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‘Whether Venus was ever habitable is a key question driving missions to Earth’s sister
planet in the next decade. Venus today has a dry, O;-poor atmosphere, but recent
work has proposed that early Venus may have had liquid water [J. Krissansen-Totton,
J.J. Fortney, F. Nimmo, Planet. Sci. J. 2, 216 (2021)] and reflective clouds that could
have sustained habitable conditions until 0.7 Ga [J. Yang, G. Boué, D. C. Fabrycky,
D. S. Abbot, Astrophys. J. 787, L2 (2014), M. ]J. Way, A. D. Del Genio, J. Geophys.
Res.: Planers 125, €2019JE006276 (2020)]. Water present at the end of a habitable
era must since have been lost by photodissociation and H escape, causing buildup
of atmospheric oxygen [F. Tian, Earth Planet. Sci. Lett. 432, 126-132 (2015)]. We
present a time-dependent model of Venus’s atmospheric composition starting from
the end of a hypothetical habitable era with surface liquid water. We find that O loss
to space, oxidation of reduced atmospheric species, oxidation of lava, and oxidation of
a surface magma layer formed in a runaway greenhouse climate can remove O; from
up to 500 m global equivalent layer (GEL) (30% of an Earth ocean), unless melts
on Venus had a much lower oxygen fugacity than Mid Ocean Ridge melts on Earth,
which increases the upper limit twofold. Volcanism is required to supply oxidizable
fresh basalt and reduced gases to the atmosphere but also contributes “’Ar. Consistency
with Venus’s modern atmospheric composition occurs in less than 0.4% of runs, in
a narrow parameter range where the reducing power introduced by O loss processes
can balance O; introduced by H escape. Our models favor hypothetical habitable eras
ending before 3 Ga and very reduced melt oxygen fugacities three log units below the
fayalite—magnetite—quartz buffer (fp, < FMQ—3), among other constraints.

Venus | atmospheric evolution | water

Did Venus ever have liquid water? Answering this question is one of the core questions
driving the fleet of new missions to Venus selected by NASA and ESA, the terrestrial planet
most similar in size to the Earth in our solar system (1). Today, Venus has an average
surface temperature of 720 K, and a dry 93-bar, predominantly CO; atmosphere. These
conditions preclude the stability of water and most hydrous minerals on its present-day
surface (2). Although some studies of Venus’s climate evolution suggest that the planet
has always been uninhabitably hot (3-5), other modeling studies propose that Venus
may have been able to maintain surface temperatures low enough for liquid water for
much of its past (6-11). However, a vital question remains: How much water could early
Venus have had, and when?

Recent modeling of Venus’s magma ocean evolution and subsequent geodynamic and
atmospheric evolution suggests that Venus may have retained sufficient water late enough
in its history to form an ocean hundreds of meters deep, either through outgassing H,O
from volcanoes or cooling a steam atmosphere (12). Even with modest water inventories
of 10 m GEL (Global Equivalent Layer), it has been proposed that habitable conditions
on Venus might have persisted until as recently as 0.7 Ga, provided that the planet
had a thinner (less than 10-bar) atmosphere, a slow rotation rate, and reflective cloud
cover (7, 8).

If a liquid water layer persisted beyond the first few hundred million years of Venus’s
evolution, it may have left an imprint on Venus’s modern atmosphere. This can be used to
constrain the maximum thickness of a liquid water layer on Venus. The high deuterium
to hydrogen ratio—150 times higher than Earth’s (13)—in Venus’s atmosphere has
been proposed to suggest escape of up to an Earth ocean of water (around 3,000 m
GEL) from Venus (14, 15). However, the interpretation of atmospheric D/H remains
ambiguous. An Earth ocean of water could have taken anywhere from 4 Gyr to 0.5 Gyr
to escape and remain consistent with D/H measurements (16). This range arises from
the range of possible hydrogen escape efficiencies and as much as a factor of 20 variability
in the D/H fractionation factor over Venus’s history (16). Additionally, the water need
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not be sourced from an early ocean on Venus. A similar D/H
ratio can be produced both by steady-state loss of water delivered
over time, for example, by degassing from a fractionated mantle
source, through Raleigh fractionation of catastrophic recent water
degassing, or through loss of water delivered by impacts (17, 18).
Additionally, the initial D/H ratio of Venus may have been higher
than for Earth and Mars as a result of its impact history (19)
or been modified by loss of H prior to condensation of water
on Venus’s surface during an early magma ocean period (20).
Therefore, although D/H is a useful constraint on the total loss
of water from Venus, it is difficult to unpick the effects of Venus’s
formation and earliest evolution from later H,O losses from a
hypothetical habitable era with surface liquid water.

Fortunately, Venus’s atmosphere also records the history of
water on the planet through the concentration of atmospheric O
(12, 21). Any water in Venus’s upper atmosphere is vulnerable to
photodissociation to H and O (22). H escapes to space at a higher
rate than O, leading to accumulation of O (23). O can then be lost
through later nonthermal escape (15, 21), oxidation of reduced
atmospheric species such as CO and CHy released by volcanoes,
and by oxidation of surface rocks (24). Crucial constraints are
that Venus’s present-day atmosphere is exceedingly O, and CO-
poor (<70 ppm O3, <50 ppm CO) and dry (<100 ppm H,0)
(25, 26). Therefore, if Venus ever had oceans, the O added to the
atmosphere by the subsequent evaporation of this water during
a moist or runaway greenhouse (RGH) period must since have
been removed by oxygen sinks (12, 21). In principle, this places
an upper limit on the surface water inventory of any habitable
period on Venus—i.e., whether or not Venus once had oceans—
and also constrains the timing of any possible habitable periods
in order to allow time for O sinks to remove essentially all of
the O.

Here, we present a time-dependent, mass-balance model of
the evolution of Venus’s atmospheric composition starting from
the end of a hypothetical “habitable era,” which we define
here as a period able to maintain surface liquid water (Fig. 1;
Materials and Methods). Previous work has considered Venus’s
overall evolution from an initial magma ocean phase to explore
whether condensation of surface liquid water and consistency
with Venus’s modern atmosphere are possible (12), but our ap-
proach specifically focuses on the consequences of a hypothetical
habitable era for Venus’s later evolution. As a result, our models
are agnostic to Venus’s formation, initial composition, magma
ocean evolution, and the details of the habitable era itself. Our O,
loss model tracks the post-habitable-era evolution of H,O, CO»,
and O in Venus’s atmosphere. We assume that all surface liquid
water present immediately before the end of habitability enters
the atmosphere, either during a runaway greenhouse (RGH)
phase or a moist greenhouse phase, both of which could be
triggered by the Sun brightening over time, or the outgassing
of CO; through volcanism. We identify regions of parameter
space using a regular grid of seven parameters where the water
(and therefore oxygen) added to Venus’s atmosphere by the
evaporation of habitable era surface liquid water and subsequent
volcanic HyO outgassing can be removed by (Fig. 1):

1. Nonthermal O escape
2. Oxidation of degassed CO and CHy to CO;

3. Oxidation of lava, ash, and magma.

Model runs are considered successful when the final atmospheric
03, H,0, and CO concentrations satisfy the upper limits
on Oy, HyO, and CO concentrations in Venus’s modern
atmosphere (26). We consider hypothetical habitable eras ending
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Fig. 1. Schematic illustration of our model for Venus's atmospheric evo-
lution starting from the end of a hypothetical early habitable era. Prior to
the model start, we set the total end-habitable-era water inventory (Table 1).
After the end of the habitable era, the following processes occur: 1) Additional
volatiles are added to the atmosphere by volcanism. These volatiles are
sourced from H and C species dissolved in the melt, and their speciation
into H, 0, Hy, CO,, CO, and CHy is set by the oxygen fugacity of the erupting
melt. 2) Water from volcanism and the early habitable era photodissociates
to form H and O,. 3) H escapes to space (purple arrow). 4) O is removed
from the atmosphere by escape to space, oxidation of reduced atmospheric
species such as H, CHyg, and CO to form H,0 and CO,, and oxidation of FeO
in volcanic products (teal arrows). In models where the habitable era ends in
a runaway greenhouse (RGH), O can also be removed from the atmosphere
by oxidation of a molten basalt layer if the surface temperature exceeds the
basalt solidus.

at 4.0, 3.0, and 1.5 Ga, with end-habitable-era water inventories
between 10 and 1,000 m GEL over a total of 94,080 model
runs (parameters in Table 1; 47,040 runs each for the moist
greenhouse case and the RGH case where oxidation of a molten
surface occurs).

Two important processes in our Oy loss model are the
oxidation of degassed C and H species and oxidation of basalt lava
flows. These processes both depend on Venus’s crustal produc-
tion and degassing history, which is constrained by the modern
abundance of “°Ar in Venus’s atmosphere. This is because “Ar
is produced by the decay of “°K in the crust and in the mantle,
and “Ar can be released from the mantle to the atmosphere
through degassing from volcanic eruptions and intrusions. 40Ar
formed from 4°K decay in the crust can diffuse through the crust
into the atmosphere (27, 28). As little as 24% of the radiogenic
4OAr in Venus’s mantle has been degassed (27), assuming an
Earth-like K abundance on Venus. We construct a simple “°Ar
degassing model following (27, 28) to determine whether the
40Ar degassed by the crustal production histories used in our O,
loss model falls within or below the (1.61 4 0.54) x 10'° kg

range for 40Ar abundance in Venus’s modern atmosphere (28).

1. Results

A. 0, Loss Model. Our baseline O, loss model considers three
oxygen sinks (Fig. 1):

1. Escape to space

2. Oxidation of reduced atmospheric species (CO, CHy, and
Hj) from degassing

3. Oxidation of basaltic lava flows and ash.

Results for our baseline model show that these combined oxygen
sinks are able to remove enough O, to make end-habitable-era
water inventories of up to 300 m GEL (<10% of an Earth Ocean)
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Table 1.

Parameter values used in O, loss model (Materials and Methods for details)

Symbol Description Values Units
to End of the habitable era (and model start time) in Gyr before present 4 (habitable for < 0.5Gyr) Gyr
3 (habitable for <1.5 Gyr)
1.5 (habitable for <3 Gyr)
hpap Global Equivalent Layer (GEL) water released into the atmosphere at 10, 50, 100, 300, 500, m
the end of the habitable era (includes surface water, groundwater, 700, 1,000
and any water from minerals dehydrated during transition out of
habitable conditions)
Cco, Concentration of CO; in Venusian basaltic melts 0.03,0.05,0.1,0.2 wt%
CH,0 Concentration of H,0 in Venusian basaltic melts 0.001, 0.1, 0.2, 0.5, 700, wt%
1,000
Joolc Fraction of CO; in Venus's present atmosphere derived from 0.1,0.5,0.9,1.0
post-habitable era volcanic degassing
fext Fraction of magmatism that is extrusive (reaches the surface as ash or 0.1,0.3,0.9,1.0
lava rather than crystallizing deep underground)
log fO5 Oxygen fugacity of erupting melt relative to the fayalite-magnetite- 0,-1,-2,-3,-4 log fO, AFMQ

quartz buffer

We implement a regular grid approach so all parameter combinations are explored.

consistent with Venus’ present atmosphere (Fig. 2). This volume
of water would be readily supplied during Venus’s formation,
with estimates for Venus’s initial water inventory ranging from
around 0.5 to 5 Earth Oceans (29, 30). The upper limit results
from larger end-habitable-era water inventories contributing
more O3 to Venus’s atmosphere than can be accommodated by
the combined oxygen sinks in our model. The most important
sinks are oxidation of reduced atmospheric species and oxidation
of lava/ash. The relative contributions of these sinks to O,
removal depend on the oxygen fugacity of erupting melts on
Venus and the melt CO, and H;O concentrations, which
determine the speciation of degassed volatiles. For higher oxygen
fugacities (e.g., log f O, = FMQ % 0, where FMQ is the fayalite—

magnetite—quartz buffer), oxidation of lava/ash is the largest

oxygen sink because less CO and CHy are degassed. As melt
oxygen fugacity decreases and CO/CHjy degassing increases,
oxidation of CO/CHy becomes the primary O; sink. However,
it is difficult for oxidation of CO/CHy to exactly balance O,
introduced by end-habitable-era water inventories. Ongoing
H,O degassing is required in these runs to provide a continuous
supply of O, and prevent Venus’ atmosphere from becoming too
CO-rich to satisfy modern CO constraints.

An exception to this 300-m-GEL upper limit is if average melts
on Venus have very reduced oxygen fugacities comparable to
the most reduced Mars meteorite (log fO, = FMQ—4, Fig. 3).
Models of mantle oxygen fugacities resulting from a magma
ocean suggest that Earth and Venus-sized worlds will have more
oxidized upper mantles (31), and Earth’s upper mantle has an

A No runaway greenhouse surface melting — 300.0 m GEL, B Runaway greenhouse surface melting — 1000.0 m GEL,
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Fig. 2. Example model output: Melts with lower oxygen fugacity can enable larger end-habitable-era water inventories to be compatible with modern
atmospheric composition; however, melts with low oxygen fugacities also outgas reduced gasses such as CO which can overwhelm the O, available to oxidize
them and produce an atmosphere with far greater CO than observed on modern Venus. Time evolution of column masses of i O, and ii C species for different
melt oxygen fugacities in a. our baseline model, with all early habitable eras ending with 300 m GEL 4.0 Ga ago and b. with 1000m GEL RGH surface melting. Line
colors indicate melt oxygen fugacity. In ii, CO,, CO, and CH, are indicated with solid, dashed, and dotted lines, respectively. Black dashed horizontal lines show
upper limits for modern Venus O, (<70 ppm) and CO (<52 ppm) in i and ii, respectively (26). Only models that fall beneath both of these limits are considered

successful.
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A No runaway greenhouse surface melting B Runaway greenhouse surface melting
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Fig.3. Example model output: Time evolution of column masses of i H, O (purple) and ii O, (teal) for (A) our baseline model, with all early habitable eras ending
with 100 m GEL 4.0 Ga ago, and (B) with RGH surface melting, showing all habitable eras ending with 500 m GEL at 4.0 Ga. Where red CO, curve is flat, surface is
molten and volcanism does not occur. Runs are shown as translucent lines. Solid lines illustrate cases where atmospheric evolution is compatible with modern
atmospheric H,O and O,. Dashed purple lines show upper limits for modern Venus H,0O, and dashed teal lines show upper limits for O,. Adding runaway
greenhouse (RGH) surface melting to our models enables slightly larger end-habitable-era water inventories to be compatible with modern atmospheric H,O
and 02.

oxygen fugacity around logfO; = FMQ =+ 0 (32). However,  end-habitable-era water inventories as large as 1,000 m GEL
mantle oxygen fugacities as low as logfO, = FMQ—4 have (~33% of an Earth ocean) remain consistent with Venus’s
previously been proposed (12). For the logfO, = FMQ—4, modern atmosphere in our models, provided that melt H,O
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Fig. 4. Percentage of model runs that end with atmospheric H,0, O,, and CO concentrations consistent with data for modern Venus (25) for different
combinations of parameters (Table 1) for runs without runaway greenhouse (RGH) surface melting. Contour plots show model success rates for combinations
of different values of 2 parameters. Dashed and solid white lines indicate 26 and 1¢ levels, respectively. Summary bar charts show model success rates
for different values of a single parameter. fey is the extrusive magmatism fraction, f,,c is the fraction of Venus's modern atmospheric CO, derived from
post-habitable era volcanic degassing, and logfO, AFMQ is the oxygen fugacity of erupting melts since the end of the habitable era relative to the fayalite-
magnetite-quartz buffer.
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concentration is >0.2 wt%. Model runs with 10-m-GEL end-
habitable-era water—an ocean three hundred times shallower
than Earth’s—can evolve to be at or below Venus’s present-
day atmospheric O3 levels for 5% of 10 m GEL runs overall;
(Figs. 24, 44, and 5). A 10-m-GEL end-habitable-era water
inventory is the only case for which low modern atmospheric
O, concentrations can be matched by habitable eras ending as
late as 1.5 Ga.

When logfO, >FMQ-3, 300-m-GEL end-habitable-era
water inventories are compatible only with Venus’s modern
atmosphere in runs where the habitable era ends early, at or
before 3.0 Ga (Fig. 4 and SI Appendix, Fig. S1). In runs
with habitable eras that end early in Venus’s history, the Sun’s
X-ray/extreme ultraviolet (XUV) flux is high and can drive rapid
H escape causing rapid buildup of Oy in the atmosphere. This is
advantageous because the volcanism rate decreases exponentially
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Fig. 5. Comparison of fraction of successful runs (runs that have final
atmospheric Oy, H,O, and CO concentrations less than upper limits for
Venus's present atmosphere) compatible with modern Venus atmosphere
for models without runaway greenhouse (RGH) melting (dark blue) and with
RGH melting (dark green). Successful runs that also fall within or below the
range of Venus's modern atmospheric 4°Ar abundance are also shown for
models with (light blue) and without (light green) RGH. All parameter values
correspond to Table 1.
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with time in our models, so oxidizable basalt—which can be a
major oxygen sink—is most available soon after the end of the
habitable era. An early end to the habitable era allows basalt
oxidation to sequester the most Oy, as O is available to be
removed at the time of eruption.

When we add RGH surface melting to our baseline O3 loss
model, end-habitable-era water inventories >300 m GEL permit
surface temperatures hot enough to melt basalt, enabling rapid
diffusion of oxygen into a basaltic surface magma layer. This
RGH is caused by vaporization of the end-habitable-era water
inventory and is distinct from a steam atmosphere formed during
accretion (33). The surface magma layer provides an additional
O3 sink as long as the H,O greenhouse effect melts surface basalt
(34). However, adding this additional O sink only increases the
total number of successful Oy loss model runs from 2.2% to
2.6% (Figs. 2B, 4B and 5).

This is because:

1. In runs with large water inventories but little initial atmo-
spheric CO3, the surface magma layer is short lived because
H;O loss rapidly reduces the greenhouse effect. This leads
to a short-lived and thin surface magma layer that consumes
only remove a small amount of O;.

2. In runs with large water inventories and a large fraction of
Venus’s modern atmospheric CO; degassed prior to the end of
the habitable era, H loss is slow because it must diffuse through
a thick background atmosphere. This extends the lifetime
of the oxidizable magma layer but delays accumulation
of atmospheric CO;, because we do not include volcanic
outgassing while the surface is molten. For habitable eras
ending at 4.0 and 3.0 Ga, the surface magma layer can persist
so long that it is no longer possible for all of Venus’s present-
day CO; to volcanically degas after the surface of the magma
layer freezes.

3. For habitable eras ending at 1.5 Ga and water inventories
of 1,000 m GEL, the increase in bolometric insolation and
decrease in H loss rates due to the Sun’s reduced XUV output
(35) enable a H,O greenhouse with a surface magma layer to
last until the present, which is inconsistent with data.

4. In runs with reducing melts, removal of atmospheric O left-
over from H escape of the end-habitable-era water inventory
can remove so much O; from the atmosphere that there is no
longer enough oxidizing power available to oxidize degassed
CO and CHy fully to CO3, leading to final atmospheric
CO concentrations too high to match Venus’s modern
atmosphere.

B. 40Ar Degassing Model. Oxidation of the degassed atmospheric
species CO and CHy and oxidation of lava flows are the most
important oxygen sinks in our baseline model. During degassing
and volcanism, minor atmospheric constituents such as “°Ar are
released into the atmosphere alongside major C and H species and
can be used to place constraints on the total crustal production
on Venus (27, 28). We model the “°Ar degassing corresponding
to the crustal production histories used in our O3 loss models.
Overall, $0.4% of runs are consistent with Venus’s present-
day atmospheric O, and “Ar for the parameter ranges investi-
gated in this study. To match modern Venus’s low atmospheric
40Ar, our °Ar degassing model requires parameters that mini-
mize the total production of new crust (Fig. 5 and S7 Appendix,
Fig. S4). High melt fractions reduce the concentration of 40K
and “°Ar in mantle-derived melts, reducing the amount of “°Ar
degassed directly to the atmosphere during volcanism and the
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amount of “°K available in the crust to decay and also supply
40Ar to the atmosphere. Thin crust promotes rapid recycling of
40K-enriched crust back into the mantle, reducing the amount

of time available for crustal “°K to decay and release “°Ar to
the atmosphere through the crust for a given crustal production
rate. Low values of f;,,—which correspond to most of Venus’s
modern CO; degassing before the end of a hypothetical habitable
era—reduce the total amount of CO; that needs to be degassed
during the model runs, which in turn reduces the necessary crustal
production and the total amount of mantle melting and degassing
required to achieve Venus’s modern CO; atmosphere. This is

advantageous for satisfying the “°Ar constraint because earlier

degassing leaves less time for 40K o decay, so the atmosphere
by the end of the habitable era can have abundant CO; but still

be “°Ar poor. However, reducing the total crustal production

(advantageous for matching the “°Ar constraint) reduces the size
of the basalt lava flow oxidation and degassed reduced species O,
sinks.

Together, these factors make it more difficult to reconcile a
hypothetical early habitable era with data for modern Venus
and narrow the range of parameters that reconcile a hypothetical
habitable era with measurements of Venus’s modern atmosphere.
Within the framework of our model, only a small loophole in
parameter space, corresponding to less than 0.4 % of model runs,

remains when the “*Ar and oxygen constraints are combined
(light blue and light green columns in Fig. 5):

1. The habitable era must end prior to 3 Ga: In our models,
volcanism is required to supply fresh basalt and reduced
gases (particularly CO and CHy) to Venus’s surface and
atmosphere to act as an oxygen sink. The later in Venus’s

history this volcanic activity occurs, the longer mantle “°K has
to decay into “°Ar, which is then degassed during volcanism.
Extensive “Ar degassing in runs violates the observed low

40Ar in Venus’s modern atmosphere. Therefore, within the
framework of our model, Venus must have been uninhabitable
for at least ~70% of its history, >4 times as long as some
previous estimates (8).

2. The end-habitable-era water inventory must be <300 m GEL,
unless melt oxygen fugacity logf Oy less than FMQ-3:
For more oxidized average melts on Venus, oxygen sinks
in our model can remove only the O left behind by H
escape from 300 m GEL of water at the end of a habitable
era. When erupted melts have lower oxygen fugacities, the
corresponding increase in degassed CO and CHy can remove
an additional 500 m GEL or more. Therefore, within the
framework of our model, if Venusian melts have similar
oxygen fugacity to mid-ocean ridge (MOR) melts on Earth,
ie., logfO, ~FMQ=4 (32), Venus’s oceans were shallow
by the end of the habitable era.

3. Average melts erupted on Venus after the habitable era must
have had >0.2wt% dissolved H,O, unless Venus melts have
high oxygen fugacities: Oxidation of degassed CO and CHy
is a major Oy sink in our baseline model. Degassing of
reduced species continues after all Oy is consumed. As a
result, degassing of CO and CHy often exceeds the O,
reduction sink. Continued HyO degassing through Venus’s
post-habitable history provides a supply of O, as H escapes
to space to balance continued CO and CHjy degassing. A
given model run typically behaves in one of two ways: 1.
Venus’s post-habitable evolution does not have sufficient O,
sinks to remove O; from the atmosphere to match modern
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constraints. 2. Once O3 from a large end-habitable-era water
inventory is depleted in a run with larger cumulative O,
sinks caused by either a surface melt layer during a runaway
greenhouse or abundant extrusive volcanism, the O available
to oxidize CO and CH4 to CO; has been used up, and
degassed CO accumulates rapidly in the atmosphere. In other
words, exactly matching the reducing capacity of the Venus
surface—atmosphere system to the oxygen introduced by loss
of an end-habitable-era H,O inventory and degassed water
requires fine-tuning.

Only ~10% of our 57,600 total “°Ar degassing model runs
(independent of our oxygen loss runs) fall within or below

the measured range for Venus’s modern atmospheric 40y
abundance. However, many of the OAr degassing runs that
can reproduce Venus’s modern “°Ar abundance have parameter
combinations that cannot reproduce Venus’s modern O3, H,O,
and CO concentrations in our Oy loss model. This reduces
the proportion of our Oy loss runs that are consistent with

Venus’s present-day atmosphere when both oxygen and “°Ar are
considered to be less than 0.4% (Fig. 5).

2. Discussion

A. Evolution of Habitable Era Surface Water Inventory. Our
models place an upper limit of 500 m GEL on the total water
inventory supplied to the atmosphere at the end of a hypothetical
habitable era on Venus, unless Venus’s eruptive history has been
dominated by melts with an oxygen fugacity of logf O, less
than FMQ—3 in which case the end-habitable era inventory can
extend to 1,000 m. Our O, loss model constrains only the final
water inventory before conditions transitioned from habitable
to uninhabitable. However, the surface water inventory during
a hypothetical habitable era need not be constant. To quantify
the evolution of a hypothetical habitable era’s water inventory
over time, we model the hydration of crust and the recycling of
hydrated crust into the mantle.

We constructed a steady-state 1-D model (Materials and
Methods) of the simplest possible case where Venus’s crust is
recycled in a vertical conveyor belt-like fashion (36, 37). New lava
erupted at the surface buries older crust, which will eventually
subside into the convecting mantle (36). For a given lithospheric
thickness and eruption rate (which we assume to be constant
throughout the habitable era for this exercise), we find the
geotherm through the lithosphere (38, 39). We compare this
geotherm to phase boundaries for eclogite formation (40) and
serpentinite dehydration (41). When dense eclogite forms, the
crust is more likely to sink into the mantle (37). Where the
geotherm encounters the eclogite stability field before serpentine
dehydrates, we assume that the hydrated lithosphere returns water
to the mantle through entrainment in convection (42). When the
geotherm crosses into the serpentinite dehydration field first,
water is returned to the surface or shallow crustal reservoirs
and not into the mante. We investigate a range of internal
radiogenic heating rates comparable to those observed in modern
terrestrial basalts (43). Higher internal radiogenic heating rates
(e.g., adjusted for a younger planet with a higher concentration
of decaying radioactive elements) generate geotherms with crusts
thinner than 5 km, which is the lowest crustal thickness we
consider in this model based on the range estimated for modern
Venus (44). These thin, hot crusts do not pass through the
eclogite stability field and, therefore, do not lead to recycling
of hydrated crust into the mantle within the framework of our
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model. Lithospheres thicker than 100 km with internal heating
rates less than 5 p\W m™2 (SI Appendix, Fig. S5) are able to form
eclogite before serpentinite dehydration occurs.

Next, we model the time-evolving surface water inventory
during a hypothetical habitable era on Venus (Materials and
Methods) only for the cases where water recycling into the mantle
is able to occur, starting from inventories as large as 3,000 m GEL,
or 1 Earth ocean. At each timestep, we use Venus’s present-
day topography to approximate the corresponding proportion
of Venus’s surface that would be submerged. Submerged areas
of the surface are permitted to form a hydrated crust (0.1 to
3 wt% Hy0) (12, 45), with lithospheric recycling occurring
at the same rate as crustal production. To maximize the water
removed from the surface inventory, which maximizes the peak
depth of a hypothetical ocean on early Venus, we assume that all
crustal production occurs as extrusive volcanism. We also track
H;O release by volcanic degassing (Materials and Methods).

In some cases, the surface water inventory approaches a steady
state where removal by burial of hydrated crust (occurring at a
rate set by the surface water inventory and crustal production
rate) matches water inputs by volcanic degassing. Models with
low (<0.2 wt%) melt H,O concentrations do not reach a steady
state and instead lose all of their water (S Appendix, Figs. S7
and S8).

In order for a habitable era with an evolving surface water
inventory to be compatible with our O; loss and “°Ar degassing
model results, the surface water inventory by the end of the
habitable era must be below 500 m GEL (Fig. 5). This is favored
by melt HyO concentrations between 0.1 and 0.7 wt% and
high mass fractions (>0.5 wt%) of water in hydrated crust (87
Appendix, Figs. S7 and S8). For cases where the final water
inventory drops below 500 m GEL, the average surface water
inventory over the course of the habitable era can be up to halfan
order of magnitude greater than the final water inventory for a few
combinations of crust hydration and melt H,O concentration,
allowing for much deeper oceans on early Venus in some cases.
However, this mechanism for net sequestration of water in
the mantle through burial of hydrated crust does not affect
the conclusion that only hypothetical habitable eras that ended
prior to 3 Ga are consistent with 40Ay, O,, H,O, and CO
concentrations in Venus’s modern atmosphere (26, 28).

B. Limitations. The paucity of existing data for modern Venus
severely restricts our understanding of Venus’s past. This is one
of the primary drivers for Venus exploration over the coming
decades. It is currently unknown whether Venus has ongoing
volcanism, what the planet’s tectonic regime is, how thick the
crust and lithosphere are, what the mantle composition is—let
alone how all of these important factors have evolved over the past
4 Gyr (46). As a result, our treatment of Venus’s post-habitable
evolution in both our oxygen loss and Ar degassing models is
highly simplified.

First, to enable modeling with the least number of assumptions
about Venus’s interior, we have assumed that the composition
of melts erupting on Venus does not change over time. Thus,
we model “average” melts on Venus. Eruptions resulting from
mantle plumes (46) or local magmatic systems may have different
volatile concentrations.

Second, we do not include degassing of S to reduce the
number of parameters needed to describe melt compositions
and degassing. Although this has a negligible impact on the
speciation of the gasses included in our model (47), Venus’s
modern atmosphere contains SO;, SO, and other S species.
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This requires that Venus has recently degassed—and may still
be degassing—S in some form (48). It follows that oxidation
of S species may have acted as an O sink analogous to the
way oxidation of CO to CO; is an important mechanism for
removing atmospheric O3 in our model.

Third, our approach to modeling surface melting during
a runaway greenhouse is highly simplified. To maximize the
potential oxygen sink, we assume that diffusion of oxygen into
the melt does not limit the rate at which the melt oxidizes
such that all molten material at a given timestep is available
to oxidize. Our approach also neglects the greenhouse effect of
CO;. CO; contributes around 420 K of greenhouse warming
to Venus’s modern atmosphere (49), which is not sufficient to
melt Venus’s surface under the bright modern Sun, and much
less than the maximum greenhouse warming possible under the
same insolation with H,O (34). Additionally, the absorption
bands for CO; and H,O overlap, so their greenhouse effects
are not additive (50). Our modeling approach focuses on the
feedback between the much stronger HyO greenhouse effect
and H escape to space; however, this may underestimate the
surface temperature at a given timestep, which could extend the
duration of the runaway greenhouse melting stage and lead to
greater O3 loss.

Fourth, we assume that Venus’s eruptive history can be
modeled as an exponential decay between the end of the habitable
era and the present day. The crater retention age of Venus’s
surface suggests that the planet has been resurfaced geologically
recently (51, 52). This crater retention age can be explained by
either a catastrophic resurfacing event 0.3 to 1 Gyr ago (53) or
equilibrium resurfacing by continuous volcanism (54). We opt
for continuous volcanism in our models because this maximizes
the lava flow oxidation oxygen sink by erupting fresh lava, rather
than having surface oxidation limited by diffusion. This, in turn,
maximizes the end-habitable-era water inventory possible in our
models, which is conservative relative to our conclusion that only
a narrow range of parameters is consistent with Early Venus
habitability. Differences in Venus’s crustal production history
will not change our fundamental conclusion that the reducing
power introduced to Venus’s surface—atmosphere system by
nonthermal O escape, eruption of lava flows containing minerals
that can be oxidized, and degassing of gasses such as CO and
CHjy must balance the total O; introduced by H escape from an
end-habitable-era water inventory and any subsequently degassed
H,O in order to reconcile a past habitable era with Venus’s
modern atmosphere. However, differences in Venus’s crustal pro-
duction history are important for “* Ar degassing. Our approach is
also conservative with respect to “°Ar degassing because degassing
is greatest earlier in our models, reducing the time for 4°K decay
to make “°Ar available in the mantle for release by volcanism.

Fifth, our “°Ar degassing model is based on a large number
of poorly constrained parameters (S/ Appendix, Table S2) and
requires assumptions about Venus’s tectonic regime and prehab-
itable era evolution. There are several potential ways to reduce
40Ar degassing over Venus’s history that could make a larger
proportion of our model results consistent with Venus’s modern
atmospheric composition. For example, the concentration of
radioactive isotopes in Venus’s mantle is poorly constrained (27).
A lower concentration of U and K in Venus’s mantle would
reduce the accumulation of “’Ar in the mantle and therefore “°Ar
degassing over time. Additionally, “°Ar may not be distributed
homogeneously through Venus’s mantle. If Venus has mantle
reservoirs enriched in incompatible elements or a thick basal

magam occan (55), 40Ar may be prevented from degassing to the
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atmosphere, increasing the number of our model runs compatible
with Venus’s modern atmospheric 4OAr concentration.

C. Implications for Upcoming Venus Missions. Our model re-
sults suggest, in agreement with previous results (12), that a
habitable era on Venus with abundant surface liquid water was
unlikely and suggest a number of tests for upcoming Venus
missions: VERITAS (Venus Emissivity, Radio science, InSAR,
Topography, And Spectroscopy), DAVINCI (Deep Atmosphere
Venus Investigation of Noble gases, Chemistry, and Imaging),
and EnVision.

For example, VERITAS high-resolution topography and
gravity data could be used to better constrain Venus’s present
lithospheric thickness. At present, this parameter is not well
enough constrained to distinguish between a range of possible
tectonic regimes. Our results favor a tectonic regime with limited
volcanism over the past 4 Gyr to reconcile any early habitable era
with Venus’s modern atmosphere. Determining Venus’s modern
(or recent) tectonic regime and lithospheric thickness is also
important for better constraining “°Ar degassing models, by

providing constraints on the recycling depth of 40K _enriched
crust.

Both VERITAS and DAVINCI will survey high SiO; rocks on
Venus’s surface. If these rocks resemble terrestrial andesites and
rhyolites, this could imply H,O in the melting zone and suggest
high melt HO concentrations consistent with our successful
model runs (56, 57). However, hydrous melting will need to be
distinguished from anhydrous fractional crystallization processes,
which can also produce silicic magmas (57).

VERITAS also plans to measure FeO abundance. This can
be used to narrow down the range of likely melting conditions
and extent of fractional crystallization on Venus (58), which also
constrain melt volatile concentrations. Crustal FeO abundance
can also be used to refine the estimate of the FeO concentration
in Venusian basalts used in our models. If Venus’s FeO is
very high, this will increase the oxidizing potential per unit
volume of lava, thus potentially driving our results toward higher
required melt HyO concentrations to compensate for greater
loss of atmospheric O, to oxidizing Venus’s basaltic surface
while atmospheric Oy is greatest early in Venus’s post-habitable
evolution.

3. Conclusions

Nonthermal O escape to space, oxidation of basaltic lava flows,
and oxidation of degassed CO and CH4 can remove oxygen from
up to 300 m GEL on the total water inventory supplied to the
atmosphere at the end of a hypothetical habitable era on Venus,
unless Venus’s eruptive history has been dominated by melts with
an oxygen fugacity of log f O, less than FMQ—3 Earth MORB
is around log /O, = FMQ =+ 0 (32), in which case the end-
habitable era inventory can extend to 1,000 m. The oxidation
of a transient layer of basaltic melt during an end-habitable-era
runaway greenhouse (RGH) can remove oxygen corresponding
to an additional 200 m GEL of water (Figs. 4 and 5), raising
the limit to 500 m GEL for Venus histories with melt oxygen
fugacities log fO, >FMQ—3. Although these results reconcile
a potential early habitable era on Venus with the paucity of
O, in Venus’s modern atmosphere, only 2.6% of parameter
combinations in our models lead to post-habitable era outcomes
that satisfy atmospheric abundance data for modern Venus.
These successful runs define a narrow loophole in parameter
space where the reducing power of the Venus surface—atmosphere
system since the end of a habitable era is able to balance the O,

https://doi.org/10.1073/pnas.2209751120

introduced by the escape of H from end-habitable-era water and
degassed H,O.

This loophole becomes even smaller when additional con-
straints on Venus’s history are taken into consideration. The two
most important oxygen sinks in our models are oxidation of
degassed CO and CHy4 and oxidation of basaltic lava flows, both
of which require volcanism and degassing on Venus since the end
of a hypothetical habitable era. Degassing and volcanism due to

crustal production on Venus lead to degassing of *Ar. When the

40Ar contributions to the atmosphere caused by the eruption of
lava flows and degassing needed to remove oxygen from Venus’s
atmosphere through oxidation of basaltic volcanic products and
reduced gasses like CO and CHy are taken into account, only
models with habitable eras ending before 3.0 Ga are consistent
with 4°Ar, O,, H,0, and CO measurements of Venus’s modern
atmosphere (Fig. 5), reducing the success rate of our models to
less than 0.4% of model runs.

Although our modeling results demonstrate that Venus must
have had less than 500 m GEL water by around 4 Ga unless
Venus’s average melts had oxygen fugacities comparable to that
of the most reduced Martian meteorite, we also find that the
time-averaged water inventory on an early habitable Venus
may have been much greater than this upper limit. Efficient
recycling of hydrated basaltic crust into the mantle through
eclogite formation (40) might act to reduce Venus’s surface
water inventory during a habitable era. A 1-D model of this
process suggests that habitable era averaged water inventories up

to 1,000 m GEL could be consistent with our O loss and 4CAr
degassing modeling results even for melts with higher oxygen
fugacities (S Appendix, Figs. S7 and S8), provided that Venus had
a lithosphere greater than 100 km thick with internal radiogenic
heat production rates less than 5 pW m~3 (S/ Appendix, Fig. S6).
Key measurements for the VERITAS, DAVINCI, and EnVi-
sion missions that would help further evaluate the likelihood of a
past habitable era (based on our modeling results) are lithospheric
thickness and crustal SiO, and FeO abundances. For example,
if hydrous melting is found to have been a significant process on
Venus, this would support the existence of a past habitable era
on Venus because our results suggest that high average melt
H,O concentrations are an important factor for preventing
accumulation of abundant CO in Venus’s atmosphere.

Materials and Methods

We combine simple models of degassing of basaltic melts (59), atmospheric
escapeofHand O, and removal of O from the atmosphere by oxidation of reduced
gases, lava flows, and ash (when formed) to track the evolution of Venus's
atmospheric composition since the end of an early habitable period using a 4th-
order Runge-Kutte integration scheme. To identify post-habitable era scenarios
thatare compatible with Venus's present-day atmospheric composition, we vary
seven key parametersin ourmodel (Table 1) with each parametervalue weighted
equally. All parameter combinations resulting in final atmosphericH, 0, 07, and
CO concentrations below upper limits (25) for Venus's atmosphere are marked
as "successes."

A. Initial Conditions. Each model begins at time t;, after the end of a
hypothetical early habitable era on Venus. The initial column mass of COy is

Mco,0 = (1 = foic)Mco, £ [1]

where f,5c (Table 1) is the fraction of CO in Venus's present-day atmosphere
from post-habitable era volcanic degassing, and Mo, ¢ is the column mass
of COy on Venus today. We consider values of f,,,. greater than 0.1 because
we assume that some COy must be degassed after the end of a habitable era
due to Venus's young surface age (51, 52). We extend the range to f,,,; = 1
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because a habitable atmosphere on Venus may have been CO, poor, as Earth's
is today. Any CO, present at tq is assumed to have degassed prior to/during
the habitable era, or through metamorphic decarbonation during the transition
from habitable to uninhabitable conditions (36, 60, 61).

We also initialize our model with HyO added to the atmosphere by

vaporization of any surface liquid water presentduring the habitable era(Table 1).
We consider water inventories between 10 and 1,000 m GEL. Our lower limit is
based on waterinventories required to sustain habitable surface temperaturesin
existing Venus climate model studies (8). The loss of up to 3,000 m GEL of water,
or 1 Earth ocean, is one interpretation of Venus's modern D/H ratio (14, 15).
We treat the initial atmospheric water in two different ways, corresponding to
two different ways that water could have entered Venus's atmosphere during
and at the end of a hypothetical habitable era. First, we consider a case where
atmospheric water vapor does not lead to surface melting. This corresponds
to a moist greenhouse where H is lost to space via a moist stratosphere (62),
but the surface remains too cold to melt basalt. For simplicity, we do not
explicitly model the time evolution of the moist greenhouse phase and, instead,
assume thatall H from the starting water inventory has already escaped, leaving
behind O;. Second, we consider a case where greenhouse warming from H,0
vaporized during an RGH causes melting of Venus's surface. We calculate surface
temperatures as a function of partial pressure of water vapor in the atmosphere
(34).This enables us to quantify the potential importance of oxidation of a surface
magma layer as an O, sink.
Runaway greenhouse. Post-habitable era surface temperatures on Venus may
have exceeded the melting point of rock. For atmospheric water inventories as
small as 0.1 Terrestrial Oceans (TO) and a solar flux twice that of present-day
Earth, temperatures can exceed 2,000 K (34). Diffusion of oxygen into surface
magma could oxidize Fe2t to Fe3t, serving as an 0, sink. The duration of this
0, sink depends on initial atmospheric water inventory and the combined H
escape rate and dissolution of H, O in the melt. These two processes both deplete
atmosphericH, O vapor, which reduces the surface temperature (the greenhouse
effectof O, isnegligible). Wefind surface temperatureateachtimestep, giventhe
incoming solar flux relative to Earth'sinsolation (S,¢) and partial pressure ofH, O
in the atmosphere in bars (pyy, o), using an equation fit to existing numerical
results (63) (S Appendix, Oxygen Loss Model and Table S1). We neglect the
greenhouse effect of background CO,. The parameters that determine Venus's
evolution during RGH melting are ty, hpap, fyolc: and fext (Table 1), so for
computational efficiency, we model RGH evolution separately until the surface
melt layer freezes and then input the results as starting conditions for our
baseline model.

To calculate removal of oxygen by oxidation of Fe2+ in basaltic melt at the
surface, we calculate the temperature-depth profile of a 50-km thick crust at
each timestep as the surface temperature evolves using a 1-D finite difference
method. Inthe absence of any constraints on the crustal thickness on early Venus,
we choose a maximum crustal thickness of 50 km because this is the thickness of
basaltic crust required to remove the oxygen produced by the escape of 1 Earth
ocean of water (64), which exceeds the maximum habitable-era water inventory
considered in our models. Temperature within the crust evolves by diffusion:

oT o (0T
— = — k=)=
PPot = oz ( 82) L [21

where g; is heat flux due to the latent heat of fusion:

 Omelt (3]

qa=npr ot

where z,,0; is the effective magma layer thickness produced at each depthin the
model. Our upper boundary condition in the model is the surface temperature,
which is a function of insolation and water vapor in the atmosphere. We impose
a heat flux of 50 mW m~2 as our lower boundary condition.

As the thickness of the melt layer and the partial pressure of H,0 in the
atmosphere evolve, so does the amount of HyO stored in the melt layer. As
H escapes to space and as the melt layer thickens, less H,O dissolves in the
melt because the partial pressure of H, O is reduced. However, as the melt layer
refreezes and partial pressure of HyO drops, H, 0 can also be re-exsolved into
the atmosphere. The solubility of H,0 in the runaway greenhouse-triggered
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surface melt (s, 0,p6H) at a given timestep is (65):

SH,0,RGH = 3-44 % 10—8P10{.Zg/

where Py, o is the partial pressure of H, O in the atmosphere.

H,0,atm
PHZO = Patm, [4]
Natm

where ny,  am isthe number of moles Hy O per column massinthe atmosphere,
Natm is the total number of moles in the atmosphere, and paim is the total
atmospheric pressure. We assume that dissolved H, O is mixed throughout the

meltlayerand thatthe dissolved H, O contentadjusts to match the Hy O solubility.
Therefore, the change in atmospheric H, O at each timestep is given by:

9Ny, 0,atm P ad
20, melt
_ Z (s .
3t R , 3t ( HQO,RGHZme/t) [5]

To calculate O losses due to melt oxidation, we compute the melt fraction
of a basalt with major element composition given by the Venera 14 surface
measurements at a range of temperatures and pressures using alphaMELTS
(66-68). We use these model runs to generate a lookup table which we use
to find melt fraction as a function of depth at each timestep. We assume that
all Fe2 in the melt can be completely oxidized, i.e., that 05 can pervade the
entire magma layer, for example, by small-scale convection. We track both the
cumulative melt fraction (fp,c) and the cumulative oxidized melt fraction (fo,c)
ateach depth in the model. The oxidized melt fraction at each timestep is given
by the following:
0-25fm,CPCFeO

N02,atm

where npy 41y is the number of moles of 07 per column atmosphere. The factor
of 0.25 accounts for the stoichiometry of Eq. 17. fo,c at a given depth is not
allowed to exceed 1.

[6]

foc =

B. Atmospheric Escape.
H escape. The bulk composition of Venus's atmosphere evolves throughout
our models based on expressions for escape of H from Venus (69) which
we use to track the accumulation of O, in the atmosphere. H is supplied
by photodissociation of H,0. Following previous work, we assume that the
photodissociation rate does not limit H escape (62). Escape of a light species is
limited by its ability to diffuse through the background atmosphere of heavier
speciesthatare not undergoing escape (23). Athigh H, O mixing ratios, H escape
approaches the XUV (energy) limit (Eq. 10). At each timestep in our model, we
calculate the diffusion-limited escape and the energy-limited escape of H and
apply the lowest of the two.

The diffusion limit determines the maximum supply of the escaping species
to the upper atmosphere. In this diffusion-limited case, the rate of atmospheric
escape is

R2 kTupperl

where Xy is the molar mixing ratio of H in the atmosphere, and matm is the
mean molecular weight of the background atmosphere, set by the molar ratio
of non-H species after photodissociation has occurred:

MH,esc =Xy [7]

Matm = Xco,Mco, + 2Xo2mo + Xcomeo + XenyMen,, 181

and b is the diffusion coefficient of H in the background atmosphere, which
depends on the abundance of other species (12, 69):

b — by.co,Xco, + bH-coXco + broXo (9]
atm Xco, +Xco +Xo '

mco,, Mco. and mo, are the mean molar masses of €Oy, €O, and Oy, and
Xco, Xco. and Xo, are the mixing ratios of CO,, CO, and 0,. by.co, =

8.4 x 10M70:0, bir.co = 6.5 x 1019187, and by.o = 4.8 x 1017072,
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are the binary diffusion coefficients of H in COy, CO, and O, respectively, in
mol m=1s=1(70, 71). Binary diffusion coefficients are derived from empirical
fits to measured data and can deviate from the data by several tens of percent.
To quantify the impact of this effect on our results, we conducted sensitivity tests
with values of batm 30% lower and 30% higher than our baseline value and
found thatthe total number of successful runsis not sensitive to +=30% variations
in the binary diffusion coefficient (S/ Appendix, Fig. S9). Tupper = 200 Kiis the
temperature of the upper atmosphere and is assumed constant in our models.
We conducted sensitivity tests with values of Typper at 215 Kand 170 K to cover
warmer, Earth-like upper atmosphere temperatures (12) through to modemn
Venus's more intensely CO,-cooled stratosphere (72) and found that the total
number of successful runs is not sensitive to these variations in stratospheric
temperature (S/ Appendix, Fig. S10).

We calculate the energy-limited escape rate, given by the mass loss rate of
H in a pure H atmosphere, using the following (69, 73):

eLyyy (DR
432GM

€ = 0.15(69) is an efficiency factor, Ly (t) is stellar XUV flux at time ¢, R is
planetradius, ais Venus's semimajor axis, G is the gravitational constant, and M
is the mass of Venus. To find Ly (t), we use the following expression for solar
XUV evolution, valid for solar age >0.1 Gyr (35, 73):

Href = / [10]

Lyyy = Lx(f/tx)iﬂ/ [11]

wherety = 0.1Gyr, B = 1.24,and Ly = 1.6 x 1023 Js—Visan upper bound
on the Sun's early XUV flux.

For present-day Venus, the diffusion limit gives an H loss rate of order
102> 5=, depending on the mixing ratios of H and O in the resulting
atmosphere, which is comparable to calculated modern H escape rates (74).
We set Typper = 200 K, consistent with a CO, dominated atmosphere (15, 75).

High-flux H escape can drag O along with it ref. 23 (S Appendix, Oxygen Loss

Model). This process is active during the first few million years of our models with
habitable eras beginning at 4.0 Ga but is negligible relative to O loss through
nonthermal escape and oxidation of lava flows and magma.
Escape of heavy species. For most of Venus's history, O loss to space has been
via nonthermal escape processes. These depend on the XUV flux from the Sun
and the properties of the solar wind (15, 21). We use existing studies’ (21)
calculations of maximum loss of 0, from Venus's atmosphere as a function of
time. As 0 is a minor constituent of the atmosphere relative to CO,, we assume
that O, loss from the upper atmosphere is limited by diffusion through the
background atmosphere similar to Eq. 8:

Matm = Xco,Mco, + XH,0MH,0 + Xcomco + XcH, McH,
+ Xcomeo + Xu, M, -

In this case, we apply a binary diffusion coefficient (b) relevant to the diffusion
of 0, through a mixture of COy and CO (following the same approach as for
diffusion of H through the upper atmosphere, Eq. 9) (71) as these are the
dominant constituent of the atmosphere in the majority of our models. As for
H escape, we find the nonthermal escape rate and calculate the diffusion limit
for 0 and apply the smallest of the two to O escape in our models. Following
other models of the long-term evolution of Venus's atmosphere, we neglect
nonthermal losses of CO, (15, 76).

C. Degassing. For each model run, we set a melt Hy0 and CO; concentration
(cH,0 and cco, ., respectively, Table 1), based on the range observed in terrestrial
Mid Ocean Ridge Basalts (MORB)(77-80), which have similar bulk compositions
to Venus basalts (81). We also set an oxidation state of the erupting melt
between the fayalite-magnetite-quartz buffer (logfO, = FMQ =+ 0) and
logfO, = FMQ—4. We use VolcGasses (47) to find H,0 and CO, solubility
in basaltic melt (sy, 0 and sco, , respectively) and calculate the speciation of the
exsolved H and C bearing gasses as a function of melt temperature and surface
pressure. This degassing model assumes that bubbles and surrounding melt
remain in thermodynamic equilibrium (47). We assume that melts reaching

https://doi.org/10.1073/pnas.2209751120

the surface degas at Venus's time-varying surface pressure and that all intrusive
melts are emplaced at a shallow enough depth that all melt CO, can degas as
€0y, CO, or CHy.

To calculate the degassing rate of Hy O per unit Venus surface area, we use:

M, 0,degas = ZeruptPmeltH,0 (CH,0 — SH,0) » [12]

where Zepypt is the eruption rate (in m s, Pmelt 15 the density of the melt, and
"H,0 = NH,0/ (NH,0 + Nh, ) is the molar fraction of H, O in the melt exsolved
as H,0. When SHy0 = CH, 0 MHZO,degas =0.

CO; solubilities in basaltic melt are much lower than our prescribed melt
€O, concentrations at all pressures, so to calculate the degassing rate of CO,
per unit Venus surface area, we use

Mco,,degas = Zerupt Pmeltc0, €CO, [13]

where rco, = nco,/(nco + ncH,) + Nco, is the molar fraction of CO; in
the melt exsolved as CO,. We also calculate Hy, CO, and CH, degassing into
the atmosphere at each time step using the same approach but substituting in
2. f'co. and rcyg as appropriate. After degassing, these species are oxidized
by atmospheric Oy (if present) to form H, 0 and CO,. If there are fewer moles of
atmospheric O inthe atmosphere than would be needed to fully oxidize COand
CHy, we assume that all the CO and CH4 remaining after the O are consumed
stay in the atmosphere. This approach maximizes the likelihood of a model
run matching both the modern Oy and CO constraints on Venus's atmosphere
because it both maximizes 0, loss through this sink as well as maximizing
oxidation of CO and CHy to CO;.

The column mass of CO; in the atmosphere at the end of the habitable
era is varied between 0% and 90% of Venus's present atmospheric CO,. This
accounts for any CO, either present in the atmosphere during the habitable
era or added at the end of the habitable era through thermal decomposition of
habitable era carbonates. We do not consider the 100% case because without
volcanism, the sole O sink on Venus is nonthermal escape, which has been
quantified in existing studies (21). The remaining CO5 is volcanically outgassed
afterthe habitable era. The outgassing rate depends on initial conditions, model
start time (end of the habitable era) and prescribed ccg,. We start each run by
calculating zzot, i.€., the total thickness of a global layer of lava needed to degas
sufficient C species for Venus's modern atmosphere to have 90 bar CO:

f
Ztot = —%— Mo, 1. [14]
CCngmeh‘

The evolution of Venus's eruption rate is unknown, but the present-day eruption
rate has been estimated at 2, = 0.1 — 0.2 km3 y~" (82), and the total CO,
concentration-dependent erupted thickness (zt¢) is set by the need to outgas
enough C-bearing atmospheric species for Venus's modern atmosphere to have
90 bar of CO, minus any CO, present in the atmosphere at the model start
time. Although models of Venus's crustal production based on different possible
tectonic regimes exist (42, 83), the exact crustal production history is not known.
The crater retention age of Venus's surface is young, suggesting that the planet
has been resurfaced geologically recently (51, 52). However, the mechanism
for resurfacing is debated. One hypothesis is a catastrophic resurfacing event
0.3 to 1 Gyr ago (53), for example, by episodic subduction with complete
renewal of Venus's lithosphere every few hundred million years (42, 84), but
an alternative is equilibrium resurfacing by continuous volcanism (54), which is
also supported by evidence for ongoing volcanism (85). In our model, we use a
highly simplified crustal production history for Venus that assumes continuous
volcanism decreasing exponentially over time throughout Venus's history. This
is similar to the pattern of melt production for full parameterized convection
models of Venus (12). The total erupted volume is set by average melt CO,
concentration and the proportion of CO5 in Venus's atmosphere that is sourced
from post-habitable era volcanism. We parameterize the eruption rate as an
exponential (S/ Appendix, Fig. S2):

Zeupt = aexp (—bt), [15]
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wheretistime since the end of the habitable period, b, is the e-folding timescale
of volcanism in Gyr, and a is a constant:

2y /f b
a= MI [16]
1T—ebte

where 7y is the present-day crustal production rate, foxt is the extrusive
volcanism fraction, and te, is either the end of the habitable era in model
time (i.e., 4.5 — tstart) or the model time at which the surface temperature drops
below the basalt solidus in runs that begin with an RGH. We assume a modern
crustal production rate of 0.1 km3 y‘1 (82, 86, 87). We vary faxt from 0.1 to 1
because some of Venus's volcanism must be extrusive to account for the young
crater retention age of Venus's surface, and extending to fey = 1 captures both
Earth-like extrusive:intrusive volcanism ratios at fgr = 0.3 and 0.5 (88) and
extreme heat-pipe tectonics at fext = 1(89). All times are in Gyr. b and zy are
the most uncertain parameters in this equation as Venus's crustal production
history and present extrusive volcanism fraction are poorly constrained.

D. Oxidation of Basalt. 0 left behind by H escape from the atmosphere may
be removed by oxidation of basalt (24):

2Fe0 + 0.50) — Fey03. [17]

The FeO concentrations at the Venera 13 and 14 landing sites are 9.3 +
2.2 wt% and 8.8 £ 1.8 wt%, respectively (59), with bulk compositions at the
Venera 14 and Vega 2 landing sites similar to terrestrial Mid Ocean Ridge
Basalts (MORB) (81). The typical FeO concentration in MOR basalts on the Earth
is between 7 and 12 wt% (90). We assume that erupted lava on Venus contains
an average of 10 wt% FeO, such that 0.1 kg of FeO are emplaced on Venus'
surface for each 1 kg of lava. We follow ref. 21 and assume that 1% of lava
erupted on Venus is oxidized (S/ Appendix, Oxygen Loss Model), corresponding
to the top 1 cm of a 1-m thick flow. We also assume that lava cannot continue to
be oxidized past the timestep when it is produced because it will be buried by
subsequent lava flows and diffusion in solid basalt is too slow for buried basalt
to remain in contact with atmospheric 0. The mass of O, removed from the
atmosphere in a given timestep (Mo, x) is

. 025,0CF 0fexZefu t(t)
Mo2,0x = Mog,atm — 0.01Tmqy jnp—op' (18]
e

where mgy and mgeq are the molecular masses of 09 and FeO, respectively,
and creq is the typical concentration of FeO in basalt in wt%. The factor of 0.25
accounts for the stoichiometry of Eq. 17. Mgy 41, is not allowed to fall below 0.

Volcanism on Venus may not always have been dominated by lava flows.
Basaltic eruptions on Earth can be explosive, producing large volumes of
ash and scoria (91). We include a procedure for calculating whether or not
explosive volcanism is occurring at a given timestep and for calculating the
corresponding O, sink of the ash and scoria produced (S/ Appendix, Oxygen
Loss Model). When explosive volcanism is active, we assume that all FeQ in
basaltic material can be oxidized based on the short oxidation timescales of
sub-cm fragments in experiments even under modern Venus conditions (92).
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E. Radiogenic Ar Degassing Model. Following previous work (27, 28), we

model the evolution of Venus's mantle, crust, and atmosphere 40K and 40Ar
inventories forward in time starting from the end of a hypothetical habitable
era (SI Appendix, Radiogenic Ar Degassing Model for details). Our models
begin with mantle 4K concentrations set by the decay of 4K from Venus
formation to the end of the habitable era and with some fraction of the
resulting radiogenic “0Ar (foe ranging from 0 to 1) in the atmosphere.

40Ar degassing occurs as a result of crustal production. New crustis produced
by melting ofthe mantle atthe crustal production rate set by the parameters to,4,
fyoler fext, and cco, in our Oxygen Loss Model. We also consider an additional
four parameters: crustal thickness, average meltfraction, and Venus's primordial
mantle U concentration and K/U ratio (S/ Appendix, Table S2) (27, 28). During
partial melting, 40K and 40Ar preferentially partition into the melt, enriching
the melt in these species. We assume that *0Ar partitioned into the melt is
released instantaneously into the atmosphere (28) and the 40K enters the crust.
The 40K in the newly erupted crust decays over time to produce more 0Ar
that we assume diffuses rapidly to the atmosphere (28). To calculate this “0Ar
release at each timestep, we find the 40K decay integrated across the entire
depth of the crust, which we assume has a fixed thickness. We track the 40K
concentration throughout the crust at depth intervals of 1 m and consider cases
bothwith and without recycling of *°K backinto the mantle (S/Appendix, Fig. S5).

Example “0Ar degassing runs for a range of crustal production histories
are shown in S/ Appendix, Fig. 3. Model runs with final atmospheric 40Ar
inventories that match Venus's modern atmospheric composition are marked as
successful. We then find the proportion of successful Ar degassing runs overall
and for each unique combination of tg, /¢, fext, and cco, - We multiply these
by our oxygen loss model success rates to find the overall proportion of runs
that can successfully match Venus's modern atmospheric composition (Fig. 5).

F. Water Recycling During the Habitable Era. To determine the conditions
underwhich hydrated crust can be recycled into the mantle during a hypothetical
habitable era, we calculate 1-D steady state geotherms for lithosphere of a fixed
thickness zj, and with a fixed downward advection velocity v equal to the
crustal production rate. We assume a heat pipe-style regime where new crust
is produced through extrusive volcanism, leading to burial of older crust, and
the eventual recycling of material from the base of the lithosphere into the
underlying convecting mantle (42). The resulting geotherm (38, 39)is compared
to phase boundaries for eclogite formation (40) and serpentinite dehydration
(41). If eclogite formation is enabled first, then hydrated crust is recycled into
the mantle (S/ Appendix, Habitable Era Water Recycling Model for details).

Data, Materials, and Software Availability. All of the code for this paper,
including instructions to reproduce all figures, can be found on GitHub at
https://github.com/aowarren/Venus_02. Data from completed model runs can
be obtainedviaZenodoathttps://zenodo.org/record/7416204#.Y5SUVEXbMK3A.
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Supporting Information Text
Oxygen loss model

Crustal production upper limit. For an Earth-like internal heating rate and a 500 K temperature drop between the melting
region and the surface the maximum crustal production rate is ~175 km?® yr='(1). Volcanism at this rate over 4 Gyr would
produce ~1500 km of crust (not accounting for changing heating rate over time or mantle cooling), implying substantial crustal
recycling, and eruption of 80% of Venus’ mantle. For a melt fraction of 15%, at the upper end of terrestrial Mid Ocean Ridge
melting, this crustal production rate would imply melt processing of Venus’ mantle volume 5 times. Crustal recycling may aid
Venus in retaining its water (2). Parameterized stagnant lid convection models constrained by 40 Ar measurements suggest
total crustal production of a global layer <65 km, and melt processing of up to 1.2 Venus mantle volumes (3). However, 2D
simulations (1) of Venus’ thermal evolution including episodic lid convection are able to produce up to 1.2 mantle volumes of
crust over Venus’ lifetime (implying crustal recycling).

Oxidation of lava flows. Experimental work on oxidising basaltic lava flows (4-6) suggests that exposed olivine, pyroxene, and
basaltic glasses should oxidise under present-day Venus conditions within weeks to months, and pyroxene on timescales of
weeks to decades, or even faster. However, these timescales apply only to materials exposed directly to the atmosphere. The
formation of a surface coating of oxidized minerals may prevent thick oxidation rinds from forming in Venus basalts (4). To
model oxidation of Venusian lava flows, we assume that basaltic lava flows on Venus have a typical thickness of ~1 m (7),
resembling terrestrial lavas. The depth of oxidation is controlled by the diffusivity of cations and oxygen in basalt (8). These
diffusivities are much higher in melts than in solid basalt (8-10). Eruption rates on present day Venus are estimated to be of
order 0.1 — 0.2 km® yr~!. Taking an average lava flow thickness of 1 m, this corresponds to 1 m of lava being erupted every
~ 4 Myr. Even under present-day Venus surface temperatures, lavas are expected to chill crusts 4 m thick in 2 months (7).
Using the approximation:

Az =~ VDAt 1]

thermal diffusivity in the lava flow is 1072 em? s™!, 4 orders of magnitude greater than the diffusivity of oxygen in basaltic
melts (D =~ 1075 cm? sfl) (9, 10), suggesting that oxidation of lava before solidification is limited to <1 mm. However, slower
oxidation of solidified lava flows may still proceed, slowing down as the lava flow cools. For a lava flow exposed to the surface
at 700 K for 40,000 years (1 timestep), the diffusive length scale is ~ 0.1 cm. Also taking into account a) faster diffusion
while the lava flow is still hot, and b) surface undulations and cooling cracks that increase the surface area in contact with the
atmosphere.

Runaway Greenhouse Surface Temperature. We find surface temperature at each timestep, given the incoming solar flux
relative to Earth’s insolation (Sefy) and partial pressure of H2O in the atmosphere in bars (pm,0), using a curve fit to existing
numerical results (11):

logio (Tsurf(l’, Y, Z)) =cC1 + Cox + 3y + caz + 051:2 + cexy + 6822 + ng3 + cmz3

where:

x = (logio (Pu,0) — k1) /k2
y = (logio (9) — ks) /ka

z = (logio (Sers) — ks) /ks

Coefficient values for ci_10 and ki_¢ are given in Table S1.

Drag of heavy species during H escape. If H escape to space is sufficiently rapid, the H can drag heavier species (such as O)
along with it (12). To determine whether this process is active at a given timestep in our model, we calculate the critical mass
(me) of the heaviest molecule escaping H can drag along with it in a background atmosphere of mass masm (12):

M. = XH +q2Xatmm + kTMH,ref [2}
T Xn+ qXatm 0 mubg (Xa + qXatm)

where ¢ = Matm/mu. In our model runs, we only see m. > mo at the very beginning of models with > 700 m GEL
H20O with hypothetical habitable eras ending at 4 Ga and fy0. > 0.9, i.e. H escape is not limited by diffusion through the
background CO2 atmosphere. Under these conditions there is more than an order of magnitude more O in the background
atmosphere than CO2, and we approximate the atmosphere as a mixture of H and O only to find the resulting H and O escape
rates (12):

MO,esc - MH,T‘Ef [3}

nq
1+mng
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Explosive Volcanism. Although high atmospheric pressure disfavors explosive volcanism on Venus today, dissolved magmatic
volatiles drive explosive volcanism at pressures greater than Venus’ atmospheric pressure in subaqueous envrionments, such
as MORs (13, 14). Several authors report observations of evidence for explosive volcanism on Venus, invoking volatile
concentrations of order 1-3 wt% CO2, SO2 and H>O (15, 16). However, CO; as the primary magmatic volatile phase is
unlikely to drive explosive volcanism on present day Venus because concentrations above 6.5 wt% would be required (17).
The conditions required for explosive volcanism are sensitive not only to atmospheric pressure but also to melt ascent rates,
magma temperatures, melt viscosity, and vent geometry (17, 18). We choose to implement the simplest possible threshold for
the effusive-explosive transition, allowing explosive volcanism to occur when the volume fraction of gas (Fyas) exceeds ~75%
(19, 20). We find the volume of gas per m® melt delivered to the surface (Vyqs) using the ideal gas law:

ndeqasRT'melt
Patm [ ]

where Ngegas is the number of moles of degassed CO2 and H2O. The corresponding volume fraction of gas is:

Vgas -

V.
Fyoe = —2% 8
. Vgas + 1 8
For Fyqs > 0.75, the mass of Oz removed from the atmosphere in a given timestep (MOQ,oz) is:

. 2

MO2,0;E = MOQ,atm — Moz 0 5cheOf€$Z€7‘upt (t) [9]
MFeO
Radiogenic Ar Degassing Model

The initial concentration of *°K in Venus’ mantle is given by (3, 21):

[4OK(O)} = T(40K/K)T(K/U)C(U,M) exp (Atott) [10]

where 7k uy is the ratio of K to U for Venus’ crust as measured by spacecraft (21), T(a0k /K) = 1.165 x 10™% is the present

YK /K ratio (21), c(u,n) is the primordial mantle U concentration based on values calculated for the Earth (SI Appendix:
Table S2) (3), where ¢ is present time after Venus’ formation (4.5 Gyr), and A is the decay constant for *°K:

>\t0t = )\Ar + )\Ca [11]

Where Aa, = 0.0581 Gyr~! and Aco = 0.4962 Gyr~' are the decay constants for decay of °K to “°Ar and “°Ca respectively
(21). Our models begin at the end of a hypothetical habitable era. We calculate the starting mantle “°K concentration:

(K (to)] = [""K(0)] exp (= Aot (4.5 — to)) [12]
starting mantle *°Ar concentration:
[ Arar(to)] = (1= fyre) [*"K(0)] (1 = exp (= Aot (4.5 — t0))) [13]
and starting atmospheric *°Ar abundance:
OAr(to)a = foreVarpn [K(0)] (1 — exp (= Aot (4.5 — t0))) [14]

where fpr. is the fraction of radiogenic *° Ar degassed prior to the end of the habitable era, pps = 3550 kg m ™2 is the density
of the mantle (22), and Vs is the mantle volume, taking Venus’ core radius to be 3110 km (23).
Next, we evolve the mantle and atmosphere “°K and *°Ar inventories forwards in time (SI Appendix: Fig S4) until the present

assume that crustal thickness does not evolve over time, and instead consider a range of fixed thicknesses.

The concentration of “°K in Venus’ mantle at each new timestep ([40K] v i+1) is given by:

Alexandra O. Warren and Edwin S. Kite 30of 18
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[4OK] M+l [40K] M,i [40K] M,i exp(—AtAk)

Vnew,ipc 40
- Varpm [ K]m,i [15]

Viees De
+ rec,i Pe / [40K(Z)] dZ
Vapu De+tzrec ot

where p. = 2800 kg m~? is the density of the crust, and D, is the crustal thickness. View,i = ZnewAvenus is the volume of
new crust produced in one timestep.

Vrec is the volume of crust recycled back into the mantle at a given timestep, which is given by the difference between
the total crustal thickness at timestep i and the fixed maximum crustal thickness, D.. We track the concentration of *°K
throughout the crust with depth in 1 m intervals to calculate the amount of “°K recycled back into Venus’ mantle over time.
We also consider a case in which recycled crust is not remixed into the mantle, and instead sinks into a separate mantle
reservoir, in which case we set the final term of Equation 15 to 0. This depletes the melting mantle of “°K over time, and
permits a wider range of crustal production histories for Venus that can still fall within or below the measured range for Venus’
atmospheric “°Ar abundance.

New crust is produced by partial melting of the mantle. This sets the initial °K concentration of the crust. We consider
melt fractions of ® = 0.025 and 0.05 (SI Appendix: Table S2) (3). During partial melting, °K and “°Ar preferentially partition
into the melt, enriching the melt in these species. The concentration of °K in new crust (which is also the concentration of
40K in mantle melts) formed through fractional melting of the mantle is:

Kl = (K], = Kl 5 [1 = (1= )] [16]

where Dx is the partition coefficient of K in the melt, which is very small (24), so we make the approximation (1 — qb)l/D ~0

(3, 21). In our model, we assume that “°Ar in the melt is released instantaneously to the atmosphere (3). The mass of *°Ar
released to the atmosphere at each timestep by partial melting and crustal production is:

1
40Ar1\1~>a,7ﬁ = Vnew,ipc [Ar]]w E [1 - (1 - QZS)I/DA‘A} [17}

where Da, is the partition coefficient of Ar in the melt, approximated in the same way as for “°K (3, 21).The concentration
of 9K in the crust at each timestep is given by:

[“K=)],, = ["K],, - ["K]_, exp(-AtAk) 18]

c,i c,

The corresponding release of “°Ar to the atmosphere by “°K decay in the crust and rapid diffusion of *°Ar to the surface (3)
is given by:

A\ 0
40Arcﬁa,i = pczﬁlvenusi exp(—AtAk) [40K(z)] - dz [19]
)\K Do c,i+1
Therefore, the total “°Ar in the atmosphere at each timestep is:
0 Arais1 =" Ara; +70 Arena +* Arnrai [20]

Habitable Era Water Recycling Model

We assume Venus produced enough crust to degas 80 bar of CO2 prior to the end of the habitable era to maximize the potential
for extensive recycling of hydrated crust into the mantle by increasing the rate of crustal burial. Heat transport in a stagnant
lid regime with downwards advection of crust caused by continuous resurfacing by lava flows with diffusion of heat and internal
radiogenic heat production, can be expressed as (25, 26):
2
oea—T = va—T A [21]
0z 0z pcp

where a = ﬁ is the diffusion coefficient, k is conductivity, p is density, and ¢, is specific heat capacity, and H is internal

heat production by decay of radioactive elements. The steady state solution is (26):
, o .
T(z)=——+c1—exp—— + 2 [22]
v «@

where ¢1 and c2 are constants:

v

(AT _ pepHziitn )

v
o exp (ZEm) 1 23]
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Co = TS — Clg [24]
v

where AT = T'(zjitn) — T(0).

The advection velocity v depends on the timing of the end of the habitable era (o from our Oz loss model), the proportion
of Venus’ modern CO2 degassed prior to the end of the habitable era (1 — fyoic), and melt CO2 concentration. We assume that
the eruption rate (and therefore v) is constant over the period 4.4 Ga to to, such that:

1 (1 - fvolc)
- M.
Y7 315 x 1016 (4.4 — to) ccoppmer <27

[25]

where the factor of 3.15 x 10'® converts from Gyrs to seconds.

We compare our calculated geotherms to the phase boundaries for serpentinite dehydration and eclogite formation (27, 28)
(SI Appendix, Fig S5) to find combinations of lithosphere thickness and volumentric heat production rate that permit eclogite
to form before serpentinite dehydration occurs. When the temperature-pressure profile crosses into the serpentinite dehydration
field first, we assume that water returns to the surface or shallower depths in the crust, as suggested by the upward migration
of water released by serpentinization during subduction on Earth. Additionally, we omit all geotherms where temperatures
exceed 1573 K at depths shallower than z;;:n, as the base of the lithosphere is defined by this temperature in our model. We
find that eclogite forms before dehydration occurs when v and zj;:, are large, and H is small (SI Appendix, Fig S5).

Eclogite formation before dehydration provides a mechanism for recycling of H2O into the mantle. We consider the
implications of removal of water to the mantle on the evolution of the total surface water inventory of a hypothetical habitable
era.

We initiate our models with an initial surface water inventory ho of up to 4000 m GEL, at the beginning of a hypothetical
habitable era. At each timestep, we calculate the water removed from the surface inventory, and the water added by volcanic
degassing. We assume that any hydrated crust is removed due to burial by new lava being erupted at the surface, so the
crust moves downward at the advection velocity v (Equation 25). We use the same volcanic degassing procedure as for our
initial O2 loss models (Main Text Methods: C. Degassing), and the same range of melt HoO concentrations (Main Text Table
1). However, we fix atmospheric pressure to <10 bar, based on climate models (29), rather than tracking accumulation of
atmospheric COz as climate models for early Venus indicate that low atmospheric pressures are required to sustain surface
liquid water (30). The total GEL of water present at each timestep 4 is then:

hi =hi—1
! At A
- piw fhyd hfeztvpc [26]
1
+ p—Atfeztvpc (cry0 — SH50)

where p,, = 1000 kg m™? is the density of water, p. = 2800 kg m~? is the density of the crust, fnyq is the mass fraction of
water in hydrated crust (up to 3 wt% (31)), As is the fraction of Venus’ surface area submerged by the existing surface water
inventory, and su,o is the solubility of water in the crust-producing melt as calculated using VolcGasses. To obtain Ay, we use
modern Venus hypsometry (32) to calculate the global equivalent layer of water that can be stored beneath any given elevation
on Venus, and the cumulative area of Venus’ surface beneath each elevation. We then interpolate to find the cumulative area of
Venus’ surface submerged at each timestep in our model.
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No runaway greenhouse surface melting
300.0 m GEL, 500.0 ppm CO,, 0.001 wt% H,O0,
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Fig. S1. Timing of the end of a hypothetical habitable era is an important parameter for determining whether the habitable era can be reconciled with modern Venus’ low
atmospheric O2. Time evolution of column masses of H2O, Hs, O3, CO2, CO, and CH4 for two post habitable era evolutions, each with a 300 m GEL water inventory, average
melt H>O 0.001 wt%, average melt CO2 500 ppm, extrusive volcanism fraction f..+ =1.0, fraction of Venus’ modern CO2 volcanically degassed since the end of a hypothetical
habitable era f,,;. = 1.0, and melt oxygen fugacity log fO2> = FMQ-1 in our baseline model (no runaway greenhouse surface melting). The solid line shows that a short-lived
habitable era ending at 4.0 Ga can be reconciled with Venus’ modern atmospheric Oz (solid lines), whereas a habitable era ending at 3.0 Ga cannot (dashed line).
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Fig. S2. Magmatism rates (including both intrusive and extrusive volcanism) as a function of time in our model for end habitable era times tq = 4.0, 3.0, and 1.5 Ga (dark
blue, blue, and green) and average melt CO> = 300, 500, 1000, and 2000 ppm (solid, dashed, dashed-dotted, dotted) with f,,;. = 1.0. There is no eruption rate line for
to = 1.5 Gaand CO2 = 300 ppm because this would lead to a total erupted volume requiring processing of more than 1.2 x Venus’ mantle volume in 1.5 Ga in order to degas
the full 90 bar of CO2 in Venus’ modern atmosphere. The eruption rates shown in these curves will be lower for smaller values of f, .. as less of the total CO2 in Venus’
modern atmosphere is derived from volcanic degassing in these cases.
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Fig. S3. Example atmospheric 40 Ar accumulation for a range of crustal production rates, set by melt CO5 concentrations (as in Fig S2 and Equations 13-16 in the Main Text).
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Fig. S5. Summary of “° Ar degassing model results shown as the percentage of “CAr evolution models (e.g. Fig S3) that contribute less than 1.61 + 0.54 x 106 kg “Ar (21)
to Venus’ atmosphere over the course of Venus’ post-habitable era evolution. The most favorable parameters for successful Ar degassing model runs are anticorrelated with
parameters that reconcile a hypothetical early habitable era with Venus’ modern atmospheric O5. “CAr degassing models where 4°K crust is not re-mixed into the mantle after
recycling at the base of the crust permit a wider range of parameter space to be compatible with modern °Ar in Venus’ atmosphere. Blue circles correspond to results of
57,000 models where material recycled from the base of the crust is mixed uniformly throughout the mantle. Black circles correspond to results of 57,000 models where
recycled crust becomes part of a separate mantle reservoir and does not alter the “°K concentration of the mantle from which new crust is derived. fpre is the fraction of
mantle CAr produced from the formation of Venus until the end of the hypothetical habitable era that is assumed to have already degassed and remained in the atmosphere.
Melt CO2 concentration, fraction of Venus’ present day atmosphere contributed by post-habitable era volcanic degassing (f,oic), and extrusive volcanism fraction (fe+) have
the same values as in the O loss models. Table S2 lists all model variables and their values.
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Fig. S6. Steady-state pressure-temperature profiles for Venus lithosphere with a constant advection velocity of v = 400 km Gyr~! (to degas a total of 90 bar CO, over
the course of a 0.5 Gyr hypothetical habitable era on Venus). Colors indicate different lithospheric thicknesses ranging from z;;+,, = 25-200 km, and solid, dash-dotted,
dashed, and dotted lines indicate crustal internal heat production rates from H = 0-5 qu’3. The blue and green lines show phase boundaries corresponding to serpentinite
dehydration (27) and eclogite formation (28). We assume that all pressure-temperature profiles that cross into the eclogite formation field before the serpentinite dehydration

field are able to recycle hydrated lithosphere into the mantle through entrainment of dense eclogite into the convecting mantle (1).
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Fig. S7. Example evolutions of habitable era water inventory in km GEL for a habitable era starting with 4000 m water on the surface, with a constant atmospheric CO2
pressure of 1 bar, for a range of H,O mass fractions in hydrated crust (a & d. 0.5 wt%; b & e. 1 wt%; ¢ & f. 3 wt%) and melt CO> concentrations (a,b, & c. 300 ppm; d, e & f.
1000 ppm). Dashed lines indicate upper limits on end-habitable-era surface water inventory from O loss and “° Ar degassing models (500 m-black dashed, 1000 m—black
dotted for very reduced melt oxygen fugacities). The final size of the surface liquid water inventory must fall below these lines by the end of the habitable era at 4.0 Ga to be

consistent with Venus’ modern atmospheric composition.
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a. End habitable era water inventory
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Fig. S8. Although the final surface water inventory at the end of the habitable era must be less than 500 m GEL (or 1000 m GEL for a very reducing melt oxygen fugacity),
recycling of water into the mantle during the habitable era can lead to an average surface water inventory larger than these upper limits. Example runs that meet these
conditions are shown by the circled points A (Panel a.) and A’ (Panel b.), B (Panel a.) and B’ (Panel b.), C (Panel a.) and C’ (Panel b.). a. Final size of the habitable era water
inventory after evolution of the surface water inventory in km GEL. Horizontal dashed line indicates upper limit on end-habitable-era surface water inventory from O loss and
40 Ar models. The final size of the surface liquid water inventory must fall below these lines to be consistent with Venus’ modern atmospheric composition based on our O loss
model. b. Time-averaged size of the habitable era water inventory during the same habitable era. Horizontal black line is the same as for a., but the average water inventory

does not need to fall beneath these lines to be consistent with oxygen and “°Ar in Venus’ modern atmosphere.
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Fig. S9. Example sensitivity tests with values of binary diffusion coefficient of hydrogen through the background atmosphere (b ) 30% lower (0.7b g, blue) and 30% higher
(1.3bm, red) than our baseline model (black, shown in d, e, and f). Colors are transparent and curves appear purple where 0.7b g, baseline by, and 1.3b g results overlap.
We set 500m GEL end habitable era water inventory, 500 ppm melt CO2, 0.5 wt% melt H2O, fc.: = 0.3, log fO2 =FMQ-3, and a f,,i. = ranging from 0.1 to 0.9
(indicated by solid, dotted, and dashed lines). a-c show the percent difference in the atmospheric concentration of O3, H2O, and CO relative to the baseline b used in our
O3 loss model. CO curves are absent where the atmospheric CO concentration in the baseline model is 0. Initial, short-lived spikes in CO concentration are due to CO
degassing prior to O accumulation due to H escape to space. d-f show the atmospheric concentration of each species in the model divided by the maximum atmospheric
concentration as constrained by modern Venus measurements. The horizontal dashed black line indicates where atmospheric concentration exactly matches the relevant
modern constraint—curves that end below this line are deemed "successful" in our model. +30% variations in bz do not affect whether a given model run is successful for any

parameter combination.
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Fig. S10. Example sensitivity tests with values of T+, = 170 K and 215 K compared with our baseline model that uses T4+, = 215 K (black, shown in d, e, and f).
Colors are transparent and curves appear purple where 170 K, baseline, and 215 K results overlap. We set 500m GEL end habitable era water inventory, 500 ppm melt CO2,
0.5 wt% melt H2O, fer: = 0.3, log fO2 =FMQ-3, and a f, .1 = ranging from 0.1 to 1.0 (indicated by solid, dotted, dashed lines, and dashed-dotted lines). a-c show the
percent difference in the atmospheric concentration of Oz, H2O, and CO relative to the baseline by used in our O loss model. CO curves are absent where the atmospheric
CO concentration in the baseline model is 0. Initial, short-lived spikes in CO concentration are due to CO degassing prior to O> accumulation due to H escape to space.
d-f show the atmospheric concentration of each species in the model divided by the maximum atmospheric concentration as constrained by modern Venus measurements.
The horizontal dashed black line indicates where atmospheric concentration exactly matches the relevant modern constraint—curves that end below this line are deemed
"successful" in our model. These variations in T+, do not affect whether a given model run is successful for any parameter combination.
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Table S1. Coefficient values used in calculation of surface temperature as a function of effective stellar luminosity and partial pressure of water
in the atmosphere (11).

Coefficient  Value Coefficient  Value
c1 3.401 k1 2.668
ca 1.501 x10~Y ko 1.019
c3 -3.401 x10=2 k3 1.099
cq 4702 x1072 kg4 0.4683
cs -4.911 x10=3 kg 0.7664
ce 8.519 x10~1 k¢ 0.4224
cr -1.467 x10—2

cs -7.091 x10~3

cg -7.627 x10~3

C10 8.348 ><1073
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Table S2. Parameter values used in “°Ar degassing model.

Symbol  Description Values Units
to End of habitable era (as in Table 1) 4,3,1.5 Ga
Zerust Crust thickness 5,10, 20, 30, 50 km

¢ Mantle melt fraction for crust production 0.025, 0.05

cco, Melt CO2 concentration (as in Table 1) 300, 500, 1000, 2000 ppm
fore Fraction of radiogenic °Ar degassed before end of habitable era 0,0.1,0.25,0.5, 1

foole Fraction of present day atmospheric CO» degassed since end of habitable era (as in Table 1) 0.1,0.5,0.9,1

feat Extrusive volcanism fraction (as in Table 1) 0.1,0.3,0.5, 1

cU,M Primordial mantle U concentration 13,17, 21 (3, 21) ppb
TKJU K/U ratio 7200 (21), 13800 (33)

Alexandra O. Warren and Edwin S. Kite

17 of 18



164

165
166
167
168
169
170
17
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220

221

References

1.

2.

w

10.

11.

12.

13.

14.

15.
16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.

M Armann, PJ Tackley, Simulating the thermochemical magmatic and tectonic evolution of Venus’s mantle and lithosphere:
Two-dimensional models. J. Geophys. Res. Planets 117 (2012).

LT Elkins-Tanton, SE Smrekar, PC Hess, EM Parmentier, Volcanism and volatile recycling on a one-plate planet:
Applications to Venus. J. Geophys. Res. Planets 112 (2007).

. JG O’Rourke, J Korenaga, Thermal evolution of Venus with argon degassing. Icarus 260, 128 — 140 (2015).
. K Cutler, J Filiberto, AH Treiman, D Trang, Experimental investigation of oxidation of pyroxene and basalt: Implications

for spectroscopic analyses of the surface of Venus and the ages of lava flows. Planet. Sci. J. 1, 21 (2020).

. B Fegley Jr, et al., Basalt oxidation and the formation of hematite on the surface of Venus. Icarus 118, 373-383 (1995).
. G Berger, et al., Experimental exploration of volcanic rocks-atmosphere interaction under Venus surface conditions. Icarus

329, 8-23 (2019).

. JW Head III, L Wilson, Volcanic processes and landforms on Venus: Theory, predictions, and observations. J. Geophys.

Res. Solid Earth 91, 9407-9446 (1986).

. RF Cooper, JB Fanselow, DB Poker, The mechanism of oxidation of a basaltic glass: Chemical diffusion of network-

modifying cations. Geochimica et Cosmochimica Acta 60, 3253 — 3265 (1996).

. D Canil, K Muehlenbachs, Oxygen diffusion in an Fe-rich basalt melt. Geochimica et Cosmochimica Acta 54, 2947-2951

(1990).

RF Wendlandt, Oxygen diffusion in basalt and andesite melts: experimental results and discussion of chemical versus
tracer diffusion. Contributions to Mineral. Petrol. 108, 463-471 (1991).

M Turbet, et al., Revised mass-radius relationships for water-rich rocky planets more irradiated than the runaway
greenhouse limit. Astron. & Astrophys. 638, A41 (2020).

F Tian, History of water loss and atmospheric O2 buildup on rocky exoplanets near M dwarfs. Farth Planet. Sci. Lett.
432, 126-132 (2015).

C Helo, MA Longpré, N Shimizu, DA Clague, J Stix, Explosive eruptions at mid-ocean ridges driven by COz-rich magmas.
Nat. Geosci. 4, 260-263 (2011).

CI Schipper, JD White, B Houghton, N Shimizu, RB Stewart, Explosive submarine eruptions driven by volatile-coupled
degassing at Lo‘ihi Seamount, Hawai‘i. Earth Planet. Sci. Lett. 295, 497 — 510 (2010).

RC Ghail, L. Wilson, A pyroclastic flow deposit on Venus. Geol. Soc. London, Special Publ. 401, 97-106 (2015).

BA Campbell, et al., Pyroclastic flow deposits on Venus as indicators of renewed magmatic activity. J. Geophys. Res.
Planets 122, 1580-1596 (2017).

MW Airey, et al., Explosive volcanic activity on Venus: the roles of volatile contribution, degassing, and external
environment. Planet. Space Sci. 113, 33-48 (2015).

LS Glaze, SM Baloga, J Wimert, Explosive volcanic eruptions from linear vents on Earth, Venus, and Mars: Comparisons
with circular vent eruptions. J. Geophys. Res. Planets 116 (2011).

R Sparks, The dynamics of bubble formation and growth in magmas: A review and analysis. J. Volcanol. Geotherm. Res.
3,137 (1978).

JB Garvin, JW Head, L. Wilson, Magma vesiculation and pyroclastic volcanism on Venus. Icarus 52, 365 — 372 (1982).
WM Kaula, Constraints on Venus Evolution from Radiogenic Argon. Icarus 139, 32 — 39 (1999).

DJ Stevenson, T Spohn, G Schubert, Magnetism and thermal evolution of the terrestrial planets. Icarus 54, 466489
(1983).

T Spohn, Mantle differentiation and thermal evolution of Mars, Mercury, and Venus. Icarus 90, 222-236 (1991).

DM Shaw, Trace element fractionation during anatexis. Geochimica et Cosmochimica Acta 34, 237-243 (1970).

TC O’Reilly, GF Davies, Magma transport of heat on Io: A mechanism allowing a thick lithosphere. Geophysical Research
Letters 8, 313-316 (1981).

DG Kankanamge, WB Moore, A parameterization for volcanic heat flux in heat pipe planets. J. Geophys. Res. Planets
124, 114-127 (2019).

BR Hacker, GA Abers, SM Peacock, Subduction factory 1. Theoretical mineralogy, densities, seismic wave speeds, and
H2O contents. J. Geophys. Res. Solid Earth 108 (2003).

K Bucher, M Frey, Metamorphism of mafic rocks in Petrogenesis of Metamorphic Rocks. (Springer), pp. 279-324 (2002).
MJ Way, et al., Was Venus the first habitable world of our solar system? Geophys. Res. Lett. 43, 8376-8383 (2016).

MJ Way, AD Del Genio, Venusian Habitable Climate Scenarios: Modeling Venus Through Time and Applications to
Slowly Rotating Venus-Like Exoplanets. J. Geophys. Res. Planets 125, ¢2019JE006276 (2020).

L Schaefer, D Sasselov, The persistence of oceans on Earth-like planets: Insights from the deep-water cycle. Astrophys. J.
801, 40 (2015).

P Rosenblatt, P Pinet, E Thouvenot, Comparative hypsometric analysis of Earth and Venus. Geophys. Res. Lett. 21,
465-468 (1994).

R Arevalo Jr, WF McDonough, M Luong, The K/U ratio of the silicate Earth: Insights into mantle composition, structure
and thermal evolution. Earth Planet. Sci. Lett. 278, 361-369 (2009).

18 of 18 Alexandra O. Warren and Edwin S. Kite



	Results
	O2 Loss Model
	40Ar Degassing Model

	Discussion
	Evolution of Habitable Era Surface Water Inventory
	Limitations
	Implications for Upcoming Venus Missions

	Conclusions
	Initial Conditions
	Atmospheric Escape
	Degassing
	Oxidation of Basalt
	Radiogenic Ar Degassing Model
	Water Recycling During the Habitable Era


