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The First Steps: In the 1920s Oparin and Haldane 
independently argued that Earth’s earliest atmosphere 
was reducing, in contrast to the oxygen-rich conditions 
we now know started during the Great Oxidation Event 
(GOE) around 2.3 to 2.4 billion years ago (Ga). Those 
earlier anoxic conditions could have yielded the organ-
ic building blocks of life’s beginnings when energy 
derived from lightning or the sun was added to the 
mix. A few decades later, Miller and Urey famously 
simulated the early ‘prebiotic soup’ of Oparin and 
Haldane in the lab and produced multiple amino ac-
ids—launching the modern era of origins-of-life stud-
ies. An incomplete, and ever-evolving understanding 
of the early atmosphere limited this initial progress, 
and while modern estimates favor dominance by CO2 
[1] many of the same gaps in understanding persist 
today, particularly the relative amounts of ammonia 
(NH3), hydrogen (H2), methane (CH4), and other or-
ganic compounds. More recently, hydrothermal vents 
on the seafloor have become popular as the early 
sources of energy and reduced compounds. The one 
universal point of agreement in these discussions is the 
importance of the surrounding world—that is, the pri-
mordial conditions that were the backdrop for the ear-
liest reactions that paved a pathway to life.  

Recent Progress: Those Hadean settings (4.54 to 
4.0 Ga), in addition to being potentially reducing, were 
long portrayed as ‘hellish’—hot and broadly inhospi-
table—with magma oceans and frequent and large im-
pacts. But all that changed in the early 2000s. Isotopic 
data from zircon grains dating back to roughly 4.4 Ga 
pointed to relatively cool surface conditions, likely 
oceans [2,3], and a solid crust [4], although it might 
not have been subaerial. Impact of one massive object 
within our first 108 years that gave us our moon and 
started the clock for a habitable world also helped de-
fine the tilt of our axis and thus the seasons that pulse 
life on our planet. What is more, interactions between 
the Earth and moon help explain why we are not likely 
to tidally lock with the sun anytime soon, and that 
same large impact may have delivered many of the 
light elements, such as carbon, that would soon domi-
nate Earth’s biology [5]. A resurgence of large and 
frequent impacts, the so-called ‘Late Heavy Bom-
bardment’ posited for 4.1 to 3.8 Ga based on the 
moon’s crater history, may not have been as dramatic 
in its magnitude and as deleterious to life as once im-
aged [6]. In fact, early impacts could have stimulated 
the hydrothermal activity that instead triggered or at 
least supported early life [7]. Recent hints at an early 

magnetic field [8] allow us to speculate on shielding of 
harmful UV radiation and early protection of our at-
mosphere from the scouring effects of solar winds.  

Given the far less hellish conditions now envisaged 
for our first half a billion years, it comes as no surprise 
that rock-bound archives of early life followed soon 
after. That those records are mostly isotopic, rather 
than fossil or molecular, should be a lesson to anyone 
looking for life elsewhere in the solar system. Possible 
evidence for the earliest carbon fixation—autotrophy 
by early microbes—appears tentatively in carbon iso-
tope data from 4.1 Ga [9] and more convincingly by 
about 3.7 Ga. By 3.5 Ga, the rock record reveals the 
first putative microfossils [10], although their bi-
ogencity has been challenged [11]. From the same rock 
sequences, however, we see convincing evidence for 
microbial mats (stromatolites). In this same general 
time window, combined isotopic and genomic perspec-
tives place early microbial sulfur cycling back at least 
to 3.5 Ga [12], nitrogen cycling at 3.2 Ga or greater 
[13], and photosynthetic oxygen production back to 3.2 
to 3.0 Ga or more [14,15].  

Biological production of O2 almost certainly pre-
dated the GOE by hundreds of millions years, suggest-
ing that accumulation in the atmosphere was delayed 
through reaction with reduced materials at Earth’s sur-
face [16] and/or gases emerging from our interior [re-
viewed in 17]. Against this backdrop of profound re-
dox change in our outer shell, Earth maintained its 
liquid oceans and thus habitability through a combina-
tion mostly of carbon dioxide (CO2), the related sili-
cate weathering feedback, and redox-dependent CH4—
all of which were required to heat our surface stably in 
the face of a still faint sun. Biological production of 
methane was certainly among the most ancient of mi-
crobial metabolisms, and how those fluxes balanced in 
combination with abiotic sourcing by important reac-
tions such as serpentinization remains a critical ques-
tion. Among the key unknowns is the cycling of me-
thane during the Hadean and related production of or-
ganic compounds formed in the atmosphere. These 
photochemical products delivered to the surface may 
have seeded life’s earliest progress.  

The predictably dim beginnings of our early sun 
and its steady brightening are perhaps at the center of 
our history of sustained habitability and inhabitation. 
Yet how and when land/continents first appeared, in-
teracted, and emerged from the oceans must also be 
better understood [18]. Deep disagreements about the-
se details remain, but the early zircon records have 
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given us windows to the first half billion years not pre-
viously imagined.  

New Frontiers: Going forward, we can build a 
roadmap to search for life beyond Earth and outside 
our solar system using lessons from our own history. 
We might even make confident predictions about con-
tingencies such as very large impacts—like the one 
that helped set our planet on the right path to life. As-
trobiology of Earth’s first billion years thus stands 
poised for a new beginning—one in which hypotheses 
for life’s emergence are informed more rigorously by 
independent models, data, and experiments focused on 
the beginnings of our oceans, continents, and evolving 
stellar neighbor. Similar rigor will be aimed at better 
understanding our atmosphere and its photochemical 
evolution and delivery of essential ingredients from 
our atmosphere and space. Particularly fruitful areas of 
related research will simultaneously explore the first 
billion years of Venus, Earth, and Mars when the three 
may have looked much more alike than the do today. 
One common trait then may have been vast surface 
reservoirs of liquid water—a precondition for habita-
bly that soon disappeared for all but Earth. Encourag-
ingly, NASA’s commitment to these frontiers has nev-
er been stronger, including desires for better under-
standing of the Hadean. This time slice, our earliest 
alternative Earth, will also help guide the search for 
life on exoplanets in much the same way we use 
Earth’s later chapters [19]. 

A measure of this strong buy-in by NASA is the re-
cently launched PCE3 (Prebiotic Chemistry and Early 
Earth Environments) Consortium. The goal of this Re-
search Coordination Network (RCN) is to facilitate 
cooperative, interdisciplinary investigations of the de-
livery, synthesis, and fate of small molecules under the 
conditions of the early Earth and the subsequent for-
mation of proto-biological molecules and pathways 
that lead to systems harboring the potential for life. 
This effort, perhaps with unprecedented communica-
tion and coordination, will bridge communities that 
will think collaboratively about the beginnings of life 
and the cause-and-effect relationships with the sur-
rounding environment. 
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