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Studies of the modern Earth have long aided in our 
exploration for life elsewhere in the solar system. The 
Atacama Desert is a potential analog for the extreme 
environments of Mars. More recently, the cold waters 
beneath Antarctic ice are guiding our missions aimed 
at water worlds such as Europa and Enceladus. At the 
same time, Earth’s very early chapters have provided a 
testing ground for refining our skills in the search for 
cryptic biosignatures seen sometimes in fossils—but 
more often in organic molecules or isotopic measure-
ments that seldom give up their secrets easily. When 
viewed rigorously in the environmental and ecological 
context afforded by terrestrial sampling, these in situ 
data give us a complete view of environmental and 
biological co-evolution across time scales of millions 
and billions of years. Life detection on early Earth is 
difficult, and it should be more so on Mars. Earth, we 
hope, is teaching us how to get it right. 

In recent years, the full dynamic range of terrestrial 
conditions has been embraced as a catalog of ‘alterna-
tive Earths’ that are unified by the persistence of habit-
able conditions and inhabitation for perhaps four bil-
lion years. It is remarkable that life and life-sustaining 
environments have prevailed in the face of a cooling 
Earth interior, a warming sun, shifting tectonic modes, 
large and small impacts, a stabilizing and varying 
magnetic field, changing surface redox, climatic ex-
tremes, and a multitude of other contingencies, chal-
lenges, and opportunities expected at the hands of stel-
lar, solar system, and planetary evolution. In the end, 
enduring life is a testament to the power of feedbacks 
at the interfaces between biotic and abiotic processes 
on Earth. But these are universally relevant considera-
tions. And each of these chapters, if read carefully, can 
inform the search for life across one of astrobiology’s 
most exciting and promising frontiers—extrasolar 
planets.  

The Earth analog will have enduring and likely in-
creasing relevance for decades to come. This value is 
not hindered by what some see as Earth-centric myo-
pia—that is, overworking what is known at home as 
our only roadmap to distant life and planets that will 
likely be very different. Instead, the diverse alternative 
Earth states of our own history are windows more ge-
nerically to the processes, products, and detectable 
biosignatures that, when filtered through the right lens, 
provide universal perspective on fundamental relation-
ships, such as that between life in the oceans and the 
presence and detectability of biosignature gases in the 
atmosphere above. Indeed, each of Earth’s widely var-
ying planetary states translates to a particular atmos-

pheric composition that could one day be detected on 
an exoplanet. 

From ongoing efforts to suss out these past atmos-
pheric compositions on Earth gleaned from a myriad of 
biogeochemical proxy evidence tied to the ancient rock 
record, we learn about possible false positives such as 
methane (CH4), which can be tied as easily to multiple 
abiotic pathways as it is to biological production. The 
most recent early Earth research is schooling us equal-
ly in the concept of the false negative—that is, an ab-
sence of detectable atmospheric biosignatures above an 
ocean brimming with life. As an example from the 
very early pages of our history, abundant free oxygen 
(O2) was likely confined to the surface waters of the 
ocean where it was photosynthetically produced in 
disequilibrium with an essentially O2-free atmosphere. 
In fact, if viewed remotely using current technology, 
O2 may not have been detectable in our atmosphere for 
more than two billion years following its first biologi-
cal production. And the famous O2-CH4 disequilibrium 
biosignature may not have been detectable at any point 
in Earth history. But we move forward from this point 
armed with a more cultivated perspective of what 
needs to be done. 

Rather than Earth being a messenger of exclusively 
bad news, it instead gives us a call to arms—a motiva-
tion for telescope designs limited only by our imagina-
tions. Findings from early Earth urge us to seek in-
struments with greater sensitivity, signal resolution, 
and a broader array of spectral data guided by our un-
derstanding of life, its cycles, its products, and their 
holistic relationships to the environment—both oceans 
and continents. 

Our aim is to keep alternative Earths in the conver-
sation for decades to come as a way of more strongly 
putting the ‘bio’ into biosignatures by viewing atmos-
pheres for their indebtedness to the ‘black box’ of the 
complex interplay at the biotic and abiotic interfaces 
between the liquid and solid planet. We as a communi-
ty assert, for example, that interpreting exoplanet at-
mospheres demands sophisticated numerical models 
for the possible underlying oceans and that we have 
lifted the lid on this black box.  

At the end of the day, we are confident that spectral 
data from increasingly sophisticated telescopes opti-
mized for exoplanet exploration will reveal complex 
mixtures of potential biosignature gases on very distant 
planets. But we are equally confident that the challeng-
es of interpreting those data will be as acute as those 
nested in their detection. We are resolute in maintain-
ing that those gases, their concentrations, their mixing 
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ratios, seasonal patterns, and their very co-existence 
will yield accurate headlines for or against the pres-
ence of life only when filtered through an understand-
ing of real life in real oceans impacted by continents, 
tectonics, and climate. Equally important will be the 
filter defined by a clear understanding of the abiotic 
possibilities that can lead to similar mixes of gases. 
The biogeochemical cycles in our ancient oceans, 
when extrapolated via models and empirical proxies, 
are broadly relevant to all life scenarios—even on ex-
oplanets.  

Early Earth gives us the platform to take theory or 
abstract speculation to a place more deeply grounded 
in observation and possibility—not as a literal analog 
for other worlds but as a natural lab for exploring how 
life interacts with its surroundings and leaves detecta-
ble (or not) fingerprints. It forces us to reconsider 
greenhouse gas scenarios in light of biological fluxes 
weighed against differing surface redox, ocean chemis-
try, biological and tectonic contributions, solar input, 
and related photochemistry. It raises possibilities we 
would not have considered otherwise. Exoplanetary 
science demands an increasingly mature search engine 
informed by the processes, pathways, couplings, con-
trols, thresholds, and feedbacks of our resilient Earth 
and its oceans in their many manifestations over bil-
lions of years. Because of this diversity, Earth and its 
toolbox are much more than an N of 1. 
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