
pools overflow and mix, they create additional chemical variety. Despite boiling temperatures and 
rather extreme pH, microbial life found its way into hot springs as well. 
While hydrothermal vents and hot springs get their chemicals from the rocks below, volcanic pools 
get them from above. When a nearby volcano erupts, it dumps in the pool large amounts of ash, 
which can contain organic compounds. Moreover, as the ash rises from the volcano, it can generate 
lightning, triggering reactions like in the Miller-Urey experiment. 
Ice may appear too cold host the emergence of life. However, in the liminal space where ice 
periodically melts and solidifies, the chemicals floating in water get corralled to tiny pockets. These 
small areas reach can high enough concentrations to start life’s reactions. Moreover, the cold water 
preserves and protects DNA and RNA much more than hot one. 
Space and comets: It is very unlikely that fully formed life came 
to Earth from space, but many of the molecular building blocks 
could have. Analyses of meteorites and comets (for example 
during the Rosetta mission) revealed many organic molecules, 
notably amino acids, and the bases of DNA and RNA. 



Will we ever know? 
Any of these hypotheses could be true. Or none of them. Or more than one (especially if life 
emerged multiple times). Frustrating as it may be, we will likely never know for sure what really 
happened. No fossils from that time are left to directly prove anything. Scientists can only look for 
plausible ideas. Approximating early-Earth conditions as best as they can, they probe chemical 
pathways to produce organic molecules, bring them together into more complex biomolecules, and 
see how they combine to originate life. 
But they also look for life elsewhere. Traces of life on another planets—however simple or even 
extinct—would allow to isolate the essential features that make life life. And see whether Earth is 
unique or if life is an inevitable part of the universe. 


