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The Modern Earth

* Annual biomass productivity:
~101% kg yrt

e Solar flux: ~1361 W m

* Biomass production largely
limited by P/N availability

* 10 million Space Needle masses!




Biomass Production

* 50% of production on
land

*50% in the oceans




* Internal energy
from Earth is only
~0.03% that of
energy from the
Sun

* Before oxygenic
photosynthesis
Earth’s
productivity may
have been just
Biospheres with only chemical 0.01% modern

energy could be less detectable




CO, + 2H,0 + hv - CH,0 + H,0 + O,

~10'*kg yr'total biomass production on the modern
Earth

~7% photon use in oceans, ~31% on land (Field et al.,
1998)

Oxygenic Photosynthesis



Could the Earth be growth limited by light?
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Lower wavelength limit at
~400 nm

Photon

Requirements Upper wavelength limit at

~750 nm

for Oxygenic
Photosynthesis

Absolute upper limit for
oxygenic photosynthesis is
unknown




Available Photons Around Other Stars

S8E+21 —
154 Earth surface
TE+2] - Y 1.043-1.045 F2V surface max 1PAL
451 687 ’ —— K2V surface max 1PAL
| i b mo L M1V 3650K surface max 1PAL

6E+2] ,ﬂ Mo | eyl N VA 1 615 M4.5V AD Leo surface max 1PAL
s \ '*"-“r,r\i HiQ || 0 1591 LON M5V 3100K surface max O2x1e-05
5 SE+21 - f|| \] \ f \'l"‘ A \ CH, Rhodobacter sphaeroides (BChl a absorbance)
E ! ‘ \ '[' o\ Blastochloris viridis (BChl b absorbance)
& ' : ‘Al B NREETETEY 02, 687.5 nm
) 9 N ’
% 4E+21 |\ eeeeees 02, 761 nm
= I )
g 3E+21 W | (‘
o - B
= |

2E+21 -

gt
1E+21
0 ‘ -~
0 0.2 1.6 2.6 2.8 3

wavelength (microns) Kiang et al. (2007)



Optimal absorption wavelength around other stars
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Direction of increasing energy of electron
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How long can a photon
wavelength be for oxygenic
photosynthesis?

* A water molecule * 1wires ~1.23
eV to split, r~ .g to a photon of
~1 pumr . dpper limit for oxygenic

photos _o1S7?
* An electronic excitation must occur

* Total energy must be comparable




Upper
Wavelength
Limits for
Oxygenic
Photosynthesis

750 nm is the observed limit for the modern
Earth

van Grondelle and Boeker (2017) found a
limit of 900 nm

~1100 nm is the limit of a detectable
electronic transition

1500 nm is beyond the optimal pigment
absorption wavelength of the coolest M
dwarf stars



Hypothetical 3-step system for Hypothetical 6-step system for
photons up to 1040 nm photon up to 2100 nm

Photon
Energy at

Long
Wavelengths

Hypothetical 4-step system for
photons up to 1400 nm




Stellar Temperature [K]

Stellar Temperature [K]
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Available Photons Around Other Stars (in water)
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How detectable will life around cool stars be?




Flux of O, on the Modern Earth

Nearly all O, produced from oxygenic photosynthesis is consumed on short
timescales by respiration or oxidative decay

Less than 1% of biomass produced from oxygenic photosynthesis is buried

Burial estimates span 5.6-10.0 Tmol yr'(0.16-0.30%)

O, flux is partially consumed by kinetically rapid reactions with reducing gases (e.g.,
H,, CO, H,S, SO,, etc.) —5.7£1.2 Tmol yr! O, equivalent

Remaining O, flux is consumed via oxidative weathering



Escape of hydrogen to space
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Surface reservoirs for
O,

e The Earth’s crust is more
oxidized than the mantle

* Total O, sink for the modern
Earth is ~10'° Tmol

* Modern O, from organic C
burial is ~10 Tmol yr1

Image Credit: Candida Savage



When did
OXxygenic

photosynthesis
evolve?

~2.7 Ga — stromatolites indicative of
oxygenic photosynthesis (and others)

2.95 Ga - Mo isotopes

3.2 Ga - kerogen-rich shales consistent
with oxygenic phototrophs

3.7-3.8 Ga - Cr isotopes and U/Th
ratios




loglp,, (atm)]

Great Oxidation Event

e Earth’s atmosphere became oxygenated at ~2.4 Ga

* Geochemical evidence suggests oxygenic photosynthesis evolved by
2.7-3.2 Ga, possibly earlier, before even 3.4-3.8 Ga

* 300 Myr or more may have passed between the advent of oxygenic
photosynthesis and the Great Oxidation Event
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Biospheres around cool stars
could be growth limited

* Energy limitations could limit
biomass productivity to just a few
percent of modern Earth’s

e Qutgassing rates must not
overwhelm biological fluxes

* Crustal sinks could delay
biological signals for billions of

years




Even it life is present, it may not be detectable
on some worlds

 How can this inform target
selection?

* For stellar temperatures below
~3000 K an Earth-like planet
may be unable to overcome

planetary fluxes .
e Water-rich worlds may be
particularly impacted around | e O ’ ‘
cool stars \ K G = A

e Planets in a non-synchronous
orbits could be growth limited

* FGK stars may provide the best
targets to unambiguously find
evidence for life
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Outgassing on
Earth
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Composition is thought be be
roughly constant through time
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Will exoplanets have similar

outgassing rates/compositions?

Volcanic outgassing could scale as the square of heat flow




Organic C burial on Earth

Continental Shelf
| Continental Slope

* ~97% of organic Cis
buried in the coastal
ocean margin

(modern Earth)

Coast




Will organic C burial
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