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Atmosphere-Interior Evolution
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Post-MO tectonics

100 M
90 -
b
= |
.‘.Eh 70 I
s | €
I soF |
S
a Mars + Moon
=
L
Plutonic-squishy lid
Reference viscosity: 10°° Pa s
] 1 1 1 1 1 1 1 1 1 1 1

0 20 40 B0 80 100 120 140 160 180 200 220 240 260 280
Surface Yield Stress (MPa)

Lichtenberg et al. (2023) PPVII

300

After the magma ocean phase, a rocky
planet can settle into a number of
different tectonic styles that all have
different effects on the subsequent
evolution of the surface environments.

Transitions between tectonic styles may
be possible throughout a planet’s
evolution.

Earth is currently in a mobile-lid (plate
tectonic) regime, but may not always be!



Plate tectonics vs. Stagnant lid
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Continental crust growth
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Thermal Evolution
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Deep volatile cycles

Outgassing and subduction are
driven by internal heating. As a
planet cools off, rates of both
should decrease.

e Gas production
* Volcanic outgassing
 Metamorphic devolatilization
* Serpentinization
* Reverse weathering

* Recycling of volatiles into mantle
e Subduction of oceanic plates < Plate tectonics
* Plate delamination?

* Plume/Drip magmatism? Stagnant lid recycling?



Diversity of volcanic centers on Earth
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Fig. 12 Geodynamics of magmatism on Earth. MORB stands for Mid-Ocean-Ridge basalts, OIB for Ocean-
ic-Island basalts, SRB/ARC stands for Arc-related basalts that are formed during subduction, PSB stands for
Petit-spot basalts and IB means intraplate basalts. OIB and IB are related to hotspot upwellings, which sample
lower mantle material, while MORB, Petit-spots and SRB sample material from the upper mantle (sometimes
called the asthenosphere)
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Gillmann et al. 2023
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Deep Water Cycle
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Water is transported into the mantle through subduction of hydrated minerals and
sediments in a process called regassing or ingassing.

Water escapes from the mantle through volcanic eruptions at mid-ocean ridges in a
process called degassing or outgassing.



Deep Water Cycle
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Water in Earth’s Mantle
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Water in the Mantle
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Water flux estimates

_» Outgassing ~ ingassing
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Volcanic outgassing - settings
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Hydrothermal vents

Basics of a hydrothermal vent - a Black Smoker
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Deep Water Cycle
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Deep Water Cycle
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Pressure (GPa)

8.0
7.0
6.0
5.0
4.0
3.0
20

1.0

0.0
4

Mg35i,05(0OH),
B %
— Serpentine ®
— (Antigorite)
N <4
L1 Lol oo b b
50 500 550 600 650 700

Temperature (°C)

750

Water in subducted crust

sediments
basaltic pillows

sheeted dikes

isotropic gabbros

layered gabbros

partially

serpentinized
mantle

oceanic

lithosphere 5 4

3

H,O (Wt%)

0

1

2

3

Rupke et al. (2004)

.b)l

Depth (km)



Melting point depression

Hydrous pseudo—phase diagram
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Water behaves incompatibly and lowers the
activity of the melt, isobarically shifting the
melting point to lower temperatures.

Viscosity depression

Temperature-dependence
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Water lowers mantle viscosity, influencing
mantle thermal evolution.



Temperature - Viscosity Feedback

(a) Thermal Feedback for Cooling

Crowley et al. 2011



Super-Earth properties
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Super-Earth properties
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Surface Water Abundance
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When pressure effect on viscosity is large,
oceans are smaller on all planets and
delayed on larger planets.

When pressure effect on viscosity is
small, planets form oceans early and lose
them to the mantle as they age.



Carbon in the mantle

Lithosphere: Carbonate, CH,, graphite, diamond
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Unlike water, carbon is mostly
found in accessory phases in the
mantle, because of low solubility
in solid silicates.

The most abundant carbon phase
in the mantle is likely diamonds.

Carbon also affects melting and
viscosity in the mantle, although
to a lesser degree than water.
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weathering
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Carbon cycles on very short timescales in
the surface reservoirs. Exchange with the
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Estimates of carbon fluxes based on
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Carbon Cycle
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Carbon Cycle and climate
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Chemical weathering rates

T-dependence of basalt weathering
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global silicate weathering cycle
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Carbon Cycle
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Figure 1. Schematic diagram of the global carbon cycle model used mn this
study.
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We incorporate the model of Foley (2015)
for the deep carbon cycle into the deep
water cycle model of Schaefer & Sasselov
(2015).

The model includes sources from
outgassing and arc volcanism. Sinks
include continental and seafloor
weathering, and dissolution in ocean.
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Trappist- 1e outgassing
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Nitrogen

Lithosphere

Mikhail et al. (2017)
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Nitrogen cycling
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Pressure inhibits melting (& outgassing)
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Plate tectonics vs. Stagnant lid

Noack et al. (2017)
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Waterworlds
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Like stagnant lid planets, the excess
overburden pressure on melting
centers of water worlds is likely to
inhibit melt outgassing.
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Pressure & Outgassing

Subaerial conditions lo MARS EARTH VENUS
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Pressure-dependence of
outgassing also affects gas
speciation and amount of
gas that can evolve.

High volcanic pressures
imply limited (if any)
outgassing).



Takeaways

* Post-MO planets can adopt different tectonic styles: plate tectonics,
stagnant lid, etc.

e Deep volatile cycles between mantle and surface control long-term
abundances of volatiles at the surface through outgassing, burial and
subduction



Questions?
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  𝜌 c   𝜕  ⟨ T ⟩  𝜕 t = −  A p  q m + Q
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