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• The Hadean foundation.

• The legacy of life and co-evolving 
environments that followed.

• Lessons learned for the far 
beyond.



4.5 billion years ago

Theia, in Greek mythology, mother of the moon
•origin of the moon (tides) and the ~23° tilt of our rotational axis (seasons)



• Helped define the tilt of our axis and thus the
seasons that pulse life on our planet.

• Interactions between the Earth and moon help
explain why we are not likely to tidally lock with
the sun anytime soon.



Planetary collision that formed the moon 
may have made life possible on Earth

(2019)

sulfur inputs favored liquid outer core and therefore magnetic field?



The solid Earth looked much like it does now by 4.4 Ga:

•Core formation was complete
•Crust formation had begun
•Atmosphere outgassed from interior
•Surface temperatures were similar to the those of the present Earth
•Liquid water present on surface

(Annu. Rev. Earth Planet. Sci., 2014)



Cooled quickly, early oceans

(Nature, 2001)

Valley et al. (2014)
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Simone Marchi

Early impact history



The late heavy bombardment (lunar 
cataclysm) questioned

Sterilizing 
Impact 

History 4.1 to 
3.8 Ga.



Simone Marchi

The High Impact of Impacts!
Impact-related release of greenhouse gases

Ancient asteroid impacts 
played a role in

creation of Earth’s continents 
(Latypov et al., 2019)



Zahnle et al. (2010)

Methane



Faint Young Sun Paradox

greenhouse gases

Warming sun

high 
CH4



Tim Lyons

University of California, Riverside



(Science, 2015)

An early atmosphere-protecting magnetic field?

Michael Osadciw/University of Rochester



Cawood et al. (2013)

Origins of continents and plate tectonics

Korenaga (2018)

Emergence above sea level



(PNAS, 2015)

High C-
12/C-13

(Science, 1999)

(12,13)CO2 +  H2O  (12,13)CH2O  +  O2

light



(PNAS, 2015)

(Science, 1999)

Archean O2 production

Inorganic perspectives
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Mo isotope values in BIFs
provide a signature for 

Mn oxidation = O2

Mo isotope fractionation coupled 
to Mn cycling (ca. 3.0 Ga) 

Mn2+ + 0.5O2 + H2O      
MnO2 + 2H+

Planavsky et at. (2014)

as MnO2 d98Mo



(2017)

•A variety of molecular clocks that use horizontal gene transfer (HGT) as additional, relative 
constraints.
•Crown Cyanobacteria age estimates ranged from 2.2 Ga to 2.7 Ga, with stem Cyanobacteria 
diverging ~2.8 Ga. 



Planavsky et al. (2014), Cole et al. (2016), Reinhard et al. (2017)
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>0.001% PAL
<1% PAL 

?

The ancient atmosphere: Cr isotopes



Ocean oxygen landscapes: surface ocean heterogeneity

Reinhard et al. (2016)

Olson et al. (2013)



Mat- and crust-hosted micro-oases

Photo: T. Bosak
Data: Sumner et al. (2015)

Photos: USGS

What does all this mean for methane?



(2018)

Emergence of 
methanogens at 3.94 ±
0.228 Ga at the 
youngest.

geochemical evidence:

MIF-S record

Low O2 and sulfate
(affect production and 
preservation)

AOM: CH4 + SO4
2− → 

HCO3
− + HS− + H2O



O2

NO3
-

Mn(IV)

Fe(III)

SO4
2-

AOM: CH4 + SO4
2− → HCO3

− + HS− + H2O

Pathways of respiration (redox) 



methanotrophy

Hayes, 1994

O2 and SO4
2-



Fike et al. (2015)

d34S for pyrite and sulfate



Constraints on Archean marine sulfate levels
based on observations in modern systems and experiments

<200 µM

Crowe et al. (2014): 2.5 micromolar (0.1% of modern sw)

Habicht et al. (2002)



Earth’s history of evolving O2

after Lyons et al. (2014)

Nutrient models



(1998)

(2002)

Rickaby (2014)

bioessential trace metals
enzymatic co-factors for diverse metabolic 

processes 



metamorphic/
hydrothermal

Zerkle et al. (2017)

Stüeken et al. (2015)

d15N

Mo



Saito et al. (2003), Anbar (2008)

Availability of 
bioessential 
trace metals 

tracks 
evolving 

ocean redox

Fe H2S O2



History of biological metal utilization inferred through
phylogenomic analysis of protein structures (Dupont et al. 2010)
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Metalloenzyme evolution: The appearance of metal-binding fold structures over the 
course of protein evolution captured in the proteomes (metallomes).

Fossils/geochem. = anchor pts. and interpretive framework.



(2.5 Ga Mt. McRae; Anbar et al., 2007; Kendall et al., 2015) 

O2

TM

Trace metals are delivered to the 
ocean via oxidative weathering of 

the continents and scavenged in low 
O2 marine settings.

O2

sink

The deep ocean: Trace metal mass balance

[TM]



Deep Ocean Anoxia

(Partin et al. (2013)



Scott et al. (2008)

GOE

Mo in euxinic shales through time



Jacobs & Lind (1977), Zerkle et al. (2006), Glass et al. (2010)

Experimental microbiology: Testing the limits of life



Schad et al. (2019)

1. Before Cyanobacteria evolve (c. 3.8 – 2.8 Ga)
Atmosphere: No O2

hv

Fe2+

Fe2+
Fe(III) precipitation 
(w/ cell-mineral aggregates)

Fe2+

Microbial
Fe(III) reduction 

during 
sedimentation

Fe(III) + organics

No oxidative 
weathering Low nutrient input

N2

hv

NO3
-

?

NR FeOx

Chemodenitrification

Photoferrotrophs

Fe(III) (oxyhydr)oxides

Fe(III)-reducers Fe(II)

Iron cycling and coupling to phosphorus

early photoferrotrophy and DIR



(2002)

(2014)

(2014)

Slow oxidation of iron in solution in rivers and estuaries efficiently scavenges
phosphorus.

Vivianite precipitation

Derry (2015)



(2017)



Lyons et al. (2014), data from many sources

boring billion

Surface ocean O2 during BB: heterogeneous, mostly low, temporally 
variable, frequent upward mixing of anoxic waters

after Lyons et al. (2014)



macroevolutionary lag

Brocks et al. (2017)

Co-evolving Life
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Dave Evans in Planavsky et al. (2015)

Rodinia
(Neoprot.)

Nuna
(mid-Prot.)

“boring billion”

~1.4 Ga  (Nuna breakup)

~1.1 Ga (Rodinia assembly)

~800 Ma (Rodinia breakup)

~550 Ma (Gondwana assembly)

Tectonic drivers



Ernst et al. (2016)

Large 
Igneous 

Provinces

extensive
volcanic 
activity

(CO2, nutrients, etc.;
impacts on life and 

climate effects)

Drivers of extinction 
and innovation



Exploring four billion years of persistent 
habitability on a dynamic early Earth… …to guide NASA’s mission-specific 

search for life on distant worlds.
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O2

O2

anoxic/low O2 atmosphere

oxygen oasis

anoxic ocean

Earth’s atmosphere may have been an 
unfaithful reflection of surface 

chemistry and biology 

O2 concentrated 
in surface ocean

 Biogenic O2 may have predated 
remotely detectable atmospheric 
O2 by more than two billion years! 



Alternative Earth biosignatures: 
The paradigm

after Des Marais et al. (2002)



Alternative Earth biosignatures: 
An updated view and false negatives

modified from Schwieterman et al. (Astrobiology, 2018)

O3?



False Positive and False Negatives

• False Positives: features attributed to life that
formed without life, causing us to suggest
incorrectly that life is/was present.

• False Negatives: features that require life but
escape our detection, causing us to suggest
incorrectly that life is/was absent.



The Habitable Zone

The habitable zone (HZ)

is defined as the range of

distances from a star

where a planet with the

right atmospheric

composition could

maintain surface liquid

water

Image Credit: NASA









Photochemical impacts: Most stellar 
planet hosts aren’t Sun-like

What happens when we put our
Earth around different stars and
in different relative positions
within the habitable zone?



By employing a Monte Carlo approach bounded by
observations from the geologic record, we infer that
the rate of net biospheric O2 production was ~25%
of today’s value, owing largely to phosphorus
scarcity in the ocean interior.



Lyons et al. (2015)Lyons et al. (2014)



~4600 2500 542(Myr) 0

Archean Proterozoic Phan.

carbon isotope evidence for life (autotrophy)
earliest records of microfossils and stromatolites

sulfate reduction

N2 fixation

oxygenic photosynthesis 

Fe reduction and anoxygenic photosynthetic Fe oxidation 

methanogenesis/methanotrophy

nitrification/denitrification

sulfide oxidation
Great Oxidation Event

stem group eukaryotes

crown group eukaryotes

major eukaryotic 
diversification

Neoproterozoic Oxidation Event

animals

abundant liquid water (oceans) on Earth’s surface

Microbial evolution based 
mostly on geochemical 

fingerprints

Lyons et al. (2015)Lyons et al. (2015)Lyons et al. (2014)



Appearance vs. Ecological Consequence

Comparisons between molecular results and chemical
data in the rock record allows us to make the
distinction between:
(1) beginnings of microbial pathways implied by the

genomic data and
(2) their subsequent ecological proliferations to the

point that at least local ocean chemistry was
changed and metabolic fingerprints were captured
in the chemical properties of a sparse rock
record—a mostly isotopic window.



Hodgskiss et al. (2019)


