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VENERA-D: VENUS CLOUD HABITABILITY SYSTEM WORKSHOP
Program
Monday, November 29, 2021
PRESENT HABITABILITY OF VENUS
2:00 p.m. UTC
Conveners: Sanjay Limaye and Oleg Kotsyurbenko
This session will focus on the understanding of current habitability at Venus, including the
possible availability of various energy sources.
Times
2:00 p.m.
2:15 p.m.

Authors (*Denotes Presenter)
Borisov K. Ocampo A.
Amato P. *

2:45 p.m.

Kotsyurbenko O. R. *

3:00 p.m.

Schulze-Makuch D. *

Abstract Title and Summary
Welcome to the Workshop
Terrestrial Hints for Prospecting Microbial Life in
Venus Clouds [#4031]
On Earth, clouds are thought to be particular environments
in the atmosphere, providing water, nutrients, and
protection against UV radiation to microbial cells. Although
the conditions are much more favorable than on Venus,
investigating biological material scattered in clouds or in the
air, its viability and metabolic activity are already highly
challenging. Methods and approaches potentially applicable
to extraterrestrial environments have been developed.
Astrobiology of Venus: Basic Insights and Prospects
(Application to Venera-D Mission) [#4005]
Important issues that require discussion in preparation for
the Venus-D space mission are the creation of an
appropriate concept of the habitability of the Venus cloud
layer and recommendations for the astrobiological research
program for this ecosystem. New ideas that have been
outlined in recent publications on Venus are critically
revised and promising microbiological research is proposed.
Habitability Challenges in the Venusian Clouds [#4016]
The Venusian cloud environment poses stark challenges to
habitability, especially in regard to water activity and
acidity. Could those challenges be overcome by life? Here I
introduce several suggestions on what observations and
knowledge we need to gain, both theoretically and
stemming from laboratory investigations, to achieve further
insights on the specifics of these challenges in the Venusian
atmosphere and how these could possibly be overcome.

3:15 p.m.

Grinspoon D. H. *

3:30 p.m.

Gentry D. M. * Iraci L.
Cassell A. Mattioda A.
Brecht A. Simon K. Sobron P.
Davila A.

3:45 p.m.
3:55 p.m.

4:10 p.m.

Dartnell L. R. * Nordheim T. A.
Mason J. P. Patel M. R.

Mogul R. * Limaye S. L. Lee Y. J.
Pasillas M.

Gaia on Venus: Planetary-Scale Considerations
of Habitability [#4047]
I discuss the “Living Worlds Hypothesis” of planetary
habitability, which emphasizes planetary scale properties
such as level of geological activity and cycling of volatiles
between interior, surface, and atmosphere over specific
localized conditions, and how this alternative view may
illuminate the question of habitability of the Venus clouds.
Investigations by the upcoming missions which bear on this
topic will be addressed.
Aerobiospheres and Planetary Habitability: Considerations
from Earth to Venus and Beyond [#4045]
Clouds are likely to be found on rocky worlds with water,
but should they be considered a potential habitat? Lessons
from Earth’s airborne microbiota emphasize the importance
of local microenvironments, the sparseness and
heterogeneity of viable and active life, and the necessity for
coordination between physical modeling and biological
investigation. Exploration of Venus cloud layers would
significantly benefit from architectures allowing
measurements distributed over space and time.
BREAK
Constraints on a Potential Aerial Biosphere on Venus:
Cosmic Rays and Solar Ultraviolet Radiation [#4035]
Both UV and ionizing particle radiation are highly
deleterious to life and may impose further constraints on
the putative Venusian aerial habitable zone. Here we report
results of two transport models dealing with cosmic ray and
solar UV penetration and find that in terms of thermal
gradient and radiation environment a potential HZ extends
from 59 km to 48 km altitude. We suggest that this region
should form the focus of future remote and in situ
astrobiological investigations of Venus.
Potential for Habitability and Round-the-Clock Phototrophy
in Venus’ Clouds [#4036]
We show that solar photon fluxes calculated across Venus’
cloud layers are sufficient for Earth-like photosynthesis, and
that thermal emissions arising from below Venus’ clouds are
potentially sufficient for lower-flux phototrophy. We also
present interpretations to refractive index and radio
occultation measurements that suggest, due to the
presence of partly neutralized sulfuric acid, that acidity and
water activity values in Venus’ aerosols may potentially be
suitable for microbial growth.

4:25 p.m.

Milojevic T. * Treiman A. H.
Limaye S.

4:40 p.m.

Spacek J. * Benner S. A.

4:55 p.m.

Yang J. * Yan M.

5:10 p.m.

Limaye S. S. * Rothschild L.
Mogul R. Head J. Way M. J.

5:25 p.m.
5:30 p.m.

Phosphorus in the Clouds of Venus: Potential
for Bioavailability [#4043]
Aerosol phase elements such as phosphorus, sulfur, and
metals including iron are essential nutrients that could help
sustain potential biodiversity in the cloud deck of Venus. We
summarize our current understanding of the presence of
phosphorus in the clouds of Venus and its role in a
hypothetical atmospheric (bio)chemical cycle. The VeGa
data indicate that a plentiful phosphorus layer exists within
the lower Venusian clouds and exceeds minimum P
abundances for terrestrial microbial life.
The Organic Carbon Cycle in the Atmosphere of Venus and
Evolving Red Oil [#4052]
Organic reactions known in sulfuric acid at Venusian
temperatures and pressures accounts for upper and lower
hazes and the “mysterious” UV-blue absorber in Venusian
clouds. In the lab this process yields fluorescence as a target
for in situ analysis.
Climate and Habitability of Venus-Like Slowly
Rotating Planets [#4012]
Global-scale atmospheric general circulation model and
cloud-resolving model simulations suggest that for slowly
rotating rocky planets like Venus the inner edge of the
habitable zone is much closer to the host stars. This is due
to a stabilizing cloud feedback under weak Coriolis force and
long daytime insolation.
Speculations on Adaptations of any Life on Venus, Past
and Present [#4022]
We speculate about the adaptations that any life on the
surface in the past must have gone through to survive until
present as the environmental conditions changed including
the rotation state which presumably controls the
circadian clock.
Wrap Up
Adjourn Day 1

Tuesday, November 30, 2021
PANEL: “A DECADE OF VENUS EXPLORATION — A MULTI-AGENCY PERSPECTIVE” IN
DEDICATION TO TOMMY THOMPSON
1:30 p.m. UTC
The panel will aim to discuss the respective space agencies’ Venus missions and the possible
ways in which science synergism between these missions could maximize science return.
Moderator: Roger-Maurice Bonnet
Times
1:30 p.m.
3:00 p.m.

Presenters
Lori Glaze, Tirtha Das,
Fabio Favata, Lev Zelenyi,
Yoshifumi Saito

Title
Panel: A Decade of Venus Exploration —
A Multi-Agency Perspective in Dedication to
Tommy Thompson
BREAK

Tuesday, November 30, 2021
MISSIONS TO VENUS
3:10 p.m. UTC
Conveners: Ludmila Zasova and Adriana Ocampo
This session will focus on updates from proposed and selected missions that will investigate the
atmosphere of Venus and further develop the understanding of its habitability.
Times
3:10 p.m.
3:40 p.m.

Authors (*Denotes Presenter)
Treiman A. *
Arney G. N. * Garvin J. Getty S.
Atreya S. Gilmore M.
Grinspoon D. Hofmann A. G.
Izenberg N. Kiefer W. Lorenz R.
Malespin C. A. Ravine M.
Trainer M. G. Webster C. R.
Zahnle K.

3:55 p.m.

Widemann T. * Ghail R. C.
Wilson C. F. Titov D. V.

Abstract Title and Summary
Keynote: Venera-D Lander: Constraints on Site Selection
The DAVINCI Mission to Venus and Connections to
Venus Habitability [#4007]
The Deep Atmosphere Venus Investigation of Noble gases,
Chemistry, and Imaging (DAVINCI) mission was selected in
NASA’s Discovery program. Launching later this decade, it
will be the first U.S. spacecraft to enter the Venus
atmosphere since 1978. DAVINCI will make detailed
measurements of the Venus surface and atmosphere,
revealing its current state and history, providing new
insights into Venus habitability, and helping to place our
sister planet into a larger cosmic context of exoplanets.
Atmospheric Studies with the EnVision Mission [#4042]
On June 10, 2021, the European Space Agency (ESA)
announced the selection of EnVision as its newest mediumclass science mission. VenSpec-H will focus on the volcanic
and cloud forming gases and search for composition
anomalies potentially related to the volcanic activity.
VenSpec-U will investigate the upper atmosphere. The
spatial and temporal behavior of H2SO4 (gaseous and liquid)
below the cloud deck will be also investigated at 45–55 km.

Tuesday, November 30, 2021
MEASUREMENTS, INSTRUMENTS, AND MISSION CONCEPTS TO VENUS (Part 1)
4:10 p.m. UTC
Conveners: Oleg Korablev and Tibor Kremic
This session will focus on instrument and platform concepts that aim to understand the
habitability of Venus and detect putative life.
Times
4:10 p.m.

Authors (*Denotes Presenter)
Vodopyanov K. L. *

Abstract Title and Summary
Trace Molecular Sensor Based on Mid-Infrared/THz
Frequency Combs [#4034]
We propose a new concept for in-situ trace gas detection
based on laser frequency combs. The dual-comb
spectroscopy (DCS) instrument will target, in one device,
broadband MIR (3–20 µm) and THz (1–5 THz) regions of the
spectrum, where strongest absorption resonances are
found. The DCS concept will allow massively parallel
identification of molecules and their isotopologues with
high sensitivity, high specificity, real-time detection
capability, and sub-Doppler spectral resolution.

4:25 p.m.

Simon K. Eshelman E.
Sobron P. * Bretch A. Cassell A.
Davila A. Gentry D. M. Iraci L.
Mattioda A.

4:40 p.m.
5:00 p.m.

Real Time Cloud Composition Profiles with an
Optofluidic Instrument [#4046]
Compact spectroscopic instrument to characterize the
chemical composition of Venus’ cloud deck, including ppblevel detection of organic functional groups, in real time
during dive-in missions.
Wrap-Up
Adjourn Day 2

Wednesday, December 1, 2021
MEASUREMENTS, INSTRUMENTS, AND MISSION CONCEPTS TO VENUS (Part 2)
2:00 p.m. UTC
Conveners: Oleg Korablev and Tibor Kremic
This session will focus on instrument and platform concepts that aim to understand the
habitability of Venus and detect putative life.
Times
2:00 p.m.
2:10 p.m.
2:40 p.m.

Authors (*Denotes Presenter)

2:55 p.m.

Baines K. H. * Cutts J. Byrne P.
Dorsky L. O’Rourke J. Seager S.
Wilson C.

3:10 p.m.

Bullock M. A. * Elston J. S.
Stachura M. Z.

3:25 p.m.
3:35 p.m.

Lavochkin Representative
Sasaki S. * Enya K. Ohno S.
Yoshimura Y. Yamagishi A.
Miyakawa A.

Esposito L. W. *

Abstract Title and Summary
Welcome
Keynote: Update on Venera-D
Fluorescence Microscopic Observation of Model
Microorganisms Suspended in Sulfuric Acid [#4027]
Observation of microorganisms suspended in sulfuric acid
was performed using fluorescence microscope and stains.
Trials to reduce false positives will be reported.
Venus Cloud Explorer — Understanding Venus’s Habitable
Zone (VHZ) via a Long-Lived In-Situ
Aerial Observatory [#4048]
A long-duration in-situ mission to Venus’s Habitable Zone
(VHZ) is presented, utilizing a variable-altitude balloon to
throughly explore the VHZ over 52–62 km altitude, over all
times-of-day, and over a wide range of latitudes (likely
>30 degrees) during its planned 100-day mission. Massspectrometer and TLS instruments perform a complete
inventory of all molecules <300 Da to < 1 ppb, both in the
atmosphere and within aerosol particles, and particle size
distributions are obtained.
Sustained In Situ Exploration of the Habitability of Venus’
Clouds [#4049]
We show how an aircraft can harvest energy in Venus’
atmosphere for sustained flight and perform in situ scientific
measurements of the gases, aerosols, and habitability of
Venus’ clouds.
BREAK
Investigating the Venus Clouds from Balloon
and Orbit [#4033]
The combination of a fixed-altitude balloon with a cloudsynchronous Venus orbiter investigates the cloud chemistry,
dynamics, radiation, climate, and the suitability of the cloud
environment for life.

3:50 p.m.

Sorokin V. V. Skladnev D. A. *
Karlov S. P. Kotsyurbenko O. R.

4:05 p.m.

Gordon I. E. * Skinner F. S.
Hargreaves R. J. Hashemi R.
Rothman L. S.

Conversion of Living Matter to Inanimate Material as the
Method of Detection of Life Signs: Application to VeneraD Mission [#4017]
The authors propose the idea that only conversion of living
matter to inanimate material can be the method for clearly
confirming the presence of life in tested samples. As for the
terrestrial type of living objects after biocidal treatment,
most cell membranes are destroyed and components of the
cytoplasm and intracellular structures are released. We
propose the concept of an instrument set for detecting
cellular forms in the clouds of Venus by gravimetry of native
samples in comparison vis bactericidal processed aliquots.
HITRAN2020: Deciphering Spectra from the
Cytherean Atmosphere [#4044]
The HITRAN2020 edition of molecular spectroscopic
database provides enhanced tools for interpreting spectra
of the Venusian atmosphere. A comprehensive overview of
the important updates and remaining deficiencies in HITRAN
relevant to the exploration of Venus will be provided.

Wednesday, December 1, 2021
POSTER LIGHTNING TALKS
4:20 p.m. UTC
Convener: Sara Port
Times
4:20 p.m.

Authors (*Denotes Presenter)
Pouget T. *

4:23 p.m.

Voirin T. * Buchwald R. Titov D.
Wielders A. Crouzet P. E.

Abstract Title and Summary
Vesper: Multi-Experience Transport Mission Architecture in
the Venusian Environment [#4013]
This study presents a multi-objective Venusian mission
architecture. It can deliver customer’s cubsat (1U to 12U) on
several orbits and atmospheric entry point. This mission
allows the researcher to propose directly the experiences
answering their questions. This study presents the design of
the transport platform, the distribution of costs per unit
cubsat according to the target, management of the
communications, and a proposal of cubsat air balloon
inflation system.
EnVision: The New Medium-Class ESA/NASA Mission
to Venus [#4018]
EnVision is a Venus orbiter mission that will determine the
nature and current state of geological processes on Venus in
the present era, measure how those processes generate and
sustain the inhospitable atmosphere and climate of Venus,
and piece together the sequence of events — the geological
history — that led to that current state.

4:26 p.m.

Shimolina A. * Ernst R. E.
Antropova E. G. Braga C. H. G.
El Bilali H.

4:29 p.m.

Malyshev D. G. * Ernst R. E.
Braga C. H. G. Antropova E. G.
El Bilali H.

4:32 p.m.

Antropova E. G. * Braga C. H. G.
Ernst R. E. Buchan K. L.
El Bilali H. Head J. W.

4:35 p.m.

Braga C. H. G. * Antropova E. G.
Ernst R. E. Buchan K. L.
El Bilali H. Head J. W.

4:38 p.m.

Rozhin V. E. * Ernst R. E.
Braga C. H. G. Antropova E. G.
El Bilali H.

Magmatic History of North-East Part of Theia Mons, Beta
Regio, Venus [#4019]
Theia Mons is a 2.5-km-high, 500-km-wide volcanic edifice
centered on Beta Regio, and at the locus of triple junction
rifting and a radiating dyke swarm. Detailed mapping
1:750 000 scale aims to reveal the emplacement history of
Theia Mons with broader implications for the Beta Regio
plume event.
Dyke Swarm History of Sanodiva Mons Region, Devana
Chasma Quadrange V-29, Venus [#4023] Presentation
The Magellan radar data allow detailed mapping of
volcanoes and determination of their geological histories.
Samodiva Mons (volcano), located (13.6° N, 291.0° E) at the
southern end of Hyndla Regio in Devana Chasma
Quadrangle V-29, was selected for detailed mapping at
1:500 000 of both its volcanic flows and graben-fissure
systems. The latter, which are viewed to overlie dyke
swarms, are the focus of the current mapping.
A Newly Recognized 2 000 km Long Bolide Airburst Chain,
Phoebe Regio, Venus [#4024]
The study analyzes a NNE-SSW trending (2000-km-long, 500km-wide) chain of 12 circular “splotches” located in western
Phoebe Regio on Venus. Their morphology is considered in
detail, along with their possible origins. It is concluded that
the splotches represent the airburst of a bolide arriving
along a NNE or SSW trajectory.
Preliminary Results and Timing Constraints from the
Geological Mapping of the Volcano Atira Mons, Beta-AtlaThemis (BAT) Region, Venus [#4025]
The large volcano Atira Mons is located on the NE portion of
BAT region, Venus. Its flow apron reveals a complex and
multi-stage volcanic history, which this work tries to unveil
through detailed geological mapping on a scale 1:500,000.
This will be an important input into the time-volume release
of CO2 and SO2 into the atmosphere from volcanism and
here we present a brief description of the volcano and its
associated geological features, as well as preliminary results
and interpretations.
History of Volcanism in Northern Asteria
Regio, Venus [#4026]
Asteria Regio, Venus is rich in volcanic centers, flow fields,
and rifts including Hecate Chasma. Our mapping is at 10x
higher resolution (1:500,000 scale) than previous mapping
(1:5,000,000). The goal of our mapping is a detailed volcanic
history of Asteria Regio, which will have relevance to Large
Igneous Provinces (LIP) volcanism on Earth. Here we report
on initial mapping of a flow field in the northern part of
Asteria Regio.

4:41 p.m.

El Bilali H. * Ernst R. E.
Buchan K. L. Head J. W.

4:44 p.m.

Slowik G. P. * Dabrowski P.

4:47 p.m.

Nakley L. M. *

4:50 p.m.

Kimmel E. L. * Head J. W.
Fleeter R.

4:53 p.m.

Limaye S. S. * Sokol D.
Arenberg J.

4:56 p.m.

King I. R. * Bywaters K. Zacny K.
Seager S. Petkowski J.

Dyke Swarm History of Atla Regio, Venus: Insights into a
Large Plume Head Event [#4028]
Part of the BAT region, Atla Regio is a major mantle plume
concentration featuring multiple volcanic centres and
associated triple junction rifting. 26,000 extensional
lineaments are mapped and grouped into sets representing
radiating and circumferential dyke swarms. These are linked
to the magmatic centres and are used to estimate the size
of the underlying plume head associated with each centre,
and to infer that a single plume head event is consistent
with the magmatic history of Atla Regio.
Selected Terrestrial Microorganisms as an Example of
Potential Analogues of Venusian Microorganisms [#4037]
The aim of the study is to select a group of terrestrial
microorganisms with physical and biological parameters
most similar to potential Venusian analogues.
Venus Atmosphere Simulation with the Glenn Extreme
Environment Rig [#4038]
The Glenn Extreme Environment Rig (GEER) is a world class
test facility designed to simulate harsh conditions such as
the atmosphere found on Venus. GEER has been in
operation since 2013 and has completed several successful
simulation tests for science and technology users. To date,
GEER has focused on Venus surface simulations but the rig
may be adapted to achieve a wide range of other extreme
environments on Venus and beyond.
Exploring the Venus Atmosphere with a Venus Aero Vehicle
(VAV): A Mission Concept for Low Cost, Multi-Year Venus
Atmospheric Exploration [#4040]
This paper details the conceptual design of an advanced
space mission to explore the Venus atmosphere. The
mission will incorporate advanced space technology such as
electric propulsion and fully autonomous flight, as well as
advanced instrumentation such as a miniature mass
spectrometer to explore the Venus atmosphere. This
proposal details specific scientific instrumentation and
measurements which can be used to explore the
composition and potential habitability of the Venus
cloud layer.
Development of Cloud Mirco-Organism Census
Sampling Platforms [#4055]
Concepts for aerial platforms that can be tested and utilized
on Earth to sample clouds for microorganism and can be
adapted for Venus will be presented.
Tape and Roller Sampling System for Flexible Venusian
Atmosphere Aerosol Capture and Delivery [#4015]
This abstract presents the conceptual design of an all-in-one
sample collection and delivery system for use in capturing
aerosols in the Venusian atmosphere. The system is highly
flexible and may be adapted for use in many different
mission architectures and instrument types and quantities.

4:59 p.m.

Yamauchi M. * Norberg O.
Watanabe S. Laufer R.
Ivchenko N. Enell C.-F.

5:02 p.m.

George R. R. G. * Bagchi A. B.

5:05 p.m.

Khrunyk Y. Y.
Kotsyurbenko O. R.

5:08 p.m.
5:30 p.m.

Venus Laputa: A Sustainable N2-Filled Platform in the
Venus Atmosphere [#4041]
Traditional balloon cannot fly many months due to the gasleak. To solve this, we propose to use N2 as the filling gas
because it does not easily leak due to larger kinetic diameter
(3.6 Å) than those of CO2 (3.3 Å) and He (2.6 Å).
Furthermore, N2 (28 amu) is buoyant in CO2-dominant
atmosphere (~40 amu), unlike the Earth. This opens up
possibility of local production of N2 from Venus atmosphere
(He ~ 3.5%), which may extend the platform lifetime to
many years, as in-situ ”base.”
Hypothesizing Possible Life Forms in
Venusian Clouds [#4039]
According to recent research, biosignature phosphine has
been detected in lower Venus cloud layers where the
temperature and pressure is conducive for lifeforms to exits.
This abstract collates the data available and puts forward a
hypothesis of how life, if present, would be and may have
originated if present. Proposed lifeforms may be anaerobic
sulphur-reducing chemoautotrophs which are extreme
varieties of earthly extremophiles or completely different
from life as we know it.
Is Life on Venus Possible? From Earth Extremophiles to
Venusian Clouds [#4054]
Our review summarizes information on microorganisms
inhabiting extreme Earth niches, such as Acidianus sp.,
Acidithiobacillus sp., Stygiolobus sp., Thermoplasmata sp.
These microorganisms could have adapted to the conditions
evolving on Venus.
Q&A/Discussion
Adjourn Day 3

Thursday, December 2, 2021
PUTATIVE ORIGINS OF LIFE AND PAST HABITABILITY OF VENUS
2:00 p.m. UTC
Conveners: Mary Voytek and Yuliya Khrunyk
This session will focus on possible origins of life on Venus and what the habitability of Venus
may have looked like in the past.
Times
2:00 p.m.
2:10 p.m.

Authors (*Denotes Presenter)

2:40 p.m.

Globus N. *

2:55 p.m.

Höning D. * Baumeister P.
Grenfell J. L. Tosi N. Way M. J.

3:10 p.m.

Kohler E. * Knudson C.
Head J. W. Port S. Sohl L.
Way M.

Benner S. A. * Spacek J.

3:25 p.m.

Abstract Title and Summary
Welcome
The Limits to Organic Life in the Solar System: From Cold
Titan to Hot Venus [#4003]
Synthetic biology, physical organic chemistry, and other
experimental sciences help assess here on Earth the
probability of life in alien environments and guide our
search for it in observational and mission astronomy. These
have given us “Agnostic Life Finders” (ALFs) for worlds
where environments are similar to Earth’s. However, they
also guide a search for life in exotic environments. We will
present by lab experiments showing organic processes that
may support life in acidic Venusian clouds.
Homochirality, Cosmic Rays, and Venus [#4057]
Recent ideas connecting the chirality of cosmic muons to a
chiral bias in biological processes, and possible routes to
detect chirality in astrophysical environments with a special
focus on Venus will be discussed.
Habitability of an Early Stagnant-Lid Venus [#4032]
We model the coupled interior-atmosphere evolution of
early Venus without plate tectonics. We find that silicate
weathering could have kept the planet habitable for
900 Myr, followed by rapid metamorphic release of carbon
from the crust, evaporation of water, and a rapid build-up of
Venus’ thick, CO2-rich atmosphere as observed today.
Stromatolites on Venus — An Experimental Look into Their
Stability and Where to Investigate [#4050]
We experimentally tested stromatolites at Venus conditions
to see whether these morphological fossils could be
recognized with instrumentation on future Venus
missions — and identify optimal landing sites for
their discovery.

BREAK

Thursday, December 2, 2021
BIOSIGNATURES AT VENUS
3:30 p.m. UTC
Conveners: Rakesh Mogul and Daria Evdokimova
This session will focus on possible biosignatures on Venus, including the debated detection of
phosphine.
Times

Authors (*Denotes Presenter)

Abstract Title and Summary

3:30 p.m.

Graham H. *

4:00 p.m.

Petkowski J. J. * Bains W.
Rimmer P. B. Seager S.

4:15 p.m.

Jordan S. * Rimmer P. B.
Shorttle O.

4:30 p.m.

Greaves J. S. *

Keynote: The Limits of Parsimony: Agnostic Pathways for
Understanding Life Detection
Towards an Explanation for Venusian Cloud Anomalies and
Implications for the Habitability of the Clouds [#4006]
We present a model for the chemistry of the atmospheric
cloud layers of Venus while reconciling decades-long
atmosphere anomalies. We predict that the clouds are not
entirely made of conc. H2SO4, but of ammonium salts,
resulting from biological production of NH3. The clouds are
no more acidic than some terrestrial environments that
harbor life. The model’s predictions for the abundance of
gases in Venus’ atmosphere matches observation better
than any previous model, and are readily testable.
Metabolic Signatures of an Aerial Biosphere in the Clouds of
Venus: A Self-Consistent Photo-Bio-Chemical Model [#4056]
It is useful to investigate whether a hypothetical biosphere
in the clouds of Venus produces chemical changes in the
atmosphere that are observable and diagnostic. We present
the first self-consistent coupling of metabolic pathways to a
full-atmosphere (0–115 km) model of Venus, utilizing
plausible sulfur-based metabolisms found in the literature.
Update on Phosphine in Venus’ Atmosphere [#4001]
The authors initiated in 2016 a remote spectroscopic search
for PH3 in the atmosphere of Venus. The goal was to set a
first limit on phosphine relevant to a hypothetical aerial
biosphere. The surprising detection has been intensively
followed up. We present the latest analyses of 2017–2020
datasets, with an update on inferred abundances and
time variability.
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Abstract Title and Summary
Welcome
Did an Ancient Habitable Venus Provide the Seeds for
Life Today? [#4020]
Recent possible detections of PH3 have spurred interest in
the potential for life in the clouds of Venus. We have used
forward modeling to investigate the possibilities of a
temperate Venusian climate in its deep past. This affords us
the opportunity to discuss the possibility for an early
habitable Venus and its implications for habitability in the
cloud layers today.
From Whiffs to Pulses: Links Between Tectonic Evolution,
Outgassing, and Atmospheric Development [#4014]
Venus asunder/Magma from great depth ascends/Clouds
spring forth, changing.
Formation and Stability of the Venus Atmosphere: Insights
from the Geological Record and Implications for Evidence of
Life on Venus [#4021]
We assume the hypothesis that Venus was once Earth-like,
examine the geologic record to address when and how the
transition to the decidedly non-Earth-like conditions of
today could have taken place, and assess the implications
for preservation of evidence of fossil life on the surface or
current biological activity in the Venus atmosphere.
The Implications of Applying a Large Igneous Province (LIP)
Context for Volcanism, Tectonics, and Atmospheric Evolution
on Venus [#4029]
Voluminous Venusian magmatism may be analogous to
Large Igneous Provinces (LIPs) on Earth. We consider
implications of the terrestrial LIP paradigm for the Venusian
geological record, and for the evolution of the Venusian
atmosphere through input of CO2 and SO2 from LIPstyle volcanism.
Day-Night Cloud Asymmetry Inhibits Early Ocean Formation
on Venus [#4051]
In this contribution, we will present the results of new 3-D
Global Climate Model (GCM) simulations of very early
Venus. The simulations reveal that clouds preferentially
form on the nightside of Venus, which prevented the planet
to ever have surface liquid water oceans. This work also has
important implications for the past habitability of Earth
and exoplanets.

3:40 p.m.

Hallsworth J. *

Venus’s Clouds Are an Order of Magnitude Beyond the
Acidity Limit, and Two Orders of Magnitude Below the
Water-Activity Limit, for Active Life [#4058]
Venus's clouds (77.8–99.2% w/w sulphuric acid; <0.004
water activity) are an order of magnitude beyond the 11.5%
(w/w) acidity limit, and two orders of magnitude below the
0.585 water-activity limit, for active life on Earth; as shown
in Figure 3 of Hallsworth et al. (2021) Nat. Astron., 5, 665–
675.
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Abstract Title and Summary
Cloud Layer Habitability of Venus; There May Be Life on It [#4004]
Venus is our twin sister with a great astrobiological value. Before billion
years ago, Venus might contain liquid surface water, but present day it is a
dry planet. However, Venusian clouds show possible sign of life with
sufficient temperature, pressure, and some other requirements. Some of
the terrestrial microbes show adaptations for the marginal environments
that are similar to the Venusian atmospheric conditions.
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Terrestrial hints for prospecting microbial life in Venus clouds. P. Amato1, 1Université Clermont Auvergne, CNRS,
SIGMA Clermont, ICCF, F-63000 CLERMONT-FERRAND, France. Pierre.amato@uca.fr

Clouds have been identified as the best candidates for hosting microbial life on Venus. On Earth, clouds are also
thought to be particular environments in the atmosphere,
providing water, nutrients and protection against UV radiation to microbial cells. Our group studies microbiological
processes occurring in clouds with the aim to characterize
and quantify their impacts on atmospheric chemistry and
microphysics. Although the conditions are much more favorable than on Venus, investigating biological material scattered in clouds or in the air, its viability and metabolic activity are already highly challenging. We, as other aerobiologists
interested in microbial life in the high atmosphere, have to
face technical and practical difficulties that will likely be
encountered on Venus as well, and our experience could
certainly help addressing them. In-situ measurements are
necessarily constrained by the low biomass, and methods and
approaches potentially applicable to extraterrestrial environments have been developed. These require high specificity
and sensitivity; they include offline and online detection and
quantification of specific biological markers by fluorescence,
luminescence, mass spectrometry, imagery or else. Isotopic
signatures as well can attest specifically of biological processes. I will present the most promising of them in the exploration of microbial life in Venus clouds.
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A NEWLY RECOGNIZED 2 000 KM LONG BOLIDE AIRBURST CHAIN, PHOEBE REGIO, VENUS.
E. G. Antropova1, C. H. G. Braga1, R. E. Ernst1,2, K. L. Buchan3, H. El Bilali2 and J. W. Head4. 1Faculty of Geology
and Geography, Tomsk State University, Tomsk, Russia: ekatantropova@yandex.ru, 2Department of Earth Sciences,
Carleton University, Ottawa, Canada, 3273 Fifth Ave., Ottawa, Ontario, Canada, 4Department of Earth, Environmental and Planetary Sciences, Brown University, Providence, RI 02912, U.S.A.

Introduction: The numerous features that are observed on the surface of Venus on Magellan radar images can be divided into four groups, according to their
origin – volcanic, tectonic, impact and exogenous (the
results of weak weathering processes). Of particular
interest in this study are features with an impact origin.
Cosmic bodies (bolides) constantly collide with
Venus, but the size of most bodies is too small to have
any noticeable effect. Small objects – meteoroids ranging in size from a grain of sand to 1 m – usually disintegrate and burn up in the atmosphere. Fragments of
the largest of them can reach the surface as meteorites
do on Earth and produce impact craters. The presence
of a large number of impact craters on Venus makes it
possible to estimate the average age of its surface, with
current estimates ranging from 300 to 500 million
years [1].
[2] characterized impact craters on the surface of
Venus based on how they have been modified by volcanic and tectonic processes, dividing them into several main classes: pristine, embayed and fractured. The
authors [2] presented a morphological classification of
Venus impact craters, dividing them into 6 main
groups: multi-ring basins, double-ring basins, central
peak craters, structureless floor craters, irregular craters with central peak and multiple craters. In addition,
they identified an intermediate complex of dark and
bright surface patterns resulting from interactions between impacts and the atmosphere, including splotches, dark margins, streaks, enormous parabolic patterns,
and halos bordering craters.
In this work, we focus on the so-called "splotches",
which, as suggested by [2] are closely related in origin
to impact craters. Their shape is predominantly circular, sometimes oval or elongated. They typically consist of an inner dark splotch (which may or may not
include a crater) and an outer bright or dark annulus.
The inner dark circle can vary in diameter from a
few kilometers to about 70 km, with an average value
of 20 km [3]. Moreover, it may or may not include
classical impact features. The dimensions of the bright
outer ring vary from ≈70 to 200 km or more, and its
boundaries are often quite blurred. The outer ring can
be either bright or dark, depending on the effect of
shock waves generated during the destruction of the
impact body by the atmosphere, which can affect the
surface in different ways. In some cases, this leads to a

sufficiently strong pulverizing of the material, reducing
its backward radar scattering, and producing dark
splotches. In other cases, it contributes to surface disturbance (fracturing and roughness), which increases
the radar brightness, and produces bright splotches [3].
Origin of splotches: In the course of our research,
we considered two main hypotheses for the origin of
the splotches in the study area. The first hypothesis is
that the splotches have a volcanic origin and are related
to volcanic activity in the region and a possible pyroclastic footprint from the action of the volcanoes.
However, the absence of any central features of volcanic origin in the region argues against such a hypothesis.
The second and preferred hypothesis is that the
splotches resulted from the interaction of an impact
body and the dense atmosphere at the location of its
penetration, leading to explosion (airburst) of the body
in the atmosphere. The shockwave from such an airblast could affect the surface in different ways, leading
to both radar darkening and brightening [2,4]. Where a
fragment(s) of the impactor reaches the surface, a
small crater (or cluster) is created in the center of the
splotch. The type of splotches largely depends on the
characteristics of the bolide itself – its size, mass,
speed, angle of incidence, etc. Depending on these
parameters, various scenarios for the entry of a projectile into the atmosphere can be inferred. The absence
of craters at the centers of the splotches is a good indicator that the projectiles were destroyed in the atmosphere and did not reach the surface. However, the
shockwaves from these bolides were sufficient to form
large features on the surface.
The discovery of a round dark halo surrounding
small bright craters (mainly 2 to 6 km in diameter) [1],
which resembled irregular blemishes in shape, served
as convincing evidence in favor of the impact origin.
According to the hypothesis of [3] the spots can be
formed by bolides, ranging in diameter from several
hundred meters to several kilometers. Thus, this raises
the question, why are we not seeing numerous such
spots on the surface of Venus?
Geological mapping of the Phoebe Regio on Venus: On the basis of our mapping in Hinemoa planitia,
NW of Phoebe Regio in the southeastern part of the
Beta-Atla-Themis region, we have identified a NNE
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trending cluster of at least 12 multiple bright splotches
(Fig. 1).

Figure 1 – The distribution of the splotches in the
Phoebe Regio on Venus: a – the dashed line is the predicted trajectory of the cosmic body; the solid line restricts the approximate area of scattering of the bolides; points marked the places where the splotches
were found; b – different types of splotches.
The centers of these splotches are dark and they are
surrounded by wide radar-bright annuli. Only two
splotches have faint central craters, which indicates
that, on the one hand, these impactors were not completely destroyed by the atmosphere and, on the other
hand, these splotches tend to be confined to surfaces
with low backscatter (more radar dark), in contrast to
those in which a crater is not observed. This may indicate that we are not recognizing faint central craters in
areas which are already radar dark before impact. The
diameters of the splotches vary from 70 to 180 km.
The diameter of the inner, dark center varies from 10
to 35 km, and that of the bright annulus, from <50 to
80 km or more. Note that because of diffuse boundaries these numbers are approximate. The concentration
of splotches in this area is anomalously high [1].
The most interesting aspect is the elongate NNE
distribution of the splotches (2 000 km long, 500 km
wide) and our hypothesis is that a single cosmic body
was responsible for it. It exploded in the atmosphere
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and its fragments formed similar "splotches" along the
flight path of the body.
Approaching a planetary body, a projectile of sufficiently large size and sufficiently low strength can be
destroyed by tidal forces, breaking into several fragments that move along closely-spaced, parallel trajectories. The entry of a cosmic body into the atmosphere
of Venus at high speed creates colossal aerodynamic
and thermal loads on the body. There is ablation of the
material from the surface of the body, and possibly its
complete destruction. If the debris fragments are large
enough to penetrate through the atmosphere, their fall
can create adjacent structures of the same age. On
Earth, a famous example of paired falls is the Chelyabinsk meteorite [5] and of airbursts, Tunguska and Tall
el-Hammam [6].
Further analysis of the elongate splotch cluster in
this study is focused on assessing whether the body
was incoming from the NNE or SSW, and estimating
the altitude(s) at which the interpreted airburst occurred.
The observation of such bright splotches allows us
to make an assumption about their relative age. As in
the case of the halo observed in some impact craters
[7], we consider “splotches” as one of the youngest
units on the surface of the studied region. Our interpretation is based on the fact that the material of the
splotches is rather heterogeneous, is not very thick and
would be easily covered with other materials or removed by wind.
Acknowledgments: Magellan SAR images obtained from https://astrogeology.usgs.gov/search/?pmitarget=venus
based
on
the
data
from
https://pdsimaging.jpl.nasa.gov/volumes/magellan.htm
l#mgnFMAP.
References: [1] Kirk R. L. and Chadwick D. J.
(1994) LPSС XXV, Abstract #1353. [2] Schaber G. G.
et al. (1992) Journal of Geophysical Research, 97,
13257–13301. [3] Soderblom L. A. et al. (1992) LPSС
XXIII, Abstract #1652. [4] Schultz P. H. (1992) Journal of Geophysical Research, 97, 16183–16248. [5]
Gladysheva O. G. (2019) Planetary and Space Science, 178. [6] Bunch T. E. et al. (2021) Scientific Reports, 11. [7] Ivanov M. A., Head J. W. (2011) Planetary and Space Science, 59, 1559–1600.
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THE DAVINCI MISSION TO VENUS & CONNECTIONS TO VENUS HABITABILITY. Giada N. Arney,1,2
James Garvin1, Stephanie Getty1, Sushil Atreya3, Martha Gilmore4, David Grinspoon5, Amy G. Hofmann6, Noam
Izenberg7, Walter Kiefer8, Ralph Lorenz7, Charles A. Malespin1, Michael Ravine8, Melissa G. Trainer1, Christopher
R. Webster6, Kevin Zahnle10 1NASA Goddard Space Flight Center 2giada.n.arney@nasa.gov 3 Univ. of Michigan,
4
Wesleyan Univ., 5PSI, 6Jet Propulsion Laboratory, 7JHU APL, 8LPI/USRA, 9MSSS, 10NASA Ames Research
Laboratory
The Deep Atmosphere Venus Investigation of
Noble gases, Chemistry, and Imaging (DAVINCI)
mission was recently selected in NASA’s Discovery
program [1]. Launching later this decade, it will be the
first U.S. spacecraft to enter the Venus atmosphere
since 1978. DAVINCI will make detailed
measurements of the Venus surface and atmosphere,
revealing its current state and history, providing new
insights into Venus habitability, and helping to place
our sister planet into a larger cosmic context of
exoplanets (Figure 1).
DAVINCI will conduct two flybys of Venus prior
to Probe release. During these flybys, the Venus
Imaging System for Observational Reconnaissance
(VISOR) will measure surface emissivity to provide
constraints on surface composition in key highland
regions. A technology demonstration instrument, the
Compact Ultraviolet to Visible Imaging Spectrometer
(CUVIS), will provide views of the Venusian clouds in
UV light, helping to reveal the nature of the mysterious
‘unknown UV absorber’ while testing new freeform
optics and on-board AI/ML (Artificial
Intelligence/Machine Learning) data processing.
Two years after launch, DAVINCI will release its
titanium descent probe into the Venus atmosphere
above the Alpha Regio tessera region. The geology of
Alpha Regio may encode clues to the planet’s ancient
past, including the role of water. During the hour-long
descent, a suite of instruments will make detailed
measurements of the atmospheric structure and
composition from ~67 km to the surface. The Venus
Mass Spectrometer (VMS) will measure noble gases
(He, Ne, Ar, Kr, Xe) and their isotopes in the bulk
atmosphere, and trace gas species throughout the
descent, including CHNOPS-bearing molecules. VMS
will make compositional measurements every 200 m or
better, providing detailed information on atmospheric
vertical structure and chemical gradients. The Venus
Tunable Laser Spectrometer (VTLS) houses three
lasers that will measure CO, OCS, SO2, and H2O (and
isotopes of H, S, C, and O, including D/H with 2%
precision, critical for understanding the history of
water on Venus). The addition of a fourth VTLS laser
that could measure phosphine (PH3) at ~1 ppb

sensitivity is under consideration. The Venus
Structure Investigation experiment (VASI) will
measure atmospheric pressure, temperature, and winds
through the descent to provide context for the
analytical investigations and provide new insights into
Venus atmosphere ambient environment. A student
collaboration experiment, Venus Oxygen Fugacity
(VfOx), will measure oxygen in the deepest Venus
atmosphere and engage dozens of students through the
mission lifecycle. Looking through a sapphire window
at the bottom of the descent sphere, the Venus Descent
Imager (VenDI) will obtain sub-cloud images for
mapping composition across the landing zone and for
sub-meter scale mapping of geomorphology near the
touchdown point, revealing the nature of this enigmatic
mountainous region that may represent the modern
remnants of an ancient continent.

Figure 1. DAVINCI’s transformative connectivity
across multiple themes of science provide new insights
into the habitability of Earth’s sister planet through
time, and links to exo-Venus analogs in other solar
systems.
Venus and Exo-Venus Habitability:
The most important evidence of possible early
surface habitability on Venus is its elevated D/H ratio.
The DAVINCI descent probe will definitively measure

Venera-D 2021 (LPI Contrib. No. 2629)

D/H at multiple atmospheric altitudes, providing key
input to models of water loss on Venus through time.
Other gases can provide additional clues to early
Venus history and evolution, including volatile
delivery, volcanic outgassing, and atmospheric escape.
For example, Xe isotopes are diagnostic of giant
impact processing because Xe is the least soluble noble
gas in silicate melts and also least susceptible to
atmospheric escape – no previous mission has
measured Xe at Venus. 4He may place constraints on
recent volcanic outgassing. Krypton, argon, and neon
will place additional constraints on atmospheric
sources and loss. And DAVINCI measurements of the
atmosphere, including its chemical gradients,
temperature, and pressure, provide context needed to
inform questions of the environment at modern Venus.
Clues to early habitability may also be encoded in
Venus’ tessera features, which may be older than the
surrounding terrain and might show evidence of
ancient water-rock interactions or continent-building
processes in their composition [2].
Venus’ possible early habitability may also be
relevant to understanding certain processes that could
enable habitability on exoplanets. Recent analyses
[3,4] have suggested that Venus may have enjoyed a
prolonged period of clement surface conditions earlier
in its history, enabled by climate feedbacks driven by
its slow rotation rate. Intriguingly, these same
processes may also enable habitability on the
ubiquitous tidally-locked, and therefore slowly
rotating, exoplanets that will be observed with the
James Webb Space Telescope.
References: [1] Garvin, J.B., Arney, G.N., Atreya, S.,
Getty, S., Gilmore, M., Grinspoon, D., Johnson, N.,
Kane, S., Kiefer, W. and Lorenz, R., 2020 arXiv
preprint arXiv:2008.12821. [2] Gilmore, M.S.,
Mueller, N. and Helbert, J., 2015. Icarus, 254, pp.350361. [3] Way, M.J., Del Genio, A.D., Kiang, N.Y.,
Sohl, L.E., Grinspoon, D.H., Aleinov, I., Kelley, M.
and Clune, T., 2016. Geophysical research
letters, 43(16), pp.8376-8383. [4] Way, M.J. and Del
Genio, A.D., 2020. Journal of Geophysical Research:
Planets, 125(5), p.e2019JE006276.
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VENUS CLOUD EXPLORER - UNDERSTANDING VENUS'S HABITABLE ZONE (VHZ) VIA A LONGLIVED IN-SITU AERIAL OBSERVATORY. K. H. Baines1 J. Cutts1, P. Byrne2, L. Dorsky1, J. O'Rourke3, S.
Seager4, C. Wilson5. 1Jet Propulsion Laboratory, California Institute of Technology, M/S/ 183-3024800 Oak Grove
Dr., Pasadena, CA, 91109, USA; kevin.baines@jpl.nasa.gov; 2Dept. of Earth and Planetary Science, Washington
University, 1 Brookings Dr., St. Louis, MO, 63130, USA; 3School of Earth and Space Exploration, Arizona State
University, Tempe, AZ, USA; 4Dept of Physics, Massachusetts Institute of Technology, 77 Massachusetts Ave,
Cambridge, MA, 02139, USA; 5Dept. of Physics, Oxford University, Oxford, UK.
Introduction: Venus is essential to our
understanding of the evolution and habitability of
Earth-size planets throughout the galaxy. The selection
of the VERITAS, EnVision and DAVINCI+ missions
by NASA and ESA in June 2021 is an important step
in advancing the science. However, addressing the
habitability of Venus's clouds in 52-62 km altitude
range encompassing the putative Venus habitable zone
(VHZ) spanning temperatures 20o ± 40o C requires an
in-situ aerial platform that can operate throughout this
environment for extended periods in order to capture
the full complexity of our sister planet. In particular,
to gain an understanding of Venus's intricate array of
photochemical and thermodynamical processes within
the VHZ, the vehicle must be able to sample the full
inventory of gases and aerosols throughout the VHZ
over all times-of-day and over a wide range of
latitudes. In addition, to understand the rates of supply
of surface-emitted materials (such as phosphorus and
sulfur) into and out of the VHZ, vertical transport
mechanisms such as convection, turbulence, and
gravity and planetary waves must be wellcharacterized, as well as the vertical distribution and
flux (precipitation) of aerosols. To gain increased
understanding of the rate and power of surface activity
responsible for the flux of surface materials into the
atmosphere, relevant surface science observations
should be conducted. These include investigations of
seismic activity due to Venus quakes and volcanism,
and mapping observations of remanent magnetism
locked into surface materials to provide insight into
ancient geologic processes that may have occurred if
Venus had once had a significant magnetic field [1].
A balloon-borne aerial observatory appears to be
the most cost-effective and practical means to conduct
such a comprehensive set of investigations. To access
the 10-km deep altitude range noted above, the
observatory is able to adjust its altitude via a "balloonwithin-a-balloon" concept, in which an inner superpressure balloon acts as a helium reservoir to store and
release the helium needed for the outer zero-pressure
balloon to climb/descend and float at whatever VHZ
altitude is desired. To explore all times-of-day, Venus's
"global jetstream" prevalent at VHZ altitudes can be
utilized to propel the observatory zonally East-to-West

at 55-85 m/s, depending on altitude, to allow it to
circumnavigate the planet and sample all times-of-day
in 5.3 - 8.1 days. Over the planned 100-day mission,
the gentler (~ 1-5 m/s) but much less predictable
meridional winds then allow the vehicle to visit a wide
range of latitudes, currently expected to be > 30
degrees from the initial near-equatorial latitude of
deployment. During these travels, radio-tracking via
orbiter(s) and the Deep Space Network and other
ground-based radio telescopes, supported by an onboard IMU as well as pressure/temperature and 3-D
relative-wind sensors, will provide information on
sheers, turbulence, convection, and gravity and
planetary waves. Detailed measurements of the
chemical compositions of the gaseous atmosphere and
its aerosols will be provided by a mass-spectrometer
capable of measuring both the gases and the aerosols
(the Aerosol-Sampling Instrument Package, ASIP [2]
and by a Tunable Laser Spectrometer [3] targeted for
specific chemicals of interest, such as PH3. ASIP has
incorporated within it a nephelometer/particle counter
[4,5] that provides particle sizing and particle numberdensity information for assessing the relative
abundance of the trace molecular species found inside
the particles and to provide detailed particle number
and volume densities over altitude for determination of
precipitation rates. Utilizing a vaporizer operating at
up to 600oC to vaporize the aerosols, ASIP provides a
complete accurate inventory of all species massseparated by 10 milli-Dalton from its neighbors, out to
300 Dalton, for both atmospheric gases and the
aerosols. An array of light sensors measures the
radiation both up and down providing a means to
assess radiative balance and energy deposition as a
function of altitude and time-of-day within the clouds.
An array of sensitive pressure sensors act as infrasound
microphones that detect and characterize Venus-quakegenerated soundwaves, as recently been successfully
achieved for the Earth (Siddharth).
Finally, a
magnetometer detects remanent magnetism from
terrain being overflown by the observatory at ~ 20-km
scales.
Acknowledgments: The research described in this
paper was funded by the Jet Propulsion Laboratory,

Venera-D 2021 (LPI Contrib. No. 2629)

California Institute of Technology, under a contract
with the National Aeronautics and Space
Administration.
References: [1] O'Rourke, J, G et al.(2019). JGR
Let 10.1029/2019GL092725. [2] Baines K. H. et al
(2021). Astrobiology 21, 8, DOI:10.1089/ast. 2021.
0001 [3] Christensen, L. E. et al (2007). Anal. Chem.
10.1021/ac071040p. [4] Renard, J.-B. et al (2016)
Atmos. Meas. Tech. 9: 1721-1742. [5] Renard, J.-B. et
al (2016) Atmos. Meas. Tech. 9: 3673-3686.

4048.pdf

Venera-D 2021 (LPI Contrib. No. 2629)

4003.pdf

THE LIMITS TO ORGANIC LIFE IN THE SOLAR SYSTEM: FROM COLD TITAN TO HOT VENUS.
S. A. Benner1 and J. Spacek2, 1Foundation for Applied Molecular Evolution (13709 Progress Blvd, Box 7, Alachua
FL 32615 sbenner@ffame.org), 2Firebird Biomolecular Sciences LLC (13709 Progress Blvd, Box 17, Alachua FL
32615 jspacek@firebirdbio.com).
Introduction: It has been over a decade since the
Space Studies Board of the National Academy of
Science released guidance concerning how "weird life"
might be sought and detected as we explore the Solar
System [1]. Since then, our ability to visit various
bodies in the Solar System has increased and been
democratized. Chinese, European and private missions,
as well as NASA missions, are likely to arrive at
astrobiologically interesting sites in the next decade.
Here on Earth, much has been done to improve
models to understand how life originated [2][3].
Synthetic biologists have worked to develop second
examples of "life" in the laboratory [4], allowing
experimental methods to avoid the Earth-centricity of
most classical life detection schemes. This in turn has
allowed the construction of "Agnostic Life Finders"
that should be flown to Earth-like environments [5][6].
Unfortunately, life detection strategies being flown
by NASA today are largely classical, even when they
are sent to water worlds. Further, they are far from
reflecting how life might be sought in the strongly
acidic conditions of Venus or the cryosolvents of
Titan. Here, while still based on carbon, life will have
its own chemical logic distinctive of the chemical logic
that Terran life follows [7].
This talk is based on approaches outlined a decade
ago in the book Life, the Universe, and the Scientific
Method to identify alien life [8]. We will consider the
roles of synthetic biology to create second examples
of "life" in the laboratory, explain how physical
organic chemistry experimentally defines limits to
chemical reactions in exotic environments, and
conclude with an analysis of laboratory experiments
that bring new substance to a model for organic
molecules reacting in an acidic Venusian atmosphere
recently proposed by Jan Spacek [9].
Results: As Spacek discussed, Venus has long
been considered to be essentially devoid of organic
materials. However, organics certainly arrive (as they
do to Earth) in small amounts by meteorites, and
Spacek has recently suggested larger scale production
of organics from simple molecules, including onecarbon molecules arising from CO2.
Physical organic chemistry has long puzzled over
the problem of how a two-carbon species can arise
from a one-carbon precursor, like formaldehyde
(HCHO). This is because the carbon in HCHO is an
electrophile; it forms bonds to other carbons only if the
second carbon brings a pair of electrons to form that

bond. A second molecule of HCHO does not appear to
provide those electrons.
However, under strongly alklaline condtions,
special reactivity emerges to allow formation of twocarbon species. Known since 1860, this is called the
"formose process", and is often invoked by prebiotic
chemists. Physical organic analysis has provided
considerable insight into how it proceeds [8].
We report the discovery an analog to the formose
process in concentrated sulfuric acid. These strongly
acidic conditions are believed to be found in the clouds
above Venus, and could feed organic chemistry there.
Acknowledgments: We thank the John Templeton
Foundation, NASA, and Breakthrough Initiative for
support, and MIT's Breakthrough team for discussions.
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THE VOLCANO ATIRA MONS, BETA-ATLA-THEMIS (BAT) REGION, VENUS. C. H. G. Braga1, E. G.
Antropova1, R. E. Ernst1,2, K. L. Buchan3, H. El Bilali2, J. W. Head4, 1Faculty of Geology and Geography, Tomsk
State University, Tomsk, Russia (carloshenrique_gb@hotmail.com), 2Department of Earth Sciences, Carleton University, Ottawa, Canada, 3273 Fifth Ave. Ottawa, Canada, 4Department of Earth, Environmental and Planetary Sciences, Brown University, Providence, RI 02912.

Introduction: Atira Mons is a large volcano with
an average diameter of ~600 km, a height of ~0.9 km
and capped with a central caldera ~100 km across
(base altitude ~0.6 km; summit altitude ~1.5 km;
maximum slope ~0.35º). It is centered at 52.2°N,
272.4°E (92.4°W) in the NE portion of the Beta-AtlaThemis (BAT) region between Kawelu and Guinevere
Planitiae (Fig. 1, Fig. 2). When compared to previous
geological mapping [1,2], our work provides a more
detailed map on a scale of 1:500,000 of the volcanic
edifice region, in order to reconstruct its stratigraphy
and geological history. Therefore, our results will
potentially yield constraints on the relative timing and
scale of the different volcanic events. This will be an
important input into the time-volume release of CO2
and SO2 into the atmosphere from volcanism [3].
Geological units, including lava flows, grabens,
fractures, fissures, wrinkle ridges, fracture belts, shield
volcanoes and lava channels, are distinguished based
on differences in radar brightness, topography and
morphology. Relative ages of units are assessed from
embayment and cross-cutting relationships.
Geological setting and relationship with other
nearby features: Regional analysis shows that Atira
Mons and its apron of flows occupy an area of
~300,000 km2 (Fig. 1, Fig. 2). They partially overlie
the older regional plains “rp” [2]; on the N and
terminate against topographic barriers (fracture belts)
on the E and W.
A field of small shield volcanoes is located
immediately NE of the Atira Mons’ flows (Fig. 2, sh).
These small volcanoes and their associated flows
appear to be younger than the regional plains, but have
an uncertain age relationship with respect to Atira
Mons.
On the south flank, Atira Mons flows partially
cover a cluster of coronae and corona-like features,
including Davies Patera (Fig. 2, ccl) and are covered
by a dark craterless blast halo (Fig. 2, cbh) [4,5]. SWtrending flows (Fig. 2) can also be traced ~800 km
away from the Atira Mons summit, where they
partially cover older plains with wrinkle ridges (unit
“pwr” in [2]).
Flank flow apron: Most of the mapped lava flow
units extend radially downslope away from Atira
Mons’ summit region (mA, Fig. 3) until they reach a
topographic barrier such as the fracture belts on the E
(fbE, Fig. 3), W and SW sides (fbW, Fig. 3). The W-,

NW- and N-trending flows start radially from outside
the caldera rim, but eventually swing 40-50º to the W
and converge towards a local bowl-shaped depression
of unknown origin (labelled bs, Fig. 3) ~300 km NW
of the summit. The E flank flows are fed from the
eastern side of the caldera interior, crossing its low
rim. However, the W and SW flows are not fed from
the caldera interior, but more likely from buried
circumferential dykes outside the caldera rim, based on
their radial trend and the fact that these flows originate
outside the rim. Alternatively, these W and SW flows
could be fed from the caldera interior if they were
emplaced before its formation. This second hypothesis
would provide us with a timing constraint that would
help us correlate the ages of the flows inside and
outside the caldera. Radar bright landslides (yellow
unit) can be seen on the W and NW flanks of the
caldera (Fig. 4), partly covering and obscuring the
assumed sources of the W-trending flank flows.
Central summit history: From our mapping in the
summit region (Fig. 4A), we propose the following
sequence of events: 1) caldera formation with greater
collapse on the east side (Fig. 4B); 2) emplacement of
flows on the floor of the caldera, which were later
deformed by polygonal fractures and a small set of
arcuate fractures [6]; 3) emplacement of younger flows
covering part of the summit floor and fed from small
shield volcanoes; 4) formation of a set of wrinkle
ridges deforming the youngest flows.
Arcuate fracture systems: A major arcuate
fracture system, which is interpreted to overlie a
circumferential dyke swarm [7] is located on the E
flank of Atira Mons (Fig. 5). This could suggest that
late in its history Atira Mons started to develop coronalike characteristics. This arcuate fracture system cuts
across the majority of the E-trending radial flows (fE,
Fig. 5), indicating that most of these fractures are
younger than the flows. However, the northern end of
this fracture system is completely covered by a
younger set of N- and NE-trending flank flows (fN,
Fig. 5). The presence of these arcuate fractures only on
the E side could reflect formation of a partial (<360°)
circumferential fracture system [8]. Two smaller
arcuate fracture systems on the SW portion of Atira
Mons (Fig. 5) may form part of a large elliptical
system that also incorporates the eastern fracture
system. We are currently assessing these patterns and
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their relation to caldera subsidence and similar features
seen in coronae.
Eastern flank flows: Also on the eastern flank, the
lobes of unit fSE-2 have a sharp contact with the
arcuate fractures and seem to originate from them (Fig.
6). This hypothesis is supported both by topography
and flow morphology. Cross-cutting and embayment
relationships indicate that these are some of the
youngest units on Atira Mons’ eastern flank. Another
possibility is that these flows are actually sourced from
the caldera and are, therefore, part of unit fSE-1.
Southwestern flank flows: On the SW flank of
Atira Mons the flow unit fSW-1 has a length of ~600
km (Fig. 7A). Its width initially is ~100 km, increasing
to ~180 km and then decreasing again to ~50-100 km.
This variability reflects changes in regional
topography, as indicated by the profile in Fig. 7B,
which could potentially be evidence for the presence of
an annular depression caused by the overlying weight
of the volcano: a flexural moat [9]. We are currently
evaluating further evidence to assess this possibility,
since most of Venus’ moats are thought to be filled by
lava flows from large volcano edifices [10]. This could
also be related to the changing lengths of superposed
phases of lava flows and a step-like structure of the
edifice.
Acknowledgments: Magellan SAR images obtained from https://astrogeology.usgs.gov/search/?pmitarget=venus
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from
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Figure
1
–
General view of
Atira
Mons
(green line). The
yellow
box
locates Fig. 4a
and the red line,
Fig. 4b.

Figure 2 – Geological map of the study area.
Unless indicated otherwise, colors represent
different generations of lava flows and
geological structures; fbW – western fracture
belt; fbE – eastern fracture belt; ccl – cluster
of coronae; sh – shield volcanoes; cbh –
craterless blast halo.

Figure 3 – Flows on the flanks of Atira Mons.
Colors indicate different generations of flows
mapped on the basis of embayment and crosscutting relationships. The green line shows the full
extent of the flows. mA – Atira Mons’ summit;
fbW – Western fracture belt; fbE – Eastern
fracture belt; bs – local depression (basin).
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A

Figure 4 – A) Geological map of Atira Mons’
summit (above); B) Atira Mons’ W-E topographic
profile (below) on the red line in Fig. 1.

Figure 5 – Eastern arcuate fracture system (blue
lines) cutting older E trending flank flows (fE) but
cut by younger NNE trending flank flows (fN). On
the SW portion are located two other systems of
arcuate fractures.

B

Figure 6 – Flows on the eastern flank of
Atira Mons show some potential eruption
sources. fSE-1 clearly can be traced to Atira
Mons’ summit, while fSE-2 could be emanating from the arcuate fractures or be a
part of fSE-1.

Figure 7 – A) Areal
extension of unit fSW-1
(above). The yellow line
ab
indicates
the
topographic profile shown
in B, while the red lines
correspond to the red dots
in B; B) Topographic
profile of the flow unit
fSW-1 along line ab.
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SUSTAINED IN SITU EXPLORATION OF THE HABITABILITY OF VENUS’ CLOUDS. M. A. Bullock1,
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Introduction: Direct sampling and analysis of
Venus’ clouds and atmosphere are necessary for
understanding how cloud processes, radiation, and
dynamics are coupled on that planet. We discuss how
an aircraft can harvest energy in Venus’ atmosphere for
sustained flight and perform in situ scientific
experiments around the planet.
Flight in the Clouds of Venus. By dipping into
and out of the shear layer at around 60 km, a
specifically designed aircraft can stay aloft in Venus’
atmosphere without expending energy, much the way
an albatross can cross the ocean without flapping its
wings [1] . The horizontal winds and vertical shear in
Venus’ atmosphere, from the IPSL Venus GCM at the
equator, at midnight [2], is shown in Fig. 1. The red
dashed line marks the vertical shear that is necessary
for propulsion-less dynamic soaring for an aircraft with
a ratio of coefficient of lift to coefficient of drag of
about 50. Our design achieves a CL/CD of ~70. The
shear layer at 60 km is present at all times of day at
low latitudes, with shear strengths of > 10 m/s-km.

Figure 1. IPSL GCM winds and vertical shear at midnight at
the equator, as functions of altitude [2]. The red dashed line
marks the shear that is necessary for sustained dynamic
soaring for an aircraft with a CL/CD of 50.

Sustained flight and high cadence of in situ
measurements will be possible at 60 km, near the
bottom of the upper cloud. Brief excursions to the
shear layer at 40 km may be possible if sufficient
energy can be extracted from the winds (Fig. 2).
Chemical and aerosol measurements throughout the
cloud column will then be possible. Geological
mapping of the surface from below the clouds at
near-IR wavelengths would provide a window on the
surface that has never before been possible. Multicolor
near-IR images of Venus’ surface, without the
intervening, scattering of the clouds, would enable

broad swaths of Venus surface to be imaged at 20
m/pixel. This is 4 times the resolution of Magellan
Synthetic Aperture Radar images that are available
today [3]. The Magellan images are insufficient for
resolving fundamental geologic relationships. Imaging
at near-IR wavelengths from below the clouds would
revolutionize our understanding of Venus’ geology.

Figure 2. Possible dynamic soaring trajectories in Venus’
atmosphere. Background color is wind speed. Dynamic
soaring is accomplished by dipping in and out of the shear
layer at ~60 km. Occasional forays below the clouds to
image the surface may be possible.

Heritage. The Venus dynamic soarer inherits
technology from the extensive body of work on
autonomous UAV flight in the Earth’s atmosphere
[4,5]. Flight control algorithms have been developed
to maximize energy in dynamic soaring environments
[5].
UAVs from Black Swift Technologies have
sampled volcanic gases in the air above Kilauea,
Turrialba, and Makushin volcanoes.
They are
developing a system to make crucial meteorological
measurements of hurricanes as they navigate
autonomously through them.
Science Capabilities. An important advantage of
fixed wing aircraft over other instrument platforms is
its high degree of navigability. Dynamic soaring
aircraft can be flown to specific features in the
atmosphere of Venus to make measurements. For
example, the tilted horizontal streaks in the clouds at
mid-latitudes are most likely caused by baroclinic
instability in this region of the atmosphere [6]. In situ
wind and chemical heterogeneity measurements would
reveal the nature of these disturbances, in addition to
jets, and eddies.
Cloud Discontinuity. One special region of Venus’
atmosphere is shown in Fig. 3, where a long-lived
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cloud discontinuity has developed, propagating faster
than the superrotation [7].

Figure 3. Lower cloud discontinuity from 2.26 µm images
of the night side of Venus [2].

This feature has been seen almost consistently over
40 years. Mcgouldrick et al, 2021 [8] retrieved the
cloud base altitude, aerosol acid mass fraction,
below-cloud H2O and CO, and the ratio of large to
small particles on either side of the discontinuity, using
VIRTIS-M spectral image cubes and the radiative
transfer methods of Barstow et al, 2012 [9]. They
found a rapid decrease in the cloud base, H2O mixing
ratio, and size parameter as the discontinuity front
passed by. At the same time, the acid mass fraction
increased across the discontinuity. These authors
hypothesized that the discontinuity is caused by the
passage of a 4.9 day Kelvin wave, causing an increase
in the lower cloud thickness, lowering of the cloud
base, and entrainment of small, acidic aerosols. The
H2O vapor abundance below the clouds also decreased
as the front passed, consistent with its transport up into
the clouds by the upwelling.
The aircraft can easily fly transects across the
persistent cloud disruption region, sampling gases and
aerosols and making meteorological measurements on
either side of the discontinuity. A highly plausible
explanation for this decades-old atmospheric feature is
that it is the crest of an equatorial Kelvin wave that
rotates around the planet even faster than the
superrotation. With a phase speed of 20 m/s, it may
even be possible, at the right altitude, to fly to and surf
this wave around the planet.
Sustained in situ flight in Venus’ clouds will
answer the questions: How is the formation of the
complex cloud patterns on Venus related to
atmospheric dynamics? Do Kelvin and other planetary
scale waves (mid-latitude Rossby waves) constrain the
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formation of Venus’ clouds? And how are these related
to the atmospheric superrotation, since the Kelvin
wave has a positive phase velocity relative to the
average zonal wind?
Unobscured radiance measurements. UV, visible
wavelength, and IR radiance measurements, both down
looking and upward looking, are crucial for
understanding the energy balance of Venus’
atmosphere, and constraining atmospheric constituents.
Compared with a balloon platform, fixed wing aircraft
can perform unobscured radiance measurements in all
directions.
Search for habitability. Questions about the
habitability of Venus’ clouds can be answered by in
situ measurements.
Aside from environmental
conditions that appear to favor life, recent reports have
concluded that the high acidity and low water activity
of Venus cloud aerosols are far outside the limits of life
as we know it [10]. However, the composition of
Venus’ cloud aerosols is actually unknown, and it has
been suggested that mineral buffers could raise the pH
and water activity to such that life, even terrestrial life,
could survive [11]. Aerosol mass spectroscopy, and
simpler MEMS sensors for gas abundances in the
atmosphere, could solve the question of the habitability
of Venus clouds.
Scientific Payload. A dynamic soaring glider
could stay aloft indefinitely, transecting the cloud
discontinuity and characterizing the cloud particles and
atmospheric gases across the cloud discontinuity.

Figure 4. Two of the 6. 6m wingspan aircraft fit within an
aeroshell, each possibly containing complementary payloads.

A minimal but scientifically useful payload would
consist of atmospheric structure (pressure, temperature,
accelerometers) and MEMS chemical sensors for
parts-per-billion measurements of atmospheric gases.
A single chip ultrastable oscillator would enable the
accurate determination of position, using radio

2
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techniques from either Earth-based radio dishes or a
relay probe in orbit around Venus.Such a payload
would be ideal for the mass-constrained payload of a
Venus aircraft. Together, these relatively powerful
sensors would weigh less than a kilogram and consume
less than 2 Watts. Our point design, with a 6.6 m
wingspan, could carry a payload of up to 10 kg (Fig 4).
For such a mission, a glider could also carry up and
down-looking radiometers for a complete description
of the radiation field in the clouds. In addition,
specialized payloads could be flown in separate
aircraft. A polarizing nephelometer that could provide
constant data on the cloud aerosol size distribution,
phase function, and indices of refraction of the
particles. Alternatively, an aerosol mass spectrometer,
recently developed at JPL [12] could measure all
aerosol and atmospheric constituents to parts per
trillion accuracy. A fluorescence microscope could
look for organic molecules and determine their
provenance (abiologic or from biology).
Operations. On the dayside, solar energy is
plentiful at these altitudes, enough to operate scientific
instruments, autonomously navigate, communicate,
and charge batteries for night side operations. By
flying with the zonal wind, the dynamic soaring glider
spends only 2 days on the nightside, allowing
continuous scientific measurements during both the
day and night. Fig. 5 shows the available energy from
triple junction solar cells on our design as a function of
altitude [14]. The blue line shows the power produced
from utilizing 80% of the 5.35 m of surface area of the
aircraft. The black line shows the power required for
propulsive cruise versus altitude. Matched with 2.6 kg
of Li-ion rechargeable batteries, the average power
over night and day flight is approximately 110 W.
2

Science Goals. Many challenging VEXAG goals
and objectives [13] will require in situ sampling and
analysis of the atmosphere and clouds. For example,
The unknown UV absorbers, which have resisted
remote measurements, will probably only be known
when an aircraft or balloon can fly through the upper
clouds. Similarly, the discrepancy of SO2 and H2O
profiles between photochemical models and
measurements will probably only be solved by direct
sampling and measurements of the Venus cloud
aerosols and atmospheric gases in many different
locations.
Acknowledgments: This work was supported by
NASA SBIR grant 80NSSC19C0181 to Black Swift
Technologies.
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Figure 5. Available power from solar cells on a dynamic
soaring aircraft in Venus’ atmosphere (blue line). The
required power for propulsive flight is shown by the black
line.
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While the present-day surface of Venus is certainly
incompatible with terrestrial biology, the planet may
have possessed oceans in the past and provided
conditions suitable for the origin of life. Venusian life
may persist today high in the atmosphere where the
temperature and pressure regime would support
terrestrial extremophile microbes, and the pH may also
be tolerable: an aerial habitable zone [1,2,3]. This
thermal habitable zone is predicted to exist at an altitude
range of 62 to 48 km; above which temperatures drop
below the lower thermal limit of cell growth and below
which temperatures exceed the evaporation
temperature.
Many factors influence the habitability of a potential
niche, such as the stability of organic molecules and
availability of key elements, including metals, the
presence of suitable energy sources, as well as other
physico-chemical parameters such as the radiation
environment. Both ultraviolet light [4] and the ionizing
particle radiation of the cosmic rays [5] are highly
deleterious to the complex organic molecules of life.
Here, we consider the potential habitability of the upper
atmosphere with respect to the penetration of ionising
cosmic radiation [6,7] and the flux of solar ultraviolet
(UV) radiation. [8]
Compared to Earth, this potential venusian
biosphere may be exposed to substantially more comic
ionising radiation: Venus has no protective magnetic
field, orbits closer to the Sun, and the entire habitable
region lies high in the atmosphere – if this narrow band
is sterilised there is no reservoir of deeper life that can
recolonise afterwards. Here we model the propagation
of particle radiation through the venusian atmosphere,
considering both the background flux of high-energy
galactic cosmic rays and the transient but exceptionally
high-fluence bursts of extreme solar particle events
(SPE), such as the Carrington Event of 1859 and that
inferred for AD 775. We calculate the altitude profiles
of both energy deposition into the atmosphere and the
absorbed radiation dose to assess this astrophysical
threat to the potential high-altitude venusian biosphere.
Separate transport codes were used to simulate the
penetration of solar ultraviolet and visible light through
the atmosphere using a radiative transfer model, to
determine the spectral environment (and thus the UV

biocidal effect) as a function of altitude in the
atmosphere of Venus.
In terms of the hazard posed by cosmic radiation, we
find that at the top of the habitable zone (62 km altitude;
190 g/cm2 shielding depth) the radiation dose from the
modelled Carrington Event with a hard spectrum
(matched to the February 1956 SPE) is over 18,000
times higher than the background from GCR, and
50,000 times higher for the modelled 775 AD event.

Fig.1 Total energy deposited in Venusian
atmosphere as a function of altitude by modelled
extreme solar particle events. The estimated total
fluence of the 1859 Carrington Event is modelled
with three spectral shapes (the Feb 1956, Aug 1972,
Oct 1989 events) and compared against the Galactic
Cosmic Ray flux during solar minimum and
maximum.
However, even though the flux of ionising radiation
can be sterilizing high in the atmosphere, the total dose
delivered at the top of the habitable zone by a worst-case
SPE like the 775 AD event is 0.09 Gy, which is not
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likely to present a significant survival challenge.
Nonetheless, the extreme ionisation could force
atmospheric chemistry that may perturb a venusian
biosphere in other ways [4,5].
Solar irradiance does create a severely challenging
UV environment at the top of the thermal aerial
habitable zone (62 km), with extremophiles such as
Deinococcus radiodurans expected to be able to endure
these UV conditions for only approximately 80 seconds.
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54 km that screens biologically-damaging UV radiation
yet permits the process of photosynthesis [6].
The potential habitability of an environment is a
complex, multi-faceted issue, but considering the
conditions produced by the thermal gradient, cosmic
ionising radiation and solar UV flux within the venusian
cloud deck we define a potential habitable zone that
extends from 59 km to 48 km altitude. We suggest that
this region should form the focus of future remote and
in situ astrobiological investigations of Venus. The
modelling results from this habitability study are also
applicable to modelling efforts to understand how
fundamental planetary atmospheric processes such as
atmospheric chemistry, cloud microphysics and
atmospheric electrical systems are driven by solar UV
and solar particle events.
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Fig.2
Modelled solar Ultraviolet and
Photosynthetically Active Radiation irradiance
spectra as a function of altitude in the Venus
atmosphere, compared to the Archean Earth
conditions, present-day Earth and present-day
Mars.
At an altitude of around 59 km the biologicallyweighted UV irradiance drops below that calculated for
the Archean Earth, and continues to fall with decreasing
altitude until at 54 km it is less than that found currently
at the surface of Earth. Crucially, longer wavelength
photosynthetically active light continues to penetrate to
these altitudes and below, resulting in a solar radiation
environment in the venusian atmosphere below around
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Introduction: Part of the BAT region, Atla Regio
is the locus of triple junction rifting with the larger rifts
extending to the ENE, SW and SE to connect with
other regios. Dali Chasma is a 4000 km long rift system extending SW from Atla Regio. Together with its
continuation to the SW, Diana Chasma, extends 7,500
km and connects to Thetis Regio in the west (Fig. 1).
Atla Regio represents a major mantle plume concentration featuring multiple volcanic centres (notably
Ozza, Maat and Ongwuti Montes, and likely also
Sapas Mons), associated coronae, topographic highs, a
geoid high and radiating rift system (Fig. 1), all classic
signatures of Large Igneous Province (LIP)-style
magmatism associated with an active mantle plume
(e.g. [1-3]) (Fig. 1). Comparable LIP magmatism on
Earth consists of major volcanism in the form of shield
and plateau basalts, and giant radiating and circumferential dyke swarms (e.g. [4-5]). Dyke swarms on Venus are expressed as sets of long narrow graben (and
also pit chains) inferred to overlie blind dykes that
were, for the most part, laterally emplaced (e.g. [6-7]).
There have been several detailed studies of graben
systems (interpreted in the context of dykes) in multiple regions of Venus (e.g. [8-11]) and other planetary
bodies (e.g., [12-13]). In these studies, linear, radiating
and circumferential swarms have been recognized,
with the former associated with rift zones and the radiating and circumferential systems associated with mantle plumes. These regional dykes are interpreted to be
fed from buffered magma reservoirs [14].
Dyke Swarms and Magmatic Centres of Alta
Regio: We undertook detailed mapping of graben systems across Atla Regio in order to distinguish different
radiating, circumferential and linear graben sets (interpreted to mark different dyke swarms) and link them
with the known magmatic centres of Atla Mons, other
magmatic centres of Atla Mons that lack a central
magmato-tectonic expression, or magmatic centres
outside Atla Regio. Furthermore, crosscutting relationships between the different graben sets are used to provide the relative ages of the associated dyke swarms
and, hence, the relative ages of the magmatic centres to
which they belong, thus providing critical information
on regional mantle convection patterns and geodynamics.
Initial mapping of the grabens interpreted as dykes
is shown in Figure 2, with 26,000 lineaments traced to

date. Preliminary analysis of the data (Fig. 3) suggests
that there are giant radiating and circumferential graben systems (interpreted as dyke swarms) linked to 4
mons (Maat, Sapas, Ozza, Ongwuti), Zemina corona,
and unnamed magmatic centres. Grabens from Ongwuti Mons, Unnamed magmatic centre, Maat and Ozza
mons extend for hundreds to thousands of kilometers,
with Ozza Mons dyke reaching more than 2000 km.
Locating the Plume Centre and Plume Head
Size: We located magmatic centres using both radiating and circumferential graben sets (dyke swarms) for
Maat, Sapas, Ozza and Ongwuti mons, Zemina corona,
and unnamed magmatic centres.
The size of the plume head after it has flattened
against the lithosphere [15] can be estimated as the
distance from the plume centre at which the radiating
swarm swings into a linear trend reflecting where the
regional stress field becoming stronger than the radial
stress field that is due to domal uplift above the plume
[16]. Using this approach, Ongwuti Mons has a similar
plume head radius to that of Maat Mons (about 600
km), whereas the Unnamed centre south of Ozza Mons
has an inferred plume head radius of 200 km. The inferred plume size for Ozza Mons is the largest, with an
inferred plume head radius of 1200 km (Fig. 4)
[e.g.,17-18].
The estimated plume head sizes for Ongwuti, Unnamed, Ozza, and Maat mons were plotted together to
determine if all these centres could be related to a single plume head (Fig. 5). The results shows that the
plume heads of the other three are all enclosed with the
extent of the Ozza Mons plume head. In addition,
Sapas Mons is located at the edge of the outer boundary of the Ozza Mons plume head and could therefore
also be related to it. This analysis of plume head sizes
suggests that all these magmatic centres could be related to a single large plume.
Age Relationship Based On Cross-Cutting Relationships: We investigated four areas with key crosscutting relationships between dykes and flows that can
reveal the relative ages of their associated magmatic
centres. The results shows that Ongwuti Mons is older
than the Unnamed centre which is older than Ozza
Mons, followed by Maat Mons. Furthermore, these
magmatic centres are aligned from oldest to youngest
along a SW-NE trending line (Fig. 6). Zemina corona
seems to be also located along the same line, and map-
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ping is in progress to test if Zemina corona is part of
this age trend. Sapas Mons is provisionally interpreted
to be younger than Maat Mons.
Discussion:
Testing Plume Tail Model: We next address whether the 3 main magmatic centres (Ozza, Maat and Ongwuti mons) of Atla Regio could represent a transition
from a plume head to a plume tail stage. In order to
assess this we consider the characteristics of terrestrial
plume head and plume tail magmatism. The terrestrial
plume head stage can last up to several 10s of myr as
indicated by the maximum duration of the associated
LIP [19]. The plume tail magmatism proceeds from
that point and represents continued flux from the
plume tail. Plume tail magmatism is rarely found in
continental areas except in areas of thin lithosphere,
but is common in oceanic crust. The plume head stage
can be distinguished by more voluminous magmatism
and huge radiating dyke swarms (at least hundreds to
potentially several thousand km). Although the plume
tail stage can cumulatively produce the volume of the
plume head stage, the duration is much longer (potentially, nearly 200 myr) and so the flux of magmatism is
much smaller and the feeder dyke swarms are much
shorter.
We note that the radiating swarms associated with
Ozza, Ongwuti and Maat mons have radii (> 600-1200
km) that are therefore too large to represent traditional
Earth-like analog plume tail magmatism. Confirmation
of the absence of plume tail magmatism would suggest
that Atla Regio is still at the plume head stage (suggesting an age < 50 myr), consistent with the observed
active volcanism along the Ganiki chasma rift system
[3] that extends N from Atla Regio.
Explanation of Age Progression of Magmatic Centres: If all the magmatism is at the plume head stage,
then an explanation is required for the presence of multiple distinct centres and their age progression. We
consider possible models in two categories: 1) shifting
of the lithosphere above a stationary plume, and 2)
generation of multiple centres above a stationary
plume with no lithospheric shifting.
Lithospheric shifting above a stationary plume:
Distinct magmatic centres can be result from lithospheric movement above a single plume head with
protracted (up to 10s of myr of magmatism) or multiple plume-head like pulses (and associated magmatism) caused by a pulsating plume. A pulsating plume
can be generated by multiple periods of temporary
ponding of the ascending plume at a mid-mantle
boundary.
No lithospheric shifting above the plume head: Local centres of intense magmatism above a stationary
plume head can be linked to development of litho-

4028.pdf

spheric thin spots (through delamination or other
mechanisms), or to development of zones of rifting and
associated decompression melting [20]. The SW-NE
age progression in centres Ongwuti, Unnamed and
Ozza could represent incipient rifting – zipper style
[21]. A possible terrestrial example is the multiple
plume centres (ca. 130 Ma) associated with the opening of the south Atlantic ocean (Fig. 6) [11].
Implication for Evolution of the Venusian Atmosphere: Atla Regio is a young major plume centre
analogous to a terrestrial LIP, and terrestrial LIPs
cause major climate change including mass extinctions
[19]. The present research indicates that Atla Regio
may still be at the plume head stage and thus actively
contributing significant volumes of CO2 and SO2 to the
Venusian atmosphere.
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Figure 1: Study area located in Atla Regio, the locus of triple
junction rifting with the larger rifts extending to the ENE,
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SW and SE to connect with other regios. Base-map after
[22].

Figure 2: Graben systems of Atla Regio inferred from a
mapping of 26,000 lineaments to date. Radiating, circumferential and linear graben systems were mapped.

Figure 5. Superimposed plume head size estimates for Maat
Mons, Ozza Mons, Ongwuti Mons, Unnamed centre and
Sapas Mons (from Fig. 4) showng that all can be
approximately enclosed by the plume head for Ozza Mons.

Figure 3: Generalized distribution of graben systems (interpreted as dyke swarms) of the Atla Regio. Stars represent
known and unknown magmatic centres. S: Sapas Mons, M:
Maat Mons, O: Ozza Mons, On: Ongwuti Mons. Z: Zemina
Corona, and the remaining stars represent unknown magmatic centres. N: Ningyo Fluctus.

Figure 6: A. Cross-cutting relationships and relative ages
of the main Alta Regio magmatic centres reveal a SW-NE
younging age progression: Ongwuti (On), Unnamed centre
(U) and then Ozza Mons (Oz). Maat Mons forms after Ozza
Mons. S: Sapas Mons. Z: Zemina Corona. B. Incipient rifting of the South Atlantic in association with at multiple ca.
130 Ma plume centres [11].

Figure 4: Estimated plume size is measured from the distance at which a radiating swarm swings into a regional
stress field for Ongwuti (A), Maat (B), Unnamed centre (C),
and Ozza (D) Mons.
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VOLCANISM, TECTONICS AND ATMOSPHERIC EVOLUTION ON VENUS. R. E. Ernst1,2, K. L. Buchan3, H. El Bilali1,2 and J. W. Head4, 1Department of Earth Sciences, Carleton University, Ottawa, Ontario, Canada;
richard.ernst@ernstgeosciences.com; 2Faculty of Geology and Geography, Tomsk State University, Tomsk, Russia;
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Introduction: Voluminous Venusian magmatism
may be analogous to Large Igneous Provinces (LIPs)
on Earth [1-3]. We consider implications of the terrestrial LIP paradigm for the Venusian geological record,
and for the evolution of the Venusian atmosphere over
time through input of CO2 and SO2 from LIP-style
volcanism.
Grouping Magmatic Units and Tectonic Aspects
into LIPs: On Earth, each LIP event comprises multiple magmatic units (flows, dykes, sills, intrusions,
magmatic underplate) and tectonic features (uplift,
associated rifting). Different LIP events (with distinct
ages) can spatially overlap. For Venus we are assessing
strategies to group units into discrete events, using
stratigraphic and cross-cutting relationships [4] in the
absence of an absolute geochronology.
Graben-Fissure Systems as the Surface Expression of Underlying Dyke Swarms: An important consideration is whether radiating and circumferential
graben-fissure systems on Venus overlie radiating and
circumferential dyke swarms. A related question is
how best to distinguishing grabens overlying dykes
from purely extension graben in Venusian rift systems.
Another issue is whether Venusian coronae are analogues to terrestrial circumferential dyke swarms [5].
Link to Mantle Plumes: For Venusian LIPs (by
comparison with Earth), we can distinguish three
magmato-tectonic regions: the plume centre, a broader
plume head region, and a beyond-plume head region.
Each has a distinctive magmatic and tectonic expression.
Plume head size on Venus (like on Earth) can be
assessed from the distance at which a radiating swarm
transitions outward to a linear trend controlled by a
regional stress field [6]. The maximum size of a circumferential swarm could also mark the outer boundary of the plume head [5].
The characteristics of terrestrial plume tail volcanism, including smaller volume pulses and shorter dyke
swarms, represent criteria for testing for plume tail
magmatism on Venus.
Given the absence of plate tectonics [7], Venus
provides an opportunity to assess the natural size dis-

tribution of mantle plumes based on the sizes of radiating and circumferential swarms, uncoupled from any
influence by plate tectonics.
Triple Junction Rifting: On Earth plume/LIP
events are often associated with triple junction rifting
[3,8]. There is an opportunity for systematic comparison of such rifting on Earth (prior to the ocean opening
stage) with the extensive triple junction rift systems on
Venus that are associated with major plume-related
magmatic centres [9-12].
Locating Magma Reservoirs: On Earth, erosion
and geophysical data reveal the distribution of magma
reservoirs of LIP plumbing systems [5, 13]. On Venus
(given the absence of erosion), we assess evidence for
the presence of magma reservoirs in at least three indirect ways: a) local uplifts, b) central depressions within
coronae, which may indicate down-sag caldera collapse associated with expulsion of magma; and c) surface depressions which can be interpreted to mark roof
collapse above sill-like and dyke-like layered intrusions [14].
Identifying Sources of Lava Flows: Terrestrial
lava flows can be fed from fractures along the edge of
a caldera, from lateral injection of radiating dykes intersecting surface topography and from circumferential
dykes [15]. Given the absence of erosion, Venus provides a remarkable opportunity for linking specific
lava flows to specific sources, thus providing insight
into the distribution of buffered vs unbuffered magma
reservoirs [16] within an overall magmatic system.
Effect on Climate: Terrestrial LIPs are responsible
for dramatic climate change and mass extinctions [17].
The proposed Great Climate Transition on Venus,
from habitable to present day hyper-warm with high
CO2 [18-20], may be associated with stochastic overlap of multiple LIPs [21].
The post-climate change atmosphere of Venus will
have ongoingly received additional input of CO2 and
SO2 from Venusian LIP style basaltic volcanism. This
contribution will come from different sources including the older mafic plains (planitia) and the younger
plume-related magmatic centres [4] such as Atla Regio
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which are likely currently active [22, 23]. Detailed
flow and graben (dyke) mapping of both planitia and
younger volcanic centres and determination of relative
ages from cross-cutting relationships [4] can constrain
the volume vs time release of CO2 and SO2 and thus
provide parameters for improved modelling of the evolution of the Venusian atmosphere. and testing the
model of the presence of an earlier Earth-like atmosphere and the hypothesis of a “Great Climate Transition” to today’s observed decidedly “un-Earth-like”
atmosphere.
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INVESTIGATING THE VENUS CLOUDS FROM BALLOON AND ORBIT. L. W. Esposito1
1
LASP, University of Colorado Boulder
Future Venus missions to investigate cloud chemistry,
climate, dynamics, radiation and life have been studied
by NASA centers, universities and the US National
Academies of Sciences. These missions include Venus
Atmosphere and Surface Explorer (VASE) and
Hyperspectral Observer for Venus Reconnaissance
(HOVER). The mission proposals have not yet been
selected for funding, but their combination would
provide a powerful in-situ and remote investigation of
the evidence for habitability of the Venus clouds.
HOVER would measure the composition, chemistry,
dynamics and radiation in the Venus atmosphere from
a cloud-synchronous retrograde, low-inclination orbit
to determine what forms the clouds and their markings.

It would compare the Venus weather and climate—
including surface interactions and volcanism— to
Earth, Mars and extra-solar planets to identify key
observables for Venus-like planets and their
habitability. VASE floats at a fixed altitude in the
clouds on a balloon for one Venus circumnavigation,
with a deep atmosphere probe that is dropped. It is
comprised of a 7m superpressure balloon and a 0.3m
probe. Instruments: Mass Spectrometer, Tunable Laser
Spectrometer, Descent imager, Atmospheric structure
(T, P, wind). The orbiter provides communication and
synoptic imaging spectroscopy above the floating
platform to give a context for the balloon and
atmospheric measurements.
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AEROBIOSPHERES AND PLANETARY HABITABILITY: CONSIDERATIONS FROM EARTH TO
VENUS AND BEYOND. D. M. Gentry1, L. Iraci1, A. Cassell1, A. Mattioda1, A. Brecht1, K. Simon2, P. Sobron2, A.
Davila1. 1NASA Ames Research Center (diana.gentry@nasa.gov), 2Impossible Sensing.
Introduction: "Follow the water" has long been a
guiding theme of astrobiological exploration.
Terrestrial (rocky) worlds with water are likely to have
clouds, yet the possibility of aerobiospheres – long-term
stable airborne habitats, analogous to frozen
cryobiospheres or hydrobiospheres – is rarely discussed.
Earth's clouds carry a significant presence of
metabolically active microbes [1]. Inactive microbes,
or dead microbial debris, further comprise a significant
minority of dry dust [2], extending through the
troposphere and into the stratosphere. However, the
most favorable (warmest and wettest) cloud
environments on Earth are also the most transient. We
have not yet observed airborne microbial reproduction
in the field, and one likely reason is that microbes on
Earth do not stay airborne for very long compared to
typical generation times.
Even so, Earth’s airborne microbiology is significant
at a planetary scale. Effects include weather (microbes
as condensation and ice nuclei), climate (alteration of
cloud and surface albedo), and water and air chemistry
(through metabolic processing) [3]. Some of these
effects, if present on exoplanets, could be detectable
through remote observation. Evaluating the parameters
that constrain cloud habitability can therefore help us
understand not only Venus’s past and present
habitability, but also the broader search for life in the
universe.
Physical Constraints: The physical requirements
for terrestrial life (or “life as we know it”) are often
categorized as: (1) water, as the overall solvent; (2)
nutrients – C, H, N, O, P, S, and trace elements, the most
significant of which is Fe; (3) an energy source, usually
a combination of chemical and photonic; and (4) a
generally stable environment, without too much or too
little heat, pH, radiation, etc. We limit the discussion
below to these terrestrial requirements and to water
clouds on rocky worlds, but it is worth noting that if
considering the potential of alternative (non-water
and/or non-carbon) biochemistries, much of the same
Table 1: Typical population densities of Earth’s airborne
microbes.
population density
troposphere
104 – 108 m-3 (over land)
(dry air)
101– 106 m-3 (over sea)
troposphere
104 – 108 mL-1
(clouds)
10-2 – 10-9 droplet-1
stratosphere
< 101– 106 m-3 (viable but inactive)

reasoning would apply to non-water clouds like those of
Titan or Triton.
Water availability is particularly important in
aerobiology. (If the water is mixed with another
solvent, as in Venus’s sulfuric acid cloud and haze
aerosols, water activity – a measure of the amount of
energy required to extract water from the environment
– may be limiting instead.) Earth's atmosphere is
generally not water-saturated, so under most conditions,
the majority of aerosolized microbes are rapidly, and
fatally, desiccated. Airborne regimes that lead to cycles
of dehydration and rehydration are even more
damaging, as biomolecular damage incurred during the
process of drying out can accumulate faster than
microbes are able to repair it during their wet, active
stages. Only a few classes of desert microbes are known
to have the adaptations necessary to tolerate rapid
desiccation cycles well, even on the ground [4].
However, warm, low-altitude clouds are, from a
biological perspective, roaming water 'hot spots'. In fog
and cloud droplets, suspended microbes may stay
hydrated and metabolically active as long as the cloud
persists. Although ice clouds are less well studied, it is
well-known that many strains of microbes can remain
active several degrees below 0 ºC, and some liquid
water remains available at ice grain boundaries and
other particle microenvironments down to –40 ºC.
Interestingly, several microbes known to tolerate
aerosolization, including airborne freezing, have surface
properties that trap liquid water, making them
particularly effective nuclei for cloud formation at lower
humidities [3]. These adaptations are believed to have
originated as protection against surface desiccation, but
show that even in relatively sparse airborne habitats,
life’s ability to alter its own local microenvironment
remains important.
Nutrient availability corresponds to the basic
elemental building blocks of life, which must be present
in forms that life is capable of using (particularly
important for carbon, phosphorus, and nitrogen).
Nutrient levels in clouds are primarily driven by surface
fluxes and mixing dynamics.
Unless a nutrient is effectively absent from an
environment, low nutrient levels are likely to slow or
limit population growth rather than prevent inhabitation
entirely. On Earth, nutrients in fog and cloud water are
similar to those in sparsely inhabited lakes (Table 2).
Though there are substantial differences between land
and marine cloud water sources, and large swings
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Table 2: Major bioavailable nutrients, typical levels in
cloud water, and typical levels in oligotrophic (sparsely
inhabited) lake water for comparison.
Nutrient Cloud Water (g/L) Lake Water (g/L)
DOC
0.3 – 6 ´ 10-3
1 – 5 ´ 10-3
+
-2
NH4
0.3 – 2 ´ 10
2 ´ 10-5
-3
NO20.03 – 2 ´ 10
6 ´ 10-6
-3
NO32 – 6 ´ 10
0.7 – 3 ´ 10-5
PO30.0.2 – 1 ´ 10-4
2 – 7 ´ 10-5
SO4-2
6 ´ 10-2
1 ´ 10-3

following major weather events, this implies that if
Earth clouds were longer-lived, their habitability might
still be ultimately constrained by the amount of biomass
that could be supported by typical nutrient levels. This
phenomenon can be generalized to a required balance
between growth rates and residence times, as discussed
below.
Energy availability, as a constraint, functions
similarly to nutrient availability. While there are
theoretical lower bounds on available energy for
habitability, in otherwise habitable environments, low
levels of bioavailable energy typically translate to a
slower-growing population. In turn, this may lower the
robustness of the biosphere to climate change or longtail extinction-level events. Earth aerobiology usually
has ample photo-synthetically-active (400-700 nm)
radiation available, and levels are broadly similar in
Venus’s cloud layers [5].
Environmental stability in aerobiology includes a
unique threat: gravity. Cell-size particles (or cell
aggregates) can stay airborne indefinitely only under a
very narrow range of conditions. The settling rate, or
rate at which particles ‘fall out’ of the air, is determined
at the microscale, by a combination of gravity, air
density and viscosity, effective radius, and electrical
charge. The mean length of time a particle remains
airborne, or residence time, is further affected by largerscale phenomena, including thermal lofting, gravity
waves, scavenging due to precipitation (‘raining out’),
and turbulence. On Earth, microbe-scale particles (0.2
- 1 µm) in the clement troposphere have residence times
of hours to days [6], though particles which have been
injected into the far less hospitable stratosphere may
endure for months or more.
Biological constraints: For a biosphere to be stable
over the long term, its population gains must outweigh
its losses. Habitability of a (cloudy) atmosphere
therefore goes beyond survival of individual organisms
to a higher-level constraint derived from the constant
losses to gravity: the reproduction rate of the population
must be faster than the settling rate (rr > rs), or,
conversely, the overall mean generation time must be
less than the overall mean residence time (tg < tr).
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This constraint is the most likely explanation for
why we have not yet observed airborne microbial
reproduction in the field, despite promising laboratory
evidence. The hardiest microbes most likely to be active
while airborne – those able to continue to grow despite
low temperatures, low nutrient rates, potential periods
of desiccation, and higher-than-usual irradiation – also
typically have generation times of days or even weeks,
exceeding typical Earth cloud durations.
This constraint becomes even stricter when
environmental variability and the presence of other
stresses (pH, temperature, radiation, etc.) are taken into
account. During inactive periods, biomolecular damage
continues to accumulate, and will eventually reach a
threshold where the organism is unable to repair itself
even after being restored to a clement environment.
Implications for Venus: Early Venus and Earth
may have been similar in surface geochemistry,
rock/water interfacing, and geothermal activity: during
factors associated with the emergence of Earth-like
biochemistry. Could Venus have had past water- and
carbon-based life, and could have persisted to the
present day in Venus’s sulfuric acid cloud and haze
layers, which hold much of Venus’s remaining water?
Investigations of these questions have also been
connected to disequilibria in atmospheric sulfur
chemistry [7], strong atmospheric UV absorption [8],
and the controversial recent claim of phosphine
detection [9, 10].
Earth’s atmosphere is stratified, and its various
environments can provide only partial analogues for the
Venus cloud layer – tropospheric clouds are shorterlived and wetter, and stratospheric sulfate aerosols are
colder and smaller. However, experience exploring
their microbial and organic presence suggests some
important considerations for future habitability or life
detection missions to Venus’s atmosphere.
Science Questions: Basic environmental (T, P, g,
redox) and chemical requirements for life are believed
to be met in the Venus cloud aerosols. Water activity
and acid activity are the two most significant unknowns.
If current estimates of overall Venus aerosol
composition are correct at >85% H2SO4 / H2O, then the
corresponding water activities are far below any
environment on Earth where metabolic activity has been
observed [11], and the acid activity is at least at high as
Earth hydrothermal systems which have been sampled
and found to be barren [12].
However, small changes in minor constituents can
have significant changes on effective activities, and the
detailed composition of Venus aerosols are not well
constrained. More generally, a dynamic atmosphere –
especially one subject to variable surface influxes, such
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as dust storms, volcanism, or meteoritic infall – will
have local, transient, or sparse microenvironments that
depart significantly from the mean values captured by
bulk measurements. The example given above for
liquid water in ice cloud particles well below the ‘bulk’
temperature limit for water availability is a good
example; others observed in Earth microbiological
habitats include self-shading of cell aggregates as
protection from irradiation, passive and active surface
transporters that sequester particular nutrients or
maintain osmotic balance, and direct alteration of local
water and gas chemistry through metabolism. Diurnal,
seasonal, and other dynamics in Venus aerosol
composition are poorly understood, let alone detailed
particle-level physical phenomena.
Technological Concerns:
Life in extreme
conditions is typically highly heterogeneous down to
very small scales, with most biomass inactive and
clustered in ‘hot spots’. This is especially true of Earth
bioaerosols, whose density and relative concentration
can vary in space and time over several orders of
magnitude (Table 1).
Depending on the current size of cloud particles and
the tendency of particular cell types to cluster, a life
detection mission to Earth’s clouds might encounter a
ratio of ‘particles of interest’ ranging between 10-2 – 109
. Sensitivity across such a large range is a significant
challenge for many instruments. This is especially true
for mission concepts that require sample analysis at high
cadence due to fast travel (e.g., descent probes) and
limited operations time (e.g., due to short surface
lifetimes on the surface). When choosing an aerosol
sampling strategy, it is important to bear in mind that
single transects, or even balloon-based platforms which
follow single air masses, may therefore not yield
representative data.
Recommended Observations: The targets in Table
3 cover significant bioavailable nutrients, water and
acid, major compounds that may affect water and acid
activity, and specific molecular signatures associated
with organics; they can also be captured with low-cost,
low-mass optical instruments (e.g., Raman, TLDS,
LIBS, LiDAR). A small instrument suite capable of
measurements at fast cadence could allow multiple
passive small sondes to be deployed alongside a large,
higher-resolution descent probe or lander mission
architecture. This strategy reduces the risk of missing
Table 3: Suggested elemental and molecular targets for
constraining Venus aerosol habitability.
target
elemental S, H, C, H, P, Cl, N, O, Fe
molecular H2O, H2SO4, SOx, POx, NOx, NHx, CHx
specific
organic moieties (C=C, C=O, C≡N, ...)
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‘hot spots’ of interest, while also offering more detailed
atmospheric distribution and dynamics information.
Knowledge gaps: There is a clear need for coordination between atmospheric modelers, especially in
cloud microphysics, and microbiologists, especially in
aerobiology. Key questions include:
• For microbe-sized particles, what observations
are required to estimate typical residence
times, trajectories, and hydration cycles in
planetary atmospheres?
• For microbes which tolerate repeated
desiccation, irradiation, and other airborne
stressors, what are typical generation times?
How are these affected by limitations on
bioavailable nutrients and energy? Which
factors are most limiting?
• How long can such microbes remain viable
while inactive under combinations of
accumulating stressors (high UV, varying RH,
low temperature, etc.)? Which factors are most
limiting?
• How do the answers combine to constrain the
habitability space of potential cloudy worlds?
How well do these constraints map to Earth,
Venus, and potential exoplanets?
The biology of Earth’s atmosphere is significantly
underexplored, especially compared to its land, oceans,
and even subsurface biospheres.
Field, lab, and
modelling work must be combined to address these
basic questions. The results will help us understand the
extent of life on Earth, past and present Venus
habitability, and the potential for life elsewhere in the
universe.
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Background: When we think of extraterrestrial life
Acidophilic Extremophiles on Earth: Acidophiles
the first planet that comes to mind is Mars. Recent signs
like Sulfolobus acidocaldarius maintain a near neutral
of biological life in Venus’ atmosphere have, however,
pH in highly acidic conditions by multiple methods
gripped the attention of the scientific community and
including proton efflux via primary transport pumps in
made Earth’s sister planet one of the most probable
the electron transport chain. Another method to
planets to potentially harbor life.
maintain pH homeostasis is by maintaining a positive
Venus is situated near the edge of the sun’s habitable
membrane potential that repels the influx of protons.
zone. The cloud layers hovering roughly 48-60
This positive membrane potential is formed of K+ ions.
kilometres above the surface have temperature around
In addition, Leptospirllum ferriphilium has several
60°C and pressure around 0.1 MPa. These conditions
secondary proton pumps such as cation/H+ anitporters.
make the lower and middle cloud regions habitable for
Another effective way to maintain pH homeostasis is by
microbial life, although we do need to factor in
consuming the H+ in chemical reactions such as those
using amino acid decarboxyalses. [6]
hyperacidity and low water activity. [1]

Figure 1: Venusian cloud layers. Temperate zone is
thought to be at around an altitude of 50-60km above
the surface [4]
Evidence from NASA’s Goddard Institute for Space
Studies (GISS) suggests that Venus was once part of the
Circumstellar Habitable Zone and could have had
surface temperatures low enough to sustain water for
upto 2 billion years [2]. Moreover, the JCMT and
ALMA telescopes have recently made possible
detections of phosphine (PH3) gas in Venus’s
atmosphere [3]. The presence of Phosphine could be due
to biological activity similar to what is seen on Earth
and therefore is hypothesized as a possible biosignature
[4]. However, more research is needed to definitively
predict the presence of phosphine. [5]
Keeping this in mind and using our current knowledge
on the Origin of Life on Earth and different hyperextremophilic survival mechanisms, here we
hypothesise
possible
cloud
habitating
polyextremophilic microbial populations and how they
might have originated and found ideal habitable
conditions in the clouds of Venus.

Extremozymes or extremophilic enzymes are very
resistant to extreme conditions because of their great
solidity. The endo-β-glucanase from Sulfolobus
solfataricus demonstrated stability at optimum pH of
1.8. This is because it can resist protonation in its
catalytic domain and when compared to other
mesophilic counterparts, glutamic acid residues were
found to be responsible for this high resistance[7].
Similarly, the α-glucosidase from Ferroplasma
acidiphilum has demonstrated stability at low pH. This
enzyme is not only stable at such a low pH but also has
a preference for pH of 3 in place of 5.6, which is the
internal pH of Ferroplasma acidiphilum.[6]. This
stability is due to the presence of catalytic triad-like
mechanisms involving Histidine, Arginine or Lysine in
the active site of the enzyme. Another possibility is the
complete lack of ionic amino acids in the active site so
the external pH does not matter.
Enzymes from acidophilic microorganisms are of
particular interest since they show low pH resistant
properties on Earth and hence there is a possibility of
such acid tolerant enzymes to withstand denaturation in
the highly acidic environment of Venus.
Thermophilic
Extremophiles
on
Earth:
Thermophilic microorganisms like Methanopyrus
kandleri have the capability to develop at great
temperatures between 41°C and 122°C. This
temperature is quite similar to the proposed “habitable
zone” in Venus’ clouds. A wide number of enzymes
from thermophilic microorganisms have been
characterized, such as cellulases, amylases,
pullulanases, xylanases, mannanases, pectinases,
chitinases, proteases, lipases, esterases, and phytases
[8]. Enzymes from thermophilic enzymes or
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thermozymes of extremophilic microorganisms are
capable of staying intact and resisting denaturation
under extreme conditions like the presence of
denaturing agents and organic solvents and high
salinity.
The thermozymes possess certain physical properties
and electrostatic interactions to keep activity at high
temperatures. They possess different adaptations to
maintain their conformations and functions in extremes
of temperatures. They also have an increased number of
hydrophobic deposits, forming bisulfide liaisons
between two ions with opposite charges [8]. Di-sulfide
linkages are of particular importance since they make
proteins stable and heat resistant for instance, Taq
Polymerase isolated from Thermus aquaticus which is
routinely used in PCR technologies.
The aforementioned enzymes when aligned with their
mesophilic counterparts were found to have little to no
similarity in identity. BLAST search results returned no
results. So these enzymes have completely unique
structures while having similar functions which would
mean different proteins over the time developed similar
functions.

Figure 2: No similarity in sequence found between
UniprotKB Q5K3Q3 alpha glucosidase of Ferroplasma
acidiphilum and UniprotKB Q9KZE3 alpha glucosidase
of Streptomyces coelicolor.
Extrapolating Data from Extremophiles on Earth:
These examples show us that if two different enzymes,
one acid resistant and one acid labile, with the same
function, having completely different sequences can
exist on earth then there is a possibility of such
independent enzymes existing on the clouds of Venus
where the pH is even lower. We hypothesize the
existence of hyperacid-resistant enzymes and
thermozymes similar to the ones found on earth but on
a more extreme scale. Thus, we hypothesize
microorganisms that might have a combination of
highly efficient proton efflux pumps on their
membranes, along with highly resistant enzymes to both
heat and acid, and any other environmental stresses that
they could face in the harsh Venusian atmosphere.
Organisms on Earth, over the years, have adapted and
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in some cases completely changed their genetic
composition in favor of a suitable phenotype to adapt to
their environments which in some cases are extremely
harsh and unforgiving. We propose a similar hypothesis
where organisms might have evolved completely
independent of the evolution on earth, where they
utilised the energy available on venus like lightning,
volcanic eruptions and miniscule amounts UV light that
can penetrate the atmosphere as well as the chemicals
like Nitric oxide [9], carbon dioxide that is available on
Venus. However, in order to adapt to a harsher
environment they ended up with highly resistant
macromolecules very different from the ones seen on
Earth. Our normal DNA and proteins would not be able
to resist the harsh environment of Venus. So, it is likely
that the macromolecules formed over the course of
evolution in Venus are much more resistant, with
stronger interactions to adapt to the environment. One
such possibility could be disulphide bridges in nucleic
acids or in the Venusian life counterpart of genetic
information storing macromolecules. Nitrogenous bases
and sugar-phosphate backbone may just be a
characteristic of nucleic acids on Earth.
Based on our limited knowledge of extremophiles on
Earth, it is very difficult to define the boundaries of life.
Life can be said to be defined by parameters like
capability to store information, replicate, grow and
capability of performing metabolism. However, there
are many exceptions, for instance computers can store
information and fires can metabolize by using oxygen.
So, life itself cannot be defined by just a few parameters
and based on just a few examples on a larger scale.
A New Origin of Life Theory: Here, we also propose
a modification to Oparin-Haldane’s Model of origin of
life, where life originated in the once shallow oceans of
Venus (as hypothesized by NASA research [2]) and in
order to adapt to the drastic climate changes found
refuge in the clouds where some selective life forms
found habitable conditions just like how life gradually
shifted to land on Earth. Those organisms that could
survive the climate changes and had suitable
mechanisms to survive high in the clouds under the
acidic and hot conditions managed to do so. Life may or
may not be flourishing if present, but based on our
knowledge of extremophiles, they probably are not
flourishing under such extreme conditions but rather are
able to survive. However, microbes in Venus’ clouds
could very well have adapted to the extreme conditions
and now flourish, floating in the skies. The only way to
find out would be through more exploration for signs of
life. Presence of phosphine does give us hints where we
can predict that microbes present could be metabolically
active, so it wouldn't be surprising if they are able to
flourish.
Other Hypotheses: Another hypothesis is that life
could exist inside the cloud droplets to avoid fatal net
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loss of water and relative high water activity and less
acidity. Desiccated spores are present at the lower haze
layer which are carried upwards to the lower cloud layer
by upward diffusion and gravity waves. In this
conducive environment inside cloud droplets, they
germinate to become metabolically active. As the size
increases and water activity decreases, the life forms
divide and sporulate. These spores settle at the lower
haze layer and the cycle continues. [4]
Another speculation is that elemental sulfur present in
the clouds of Venus, which is not wetted by sulfuric
acid, provides chemical protection from the
concentrated sulfuric acid environment. But this does
not fit in the life cycle theory.
Conclusion: The possibility of life in Venus has been
hypothesized due to recent detection of phosphine [3] in
the Venusian atmosphere. However, this evidence is not
conclusive enough and is highly disputed [5] in the
scientific community. Henceforth, here we went for a
different, a rather bottom-up approach, where we
predict the possibility of existence of biomolecules like
proteins in such hostile conditions that are crucial to life
itself. We used current knowledge of extremophiles on
earth and the proteins that they need to survive and
achieve such levels of endurance to predict possible life
forms that can be present on the clouds of venus. The
existence of extremophilic versions of important
enzymes in extremophiles tell us that similar hyperextremophilic versions of enzymes could exist in the
microorganisms in Venusian atmosphere if life is found.
This enables us to construct a possible life form.
So, with our rather loose definition of life we can
predict or hypothesise life on other planets like Venus.
An anaerobic, polyextremophilic sulfate-reducing
chemoautotroph with hyper-extemophilic enzymes and
stable biomolecules is quite possibly the best model
considering the available data since it matches with the
cloud chemistry with respect to CHNOPS and energy
availability. However, we have to keep in mind that life
on other planets might be completely different from our
own and this wouldn't be surprising considering it is far
more likely that they had an independent origin of life
and completely different timelines of evolution.
Since all this is hypothetical, we believe further
investigations should be done which might show very
promising results. Moreover, taking a closer look at our
own atmosphere and the life it harbors like clouds of
regions with high frequency of acid rain could also
provide us some clues regarding possible life forms on
Venus. Signs of life, if found on Venus could also
reignite the Theory of Panspermia suggesting that life
might have found a way to escape to Earth during

4039.pdf

drastic climatic changes on Venus adding to the
diversity of life found on our home planet.
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Homochirality, cosmic rays, and Venus. N. Globus1, 1 University of California, Santa Cruz (1156 High
Street, Santa Cruz, CA 95064, noglobus@ucsc.edu

Understanding the origin of life surely qualifies as
one of the deepest and most perplexing questions facing
humankind. While we have not yet reached a consensus
on the definition of life, biological homochirality seems
to be a necessary step for life’s emergence. The
unraveling of its origin requires interdisciplinary
research, by exploring each of fundamental physics,
modern chemistry, astrophysics, and biology. In this
talk, I will focus on the origin of biological
homochirality in the context of astrophysics and particle
physics. The weak force, one of the fundamental forces
operating in nature, is parity-violating, and has been
implicated in biological homochirality since over half a
century. On Earth, at ground level, most of our cosmic
radiation dose comes from polarized muons formed in a
decay involving the weak force. Recent ideas
connecting the chirality of cosmic muons to a chiral bias
in biological processes, and possible routes to detect
chirality in astrophysical environments such as Venus
clouds will be discussed.
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HITRAN2020: Deciphering spectra from the Cytherean atmosphere. I. E. Gordon1, F. M. Skinner1, R. J.
Hargreaves1, R. Hashemi1, L. S. Rothman1, Center for Astrophysics | Harvard&Smithsonian
(igordon@cfa.harvard.edu).
Introduction: The new era of remote and in situ
spectroscopic sensing of the Venusian atmosphere has
begun. New ESA and NASA missions to Venus will be
equipped with high-resolution spectrometers targeting
relevant molecular species. The HITRAN and HITEMP
databases have traditionally been the sources of
molecular opacities for interpreting spectra in the
atmosphere of Venus and for creating suitable climate
and photochemical models. Therefore, it is essential that
the HITRAN project provides the best available
spectroscopic parameters for the primary constituents
and trace gases in the atmosphere of Venus. This refers
not only to the “traditional” HITRAN parameters but
also to the line-shape parameters due to the ambient
pressure of CO2. In addition to the half-widths and shifts
of individual lines, the line-mixing needs to be
accounted for due to the high pressure of CO2 on the
surface of the planet. Also relevant is collision-induced
absorption. Moreover, these parameters need proper
temperature dependence considering a wide range of
temperatures encountered in the different layers of the
planetary atmosphere. Some notable updates were made
towards these goals in the HITRAN2020 release [1].
Still, more experimental and theoretical work is needed
to be adequately prepared to improve the scientific
output from the proposed missions before they are
launched. In summary, a comprehensive overview of
the important updates and remaining deficiencies in
HITRAN relevant to the exploration of Venus will be
provided.
Overview of HITRAN2020: The line-by-line lists
for the majority of the HITRAN molecules were
updated (and six new molecules added) in comparison
with the previous compilation HITRAN2016 [2] that
has been in use, along with some intermediate updates,
since 2016. The extent of the updates ranges from
updating a few lines of certain molecules to complete
replacements of the lists and the introduction of
additional isotopologues. The database now provides
parameters beyond the traditional “.par” format
(although it remains as a default output format),
including non-Voigt line profiles for many gases;
broadening by “planetary” gases, including CO2 [3];
update of collision-induced absorption sets [4], etc.
We continue to take advantage of the modern
structure and interface available at www.hitran.org and
the HITRAN Application Programming Interface
(HAPI) [5]. Both tools have been improved to work
with the new edition.

Improvements relevant to Venus: Many of the
improvements or additions enhance the applicability of
the database for studies of Venus.
“New” molecules and isotopologues. Six molecules
have been added to HITRAN for the first time, with line
lists for SO and CS2 directly relevant to Venus research.
Moreover, the line lists of OCS and especially SO2 were
substantially improved and expanded (with respect to
the previous edition) by incorporating additional bands
and isotopologues. In particular, for SO2, the 33S16O2 and
16 32 18
O S O, which will be targeted by the laser
spectrometer on the DaVinci+ mission, were added to
HITRAN for the first time.
In the case of CO2 magnetic dipole, transitions have
been added to the database for the first time and are
expected to be observable on Venus. In the future,
electric quadrupole transitions will be added as well.
Broadening parameters
Broadening by CO2.
associated with the ambient pressure of CO2 (and their
temperature dependencies) were initially introduced in
the HITRAN2016 edition for a number of molecules.
These have been revised for some of the molecules
(including CO, SO2, and OCS), while line lists of more
molecules now have these parameters.
Effectively
following molecules (and their isotopologues) have
relevant parameters in HITRAN2020: N2O, CO, SO2,
NH3, HF, HCl, OCS, H2CO, C2H2, and H2S.
The self-broadening of the CO2 lines has been
updated recently and now also includes non-Voigt line
shapes and both first order and full line-mixing
parametrizations [6].
Future work: Many additional laboratory and
theoretical spectroscopic investigations need to be
carried out. In particular, for broadening by CO2 for
different molecules as, in many cases, crude semiempirical models had to be employed. Algorithms for
the far-wing modeling of lines broadened by CO2 need
to be developed.
Acknowledgments: This work was supported
through PDART grant 80NSSC20K1059
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GAIA ON VENUS: PLANETARY-SCALE CONSIDERATIONS OF HABITABILITY. D. H. Grinspoon,
Planetary Science Institute, 1700 East Fort Lowell, Suite 106, Tucson, AZ 85719-2395, grinspoon@psi.edu.
Discussions of habitability often involve
specifications of conditions within a range of
parameters, such as a temperature range suitable for
liquid water [1, 2] the presence of organics, water and
suitable fluxes of energy, and the absence of threatening
environmental factors such as excess ionizing radiation,
toxic substances or extreme temperature range. This
framing, focusing on conditions and materials necessary
to support organisms in a localized environment, allows
for the presence of inhabited microenvironments on a
planet which is otherwise largely devoid of the
requirements for, or presence of, life. A commonly
discussed example is the possible subsurface liquid
water oases on Mars.
An alternative view of the definition, needs and
possible signatures of life comes from the area of Living
Systems Theory. Several attempts have been made to
define life in ways that are less focused on the properties
and needs of individual organisms and more concerned
with life as inherently a property of larger systems
consisting of multiple organisms along with aspects of
their environments. These include the idea of
“nonfractionability” which defines the properties of life
as necessarily containing multiple discrete components
which exist in a nested hierarchy of functional
organization [3,4]. Also, in this category is the more
specific notion that life is a fundamentally a property of
ecosystems rather than individuals [5,6]. Finally,
several scholars have extended the idea of living
systems to a planetary scale, arguing that life may be
inherently a global scale phenomenon. The
contemporary articulation of global scale living systems
theory is closely associated with the “Gaia Hypothesis”
[7] which suggests that the entire Earth, or at least the
outer layer, is in some sense “alive”, if not itself an
actual living organism, being possessed with a quality
of life which can only be understood when considered
on this global scale. In the Gaian view, life is a
globalized system which depends for its robustness and
longevity on its deep integration into planetary
functioning, and without the global fluxes of energy and
elements that characterize life on Earth, any pocket of
life would be at best transient. If this view is correct, it
could imply that life cannot exist in isolated locales on
an otherwise “dead” planet. A planet cannot be a “little
bit alive” for billions of years, any more than an animal
can be “barely alive” for very long, once the metabolism
that maintains internal homeostasis has failed.

Smith and Morowitz [8] have proposed that the
origin of life be modeled as a series of planetary phase
transitions in which complexity increased in a stepwise
fashion. They suggest that the origin of life preceded the
origin of cells, and - of interest to the topic at hand - they
state that “The origin of life was a planetary process, in
which a departure from non-living states led to a new
kind of order for matter and energy on this planet.”
Thus, in considering the origin of life from a viewpoint
that incorporates insights from nonequilibrium physics,
geochemistry and ecology, they are led to a perspective
in which life from its very beginnings on Earth was
inherently a planetary-scale phenomenon.
Strictly speaking, Gaia is an idea about life on Earth,
but it is also a statement about the nature of life and how
it interacts with a planet. An astrobiological
generalization of Gaia beyond Earth, in which it is
proposed that the likelihood of finding life anywhere
may be more dependent on planetary properties than
localized conditions, has been called the “Living
Worlds Hypothesis” [9,10]. This viewpoint focuses
attention on global properties, such as rate of exchange
of matter and energy between interior and surface,
surface energy gradients, available sources of free
energy, magnitude of energy gradients, or atmospheric
disequilibrium properties, that may be required for life
to persist for geological timescales.
One potential value of this outlook on planetary life
is that it gives an alternative set of criteria for examining
potential habitability of planets. If we think beyond the
specifics of a particular chemical system required to
build complexity and heredity, we can ask what general
properties an inhabited planet must possess. While
traditional habitability studies focus on finding planets
with environmental conditions which overlap those of
Earth, a Living Worlds view focuses more on
continuous vigorous geological activity persisting over
billions of years, an atmosphere with signs of flagrant
chemical disequilibrium and active, internally driven
cycling of volatile elements between the surface,
atmosphere and interior, as being key to habitability.
Seen through this lens, the case for a possible
habitable cloud environment on Venus depends not only
on the potentially stable, benign and fertile conditions in
the clouds today, which may be explored through
characterizing particle compositions and lifetimes and
the radiative fluxes, stability and composition of the
cloud level atmosphere [10]), but also on the history and
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level of volcanic and tectonic activity, the history of
cloud deck structure and composition, the equilibrium
state of the surface and lower atmosphere and the nature
and vigor of volatile element cycling between the
interior, surface, atmosphere and clouds.
I will discuss how the observations made by the
upcoming missions DAVINCI, VERITAS and
EnVision (and others) may contribute to the assessment
of Venus as a potentially living world.
References: [1] Gamow, G. (1941) Biography of
the Earth. New American Library [2] Huang, Su-Shu
(1959). Publications Astron. Soc. Pacific. 71 (422):
421–424 [3] Miller, J.G. (1978). Living Systems. New
York: McGraw-Hill. [4] Rosen, R. (1991). Life Itself: A
Comprehensive Inquiry into the Nature, Origin, and
Fabrication of Life. New York: Columbia University
Press. [5] Morowitz, H. J. (1992). Beginnings of cellular
life: metabolism recapitulates biogenesis. Yale
University Press. [6] Ulanowicz, Robert E. (2009). A
third window: natural life beyond Newton and Darwin.
Templeton Foundation Press. [7] Lovelock, J. and
Margulis, L., Tellus 26 (1974): 2-10; [8] Smith, E. and
H.J. Morowitz (2016) The Origin and Nature of Life on
Earth: The Emergence of the Fourth Geosphere .
Cambridge University Press. [9] D.H. Grinspoon (2003)
Lonely Planets: The Natural Philosophy of Alien Life.
Ecco/HarperCollins [10] D. H. Grinspoon and M.A.
Bullock .(2007). in Exploring Venus as a Terrestrial
Planet, L.W. Esposito, E.R. Stofan, T.E. Cravens,
Editors. Amer Geophysical Union.
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VENUS'S CLOUDS ARE AN ORDER OF MAGNITUDE BEYOND THE ACIDITY LIMIT, AND TWO
ORDERS OF MAGNITUDE BELOW THE WATER-ACTIVITY LIMIT, FOR ACTIVE LIFE. J. E.
Hallsworth1 and C. P. McKay2, 1Institute for Global Food Security, School of Biological Sciences, Queen’s University
Belfast, Northern Ireland, UK. E-mail: johnhallsworth@yahoo.com, 2Space Science Division, NASA Ames Research
Center, Moffett Field, CA, USA. E-mail: chris.mckay@nasa.gov
Introduction: On Earth, the atmosphere contains
microorganisms of all domains of life. Many of these
are located within the aqueous droplets that make up
clouds, and some are known to be metabolically active
[1]. This is because both the temperature and the
effective concentration of water molecules (water
activity) can be permissive for cellular function. There
has been speculation that microbial-type life also
inhabits the sulphuric acid clouds of Venus [2-7].
Several missions will study Venus in the next few
years, sent by NASA (two missions, in 2028 and 2030),
Russian Federal Space Agency (2029), and European
Space Agency (2031). One of these missions, NASA's
‘Deep Atmosphere Venus Investigation of Noble gases,
Chemistry, and Imaging’ (DAVINCI+), will analyse the
Venus atmosphere. The data obtained are likely to
confirm measurements made previously.
Here, we use measurements made already:
temperature- and pressure data from Venus entry
probes, and the water-vapour mixing ratio from in-situ
and remote observations, to calculate the water activity
of the Venus clouds. We determined that these cloud
droplets are in equilibrium with the Venus atmosphere
with respect to water activity. By analysing the wateractivity and acidity limits for active on Earth, we asked
whether, based on life as we know it, the Venus clouds
are habitable. This study, submitted 15 October 2020,
was published 28 June 2021 [8].
Water Activity of Venus’s Clouds:
Direct
observations indicate that Venus’s atmosphere is dry.
We already know that the water in the small cloud
droplets rapidly equilibrate with this dry atmosphere.
Homogeneity of droplets: Venus’s Clouds are made
up of particles [droplets] that are approximately 1 µm in
diameter (see Table 1 of [9]). In equilibrium, the
diffusion rates of water molecules into and out of a
droplet are equal to each other. For particles of 1 µm,
the effect of curvature (aka the Kelvin effect) on the
water activity is negligible; see Figure 5.3 of [10]. The
equilibrium of water activity between the gaseous phase
and the cloud particles is independent of the details of
the solution chemistry: H2SO4 or Sx or hydroxide salts
[11]. The timescale, t, for the particles to exchange
water molecules with the atmosphere is ~ 10 s. These
calculations are described in [8].
Empirical measurements of the Venus atmosphere.
Water activity in the gas phase in the cloud layer can be
directly calculated from: temperature and pressure

(directly measured by entry probes); small day/night
and pole/equator variation [12]; and water-vapour
mixing ratio (in-situ and remote observations from
Venera 11, 13, and 14, Venus Express, and infra-red
telescopes) as described in [8].
Water activity of cloud droplets. Water activity (aw)
was calculated according to:
aw = XH2O × Pressure/ Psat(T)
where XH2O is the water-vapour mixing ratio, Pressure
is the atmospheric pressure, and Psat is the saturation
vapour pressure of water at the atmospheric
temperature, T [8]. The parameter ‘water activity’,
which is based on Raoult’s Law, is allocated a scale
from 0 to 1 (and is dependent on temperature and
pressure). For the temperature range pertinent to active
life (about 130 to −40°C; i.e., 403 to 233 K), i.e. at
altitudes between 40 and 70 km, the water activity of
Venus’s clouds is in the range 0.00003 to 0.0037 [8].
Stress-tolerance Limits for Active (Terrestrial)
Life: Many types of microorganisms are remarkably
resilient structures, and are preserved for indefinite
time-periods either dry, or within aqueous milieux
[13,14]. Indeed, some kinds of microbes are certain to
outlast the human race give their metabolic dexterity
and stress-tolerant phenotypes [15]. Importantly, the
current discourse is concerned with active life—cell
division (and metabolism)—rather than survival per se.
Acidity limits for cell division (and metabolism). The
most acid-tolerant microbe known is the archaeon
Picrophilus torridus which is able to grow down to a
remarkably low pH of -0.06 (at 60°C; 333 K) [16].
Using the model of Clegg et al. [17], we calculated the
sulphuric acid concentration and water activity of the P.
torridus growth medium: 11.5% (w/w) and 0.950,
respectively [8].
Water-activity limits for cell division (and
metabolism). As described recently by JEH [18]: ”Some
terrestrial
microbes—termed
xerophiles—grow
optimally at reduced water activity, and some of these—
termed halophiles—are adapted to life in brines.
Xerophiles have been described as those microbes able
to grow below a water activity of 0.850 (under at least
two sets of environmental conditions) and must also
grow optimally below 0.950 [19]. Remarkably, species
such as the ascomycete Aspergillus penicillioides are
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able to flourish at low water-activity in brines, at low
relative humidity, or at high concentrations of other
solutes including sugars. For such organisms, highglycerol milieux are the most-permissive for growth and
metabolism at low water-activity [20,21], whereas
brines are more challenging [22].
Water-activity values, expressed as a fraction of 1,
can seem small and insignificant yet cells are sensitive
to changes of about ±0.001 [23]. The past 100 years or
so of culture-based growth studies has not yielded any
verifiable evidence of microbial division below 0.585
water activity (= 58.5% relative humidity) [20,21,2427]. Furthermore, differentiation and cell division have
only been observed at 0.585 water activity for one
species, A. penicillioides, and only at 24°C (297 K), pH
6.1 [21]. According to reliable studies which yield
empirical data for microbial proliferation, the lowest
water activity at which growth has been observed in
brines is 0.635 (for halophilic archaea), at 37°C (310 K)
[26]. No data indicate that any life-form can function at
≤0.585 water activity at temperatures far from 24°C
(e.g., sub-zero, or temperatures over 50°C) or at other
extremes (e.g., below pH 4 or above 9). Furthermore,
there are no empirical data which show cellular
metabolism at any water-activity values below 0.585,
for any type of xerophile and regardless of the domain
of life.” For a more-detailed discussion of the wateractivity limits for life, see [8,27].
Limits for active life at multiple extremes. The mostxerophilic microbe known, A. penicillioides, cannot
grow below pH 2.3, which is equivalent to 0.031%
(w/w) sulfuric acid; the most-acidophilic microbe
known, P. torridus, is not known to grow at <0.950
water activity; and the microbe thought to be the mosttolerant to combined acidity and low water-activity is
the bacterium Acidohalobacter, but its tolerance limits
(according to studies of cell division) are pH 2 and
0.955, respectively [8].
Habitability of Venus’s Clouds Based on the
Limits for (Active) Terrestrial Life: Venus's clouds
(77.8 to 99.2% (w/w) sulphuric acid; <0.004 water
activity) are an order of magnitude beyond the 11.5%
(w/w) acidity limit, and two orders of magnitude below
the 0.585 water-activity limit, for active life on Earth; as
shown in Figure 3 of [8]. Furthermore, this understates
the distance between Earth’s functional biosphere and
the conditions in Venus’s clouds in as much as A.
penicillioides, can only grow at 0.585 water activity at
24°C, on glycerol-rich media, and circum-neutral pH
[21]. Conversely, P. torridus is incapable of cell
division at <0.950 water activity.
Venus’s Clouds Are Inconsistent With the
Integrity or Survival of Cellular Structures:
Concentrated sulphuric acid is inconsistent with cellular
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life, and biomacromolecular structure/function, of the
kind that occurs on Earth, as shown in Figure 3 of [8].
A Comment on Clouds of Jupiter, Mars, Earth,
and Exoplanets:
The approach used here to
characterise the habitability of Venus’s clouds in
relation to water activity and temperature was also
applied to clouds of Jupiter, Mars, Earth, and
exoplanets. For details, see [8].
Concluding Remarks: Based on our understanding
of life on Earth, Venus’s clouds are not habitable. We
would have to evoke a different biochemistry (‘life as
we do not know it’) to imagine life under such
conditions [8].
Acknowledgments: The original Hallsworth et al.
study on which this work is based was carried out with
inputs from Thomas Koop (Germany), Philip Ball (UK),
Tiffany D. Dallas (Sweden), Marcus K. Dymond (UK),
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FORMATION AND STABILITY OF THE VENUS ATMOSPHERE: INSIGHTS FROM
THE GEOLOGICAL RECORD AND IMPLICATIONS FOR EVIDENCE OF LIFE ON
VENUS. James W. Head1, Lionel Wilson1,2, Mikhail A. Ivanov3 & Robin Wordsworth4. 1Brown
University, Providence RI, USA (james_head@brown.edu); 2Lancaster University, Lancaster,
UK; 3Vernadsky Institute, Moscow, Russia; 4Harvard University, Cambridge MA, USA.
Introduction: Major questions in Venus System Science [1] include: “1) Was Venus ever
Earth-like, with a clement atmosphere, oceans
and conditions conducive to the formation and
evolution of life? 2) If so, when and how did the
transition take place to the decidedly non-Earthlike conditions of today? 3) If life had evolved
on Venus in an earlier Earth-like environment,
could evidence be preserved on the surface in
the form of geochemistry, fossils or sedimentary
structures? 4) Could fingerprints of ancient biological activity, or evidence of current activity,
exist in the atmosphere of today?” In this contribution we: 1) assume the hypothesis that Venus was once Earth-like; 2) examine the geologic record to address when and how the transition to the decidedly non-Earth-like conditions
of today could have taken place; and 3) assess
the implications for preservation of evidence of
fossil life on the surface or current biological activity in the Venus atmosphere.
A number of recent studies have focused on
forward-modeling of the origin and evolution of
the Venus atmosphere with the current atmosphere as the end-product, defining and assessing
the nature and abundance of volatiles derived
from the interior and from space, their influence
on the atmosphere and interaction with the surface, and the rates of their loss to space [2-4].
Several forward models have found that more
Earth-like clement conditions [2], with oceans
and an N2-dominant atmosphere [3-4], may
have existed into the last ~20% of the history of
Venus (Fig. 1), the age of the oldest observed
geologic units [5], the tesserae [6], and the
global volcanic plains that followed [7].
Critical to the assessment of these models is
the role of volcanism, the primary process of
transfer of volatiles from the Venus mantle to
the surface and atmosphere. In this study, we use
the current atmosphere as a baseline and work

backward in time, assessing the nature and magnitude of the major phases of volcanism revealed in the geological record [5], their style
and magnitude of volatile output [7], and the
candidate effects of their volatile release on the
observed atmosphere. The atmospheric pressure
of the current Venus atmosphere (93 bars) is sufficient to significantly inhibit the exsolution of
key volatile species during effusive eruptions
[8-9] and to preclude explosive volcanic activity
that could deliver exsolved volatiles high into
the atmosphere, except in extreme cases where
the volatile content exceeds several wt% [9].
We specifically address the following questions: 1. Does the eruption of the total volume of
extrusive deposits observed on Venus contribute
significantly to the current atmosphere? 2. How
does the volume of the most recent phase of volcanism (lobate plains; large shield volcanoes)
affect the interpretation that observed atmosphere SO2 levels are related to current ongoing
volcanism? 3. Could the period of near-global
volcanic resurfacing (psh, rp1,2) have produced
the current atmosphere? 4. Do the characteristics of the oldest units (tesserae) shed any light
on whether the current atmosphere largely predates the observed geologic record (dating from
sometime in the first 80% of Venus history) or
was produced during the last 20% of the history
of Venus? Addressing these questions provides
a framework on which to define the array of
evolutionary pathways that Venus and Earth
might have followed, refine further the future
questions and approaches to the exploration of
Venus, and assist in the interpretation of the
dozens of new Venus-like exoplanets.
The Magellan mission provided global image
coverage that enabled identification of geologic
units and their stratigraphic relationships, the
construction of a global geologic map [5], assessments of the nature and role of volcanism
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[7] and tectonism [10] with time, and estimates
of the absolute timescale of these events [13].
The observed geological record provides an estimate of the nature of volcanic units, their areal
coverage, their stratigraphic relationships and
thicknesses, and estimates of the timescale of
their emplacement. A summary of the key data
for volcanism is presented in [7], their Fig. 26
and Table 5).
We converted the volumes of the main volcanic units [7] to lava/magma masses using a
density of 3000 kg m-3. Next, we chose the upper value where there is a choice of 2 possible
thicknesses, and added the contributions from
all of the units ("total eruptives" in [7] Table 5);
summing the values of the "total eruptives"
gives the absolute upper limit estimate of the
mass of documented volcanics that could contribute to the atmosphere, 7.335 ´ 1020 kg. We
then compare this with the current mass of the
Venus atmosphere (4.8 ´ 1020 kg). We find that
in order to make the current atmosphere from
the observed volcanic units, the magma would
have to consist of 65.4% by mass volatiles,
which is, of course, impossible. We conclude
that the grand total of the currently documented
volcanics cannot have produced other than a
very small fraction of the current atmosphere.
Exsolution of volatiles during volcanic eruptions is significantly dependent on surface atmospheric pressure [8-9]. As a specific example, we next looked at the contributions of SO2
to the current atmosphere. The current SO2 content of the 4.8 ´ 1020 kg atmosphere is 150 ppm,
so there is a mass of 7.2 ´ 1016 kg in the atmosphere. Gaillard and Scaillet [3; their Fig. 3]
show that the amount of S released from their
typical basalt, even if it is decompressed to the
lowest Venus surface pressure, 40 bars in the
highest terrains, is only ~1.6% of the assumed
inventory, 1000 ppm, i.e., 16 ppm of S. SO2 has
a molecular mass of 64, double that of S, so this
represents 32 ppm of SO2. The total erupted volcanic mass is 7.335 ´ 1020 kg; 32 ppm of that is
2.35 ´ 1016 kg. In summary, the total mass of all
volcanics could have released 2.35 ´ 1016 kg of
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the current 7.2 ´ 1016 kg, i.e. 32.6% of the current SO2 in the atmosphere. Taking only the recent volcanism total amount (pl, 1.365 ´ 1020
kg; [7; Table 5]) shows that this is only 18.6%
of the grand total. We conclude that it is highly
unlikely that a significant amount of SO2 is being constantly supplied to the atmosphere by recent volcanic activity, particularly in the period
of eruption of pl emplacement, representing the
vast majority of the total observed geological
record.
Discussion: On the basis of these data and
simple calculations we present the following
findings and explore their implications for the
climate history and habitability of Venus: 1. The
current high atmospheric pressure severely inhibits the degassing of mantle-derived S, H2O
and CO2 brought to the surface by volcanism
and its contribution to the atmosphere [8-9]. 2.
The current high atmospheric pressure severely
inhibits plinian explosive eruptions that can deliver volatiles directly into the atmosphere on
Earth and in Mars-like low-atmosphere density
environments [9]. 3. The total volume of lava
erupted in the stratigraphically youngest period
of the observed record (pl, rift-related, volcanic
edifices) is insufficient to account for the current
abundance of SO2 in the atmosphere; thus, it
seems highly unlikely that current and recently
ongoing volcanism could be maintaining the
currently observed ‘elevated’ levels of SO2 in
the atmosphere [11]. 4. The total volume of lava
erupted in the period of global volcanic resurfacing (psh, rp1, rp2) is insufficient to produce
the CO2 atmosphere observed today, even if the
ambient atmospheric pressure at that time was
only 50% of what it is today. Therefore, a very
significant part of the current CO2 atmosphere
must have been inherited from a time prior to
the observed geologic record, sometime in the
first ~80% of Venus history. 5. The amount of
water degassed to the atmosphere during the period of global volcanic resurfacing would have
been minimal, even if the atmospheric pressure
was only 10% of what it is today. Therefore, the
current low atmospheric water content may be
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an inherent characteristic of the ambient atmosphere and not necessarily require enhanced loss
rates to space in at least the last 20% of Venus
history. 6. Because of the fundamental effect of
atmospheric pressure on the quantity of volatiles
that will be degassed, varying the nature of the
mantle melts over a wide range of magma compositions and mantle fO2 has minimal influence
on the outcome. 7. If the period of global volcanic resurfacing was insufficient to produce
the current atmosphere, then it seems unlikely
that the immediately preceding period of tessera
deformation could have occurred in the presence of a more clement, Earth-like atmosphere
and climate with an active surface water cycle
[12]. Higher resolution documentation of any
types of atmospheric erosion patterns in the tessera terrain will be a critical test. 8. The current
Venus atmosphere may be a “fossil atmosphere”, largely inherited from a previous epoch
in Venus history, and if so, may provide significant insight into the conditions during the first
80% of Venus history. 9. If episodic periods of
global volcanic resurfacing (such as seen in the
observed recent geologic record) were responsible for building up the “fossil atmosphere”, then
assuming an initial 1 bar atmosphere, more than
90 similar global volcanic resurfacing periods
would be required to produce the currently observed CO2 atmosphere. 10. A critical question
is: What was the atmospheric pressure/water
content/solar insolation ‘tipping point’ that led
to the general stabilization of this “fossil atmosphere”?
Implications for preservation of evidence of
fossil life and/or current biological activity in
the Venus atmosphere [13]: On the basis of the
results presented above, we find that the current
atmosphere is likely to be a “fossil atmosphere”,
formed sometime during the first 80% of Venus
history. If an Earth-like clement atmosphere and
oceans ever existed on Venus, the transition
must date from a time prior to the observed 0.51 Ga geologic record. This means that evidence
for an ancient hydrosphere and biosphere should
be sought in the tessera terrain [14], the
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stratigraphically oldest observed geological unit
[7]. Such evidence might include sedimentary
structures, distinctive fossils such as stromatolites and bioherms, trace fossils, and geochemical ad petrological fingerprints of aqueous alteration; important will be the understanding of
how the current atmosphere has altered such potential evidence over the last 0.5-1 Ga. Our findings also suggest that the search for evidence of
life in the current atmosphere should consider
that: 1) it has been exposed to the current Venus
environment for a period in excess of 0.5-1 Ga
and may have undergone commensurate evolutionary changes [15], and 2) the current SO2 levels are likely to be characteristic of the ambient
atmosphere, and not due to recent input from
volcanic eruptions. The coming decade of Venus System Science requires multiple disciplines and approaches, and new exploration
concepts for both the atmosphere [16] and tessera terrain.
References: 1. Taylor et al., 2018, SSR, 214, 34;
2. Bullock & Grinspoon, 1996, JGR, 101, 7521;
3. Way et al., 2016, GRL, 43, 8376; 4. Way &
Del Genio, 2020, JGR, 125; 5. Ivanov & Head,
2011, PSS, 59, 1559; 6. Ivanov & Head, 1996,
JGR, 101, 14861; 7. Ivanov & Head, 2013, PSS,
84, 66; 8. Gaillard & Scaillet, 2014, EPSL 403,
307; 9. Head & Wilson, 1986, JGR 91, 9407; 10.
Ivanov & Head, 2015, PSS, 113, 10; 11. Esposito, 1984, Science 223, 1072; 12. Khawja et al.,
2020, Nat. Comm., 11, 5789; 13. Limaye et al.,
2021, Astrobiology; 14. Kohler et al., this vol.;
15. Zolotov, 2018, Rev. Min. Geochem. 84,
351; 16. Kimmel et al., this vol..

Fig. 1. Possible climate history (Way & Del
Genio, 2020).
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Introduction: How long could ancient Venus
have remained habitable? Small amounts of
atmospheric CO2 over long timescales are commonly
associated with plate tectonics because of its ability to
recycle carbon into the interior [1]. The tectonic state
of ancient Venus is unknown, however. We model the
coupled interior-atmosphere evolution of Venus as a
planet without plate tectonics and investigate how long
a modified carbon cycle consisting of weathering,
carbonate burial, and crustal decarbonation would have
allowed for liquid water on early Venus.
Model: We employ a parameterized thermal
evolution model of the mantle [2] coupled to a model
of CO2 outgassing, silicate weathering, carbonate
weathering, and metamorphic release [3]. Weathering
is active as long as liquid water is present on the
surface. We consider water vapor and CO 2 as
greenhouse gases. As soon as all surface water has
evaporated, weathering ceases. Model parameters that
determine the outgassing rate are chosen in a way to
obtain the atmospheric CO2 that is observed on Venus
today. For the obtained CO2 in the early evolution,
climate results are benchmarked with the ROCKE-3D
GCM [4].
Results: We find that silicate weathering can keep
the planet habitable for a period of 900 Myr (Figure 1),
which is 500 Myr longer than obtained from a model
that neglects weathering. Control runs from a 3D
global climate model back up this finding. The
habitable period is followed by rapid metamorphic
release of CO2 from the crust, causing an increase of
the surface temperature. As a consequence, water
evaporates, the crust becomes depleted in carbonates,
and a thick, CO2-rich atmosphere as observed today
builds up [5].
Conclusions: Even without plate tectonics, Venus
might have remained habitable for the first 900 million
years of its evolution. During this period, weathering
ensures that outgassed carbon is stored in the crust. As
soon as the water evaporates, the atmospheric CO 2
budget increases by more than one order of magnitude
within 100 million years. For stagnant-lid exoplanets,
we therefore predict a bimodal distribution of
atmospheric CO2, with high CO2 indicating crustal
carbonate depletion as a consequence of a runaway
greenhouse and small CO2 indicating active silicate
weathering and therefore a habitable climate.

Figure 1. Early evolution results from the coupled interioratmosphere model. Diamonds in the top panel depict
parameter combinations of solar flux and atmospheric CO 2
that are used as an input for the ROCKE-3D GCM, and
derived temperature and albedo are depicted in the bottom
panel.

References: [1] Sleep, N.H., Zahnle, K., 2001. J.
Geophys. Res. 106(E1), 1373-1399. [2] Tosi, N., et al.
(2017 ).A&A 605, A71. [3] Höning, D., Tosi, N.,
Spohn, T. (2019). A&A 627, A48. [4] Way, M.J., et al.
(2017). ApJS 231(1), 12. [5] Höning, D., Baumeister,
P., Grenfell, J.L., Tosi, N., Way, M.J. (2021). J.
Geophys. Res. Planets e2021JE006895.
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It is useful to investigate whether a hypothetical
biosphere in the clouds of Venus produces chemical
changes in the atmosphere that are observable and
diagnostic. We present the first self consistent coupling
of metabolic pathways to a full-atmosphere (0 - 115
km) model of Venus [1-2], utilizing plausible sulfurbased metabolisms found in the literature (e.g. [3-4]).
We apply this photo-bio-chemical kinetics code to two
classes of Venusian metabolic cycle, (1) a nonoxygenic photosynthetic metabolism used by early life
on Earth, and (2) a metabolic path that exploits redox
disequilibria already present in the cloud layer. We
explore the parameter space of increasing effective
metabolic rate versus abundance of the metabolic
reagent species. Model predictions are then compared
to observational constraints of Venus’s atmospheric
chemistry. We discuss the model, our results and
predictions for tracers of metabolic activity in the
atmosphere of Venus.
References: [1] Jordan S. et al. (2021) MNRAS, in
press, arXiv: 2108.05778. [2] Rimmer P. B. et al.
(2021) PSJ, 2, 133. [3] Schulze-Makuch D. et al.
(2004) Astrobiology, 4, 11. [4] Schulze-Makuch D. and
Irwin L. N. (2006). Naturwissenschaften, 93, 155.
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Introduction: Venusian clouds (in comparison to
the surface of Venus) despite their aggressive
environmental conditions might still be a safe haven
for extreme Earth-like life forms. Indeed, the presence
of Earth extremophiles in boiling water and acidic soils
supports the hypothesis of life on Venus. This review
focuses on microorganisms inhabiting extreme Earth
niches, in particular, sulfur- iron- rich hot springs
and/or low pH habitats which resemble Venusian
clouds
conditions.
The
analysis
of
such
microorganisms will shed more light on the key
features of hypothetical life forms inhabiting Venusian
clouds and offers a helpful summary regarding the
selection of model microorganisms to be used in
experiments under conditions simulating those of
Venus. Finally, extremophiles are characterized by
exciting features such as heat resistant proteins which
represent a great interest for industry. We have
presented the summary on selective microorganisms
which hypothetically could have adapted to the
conditions evolving on Venus [1] in the form of the
passports (see below).
Passport 1: Earth extremophiles: Acidianus sp.
Species Acidianus sp.: Acidianus sulfidivorans JP7T,
A. infernus, A. ambivalens, A. brierleyi
General information: Gram negative cells;
irregular coccoid morphology; non-motile; surrounded
by an envelope composed of subunits in a hexagonal
array. Facultative aerobes. Thermoacidophiles. Can be
found in acidic solfataras (i.e. Lihir Island, Papua New
Guinea) and marine hydrothermal systems [2].
Temperature: 45-96°C [2]
pH: 0.35-6 [2]
Sources of carbon: Autotrophic and mixotrophic.
Organotrophically can grow on yeast extract or meat
extract without S0 in aerobic conditions [2].
Sources of energy: Lithotrophs. Aerobic S0 oxidation,
mineral sulfide oxidation or Fe2+ oxidation. Anaerobic
growth via S0 or ferric iron reduction with H2 or H2S
[2].
Passport 2: Earth extremophiles: Acidithiobacillus
sp.

Species: Acidithiobacillus (=Thiobacillus) sp.: A.
caldus, A. ferrooxidans, A. thiooxidans, A. ferrivorans,
A. ferridurans, A. ferriphilus
General information: Gram negative cells; rodshaped morphology; obligately acidophilic. Inhabit
acidic and sulfur-rich environments including acidic
soil, ores during bioleaching, marine drainage and hot
springs (i.e. Taupo Volcanic Zone hot springs, New
Zealand) [3–5].
Temperature: Outside of hot springs: 5-52°C; A.
caldus being the only known thermoacidophile
(t=52°C). For hot springs members 13.9-97.6°C
pH: Outside of hot springs: 0.5-6.0; For hot springs
representatives: 0.6-8.94 [3].
Sources of carbon: Autotrophic [6].
Sources of energy: Lithotrophs. A. ferrooxidans:
aerobically by oxidation of ferrous iron or sulfur
compounds. Anaerobically using molecular oxygen,
Fe3+ or S0 as an electron acceptor; and using reduced
and elemental sulfur, Fe2+ and H2 as electron donors
[4,6].
Many Acidianus sp. can grow autotrophically: they
use elemental sulfur, sulfide and sulfur-oxyanions
(more reduced than sulfate) as electron donors. A.
ferrivorans, A. ferridurans, A. ferriphilus and A.
ferridurans can oxidize ferrous iron. Ferric iron
reduction may occur even aerobically though it is
linked to the species which also oxidize iron. A.
ferrooxidans and A. ferrooxidans can use hydrogen as
a sole electron donor [4,7].
Passport 3: Earth extremophiles: Stygiolobus gen.
nov. sp.
Species: Stygiolobus sp.: S. azoricus
General information: Gram negative coccoid cells,
highly irregular in shape; strongly lobed or have sharp
edges and bends; cell membrane is surrounded by an
envelope composed of subunits in a hexagonal array.
Thermoacidophilic, i.e. inhabit solfataric springs, mud
and soils of Sao Miguel Islands, Azores [8,9]. This
species has not been isolated from other various
solfataric samples (Iceland, Indonesia, Southern
Kurils, Hokkaido, Yellowstone National Park etc.)
indicating that it might be rare or endemic species in
the Azores [8].
Temperature: S. azoricus: 57-89°C; optimal t=80°C
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[8].
pH: S. azoricus: 1.0-5.5; optimal at 2.5-3.0 [8]
Sources of carbon: Autotrophic. Traces of yeast
extract stimulate growth [8,9].
Sources of energy: Strictly anaerobic, obligately
chemolithoautotrophic; S0 reduction with H2. S.
azoricus: incapable to oxidize sulfur compounds [8].
Passport 4: Earth extremophiles: Thermoplasmata
sp.
Species:
Thermoplasmatales
sp.:
Acidiplasma
cupricumulans, Ferroplasma acidiphilum, Picrophilus
torridus, Thermoplasma volcanium, T. acidophilum,
Thermogymnomonas
acidicola,
Cuniculiplasma
divulgatum.
General information: Varying in shape, facultatively
anaerobic,
thermoacidophilic,
autotrophic
or
heterotrophic (Arce-Rodríguez et al., 2019;
Langworthy, 2015). Can be found in sulfate- iron- rich
hydrothermal springs (i.e. Tenorio Volcano National
Park, Costa Rica) [10] or low-temperature acidic
environments. In particular, Thermoplasmata sp. can
be detected in acidic (pH 0-1) viscous biofilms
(snottites) hanging from the walls of sulfidic caves
which are formed in carbonate rocks: the latter are
being dissolved by sulfuric acid following the abiotic
or microbial oxidation of sulfur present in sulfide-rich
waters. The examples of sulfidic caves are Lechugilla
Cave in New Mexico, USA, or The Grotta Grande del
Vento-Grotta del Fiume in Italy [12]. Moreover,
Thermoplasmata sp. were reported to occur in acid
mine drainage water streams of Parys Mountain, UK,
characterized by low pH (1.7), temperature of 8-18°C
and high concentrations of soluble iron [13].
Temperature: In hot springs can grow at optimum
temperatures of >60°C [10]. Though some members
are found in caves, acid mine drainage water at low
temperatures: 1-2°C [12] or 8-18°C [13].
pH: 4, up to 0-1 [10,12,13]. Thermoplasma
undergoes lysis near neutrality [11].
Sources of carbon: Autotrophic, heterotrophic [10].
Sources of energy: Biochemical characteristics are
poorly
defined.
Thermoplasma:
obligately
heterotrophic, grows on extracts of yeast, meat,
bacteria and archaea.
Therefore, these species represent interesting
candidates to be further analyzed regarding their
common features and adaptive mechanisms. The
ability of these organisms to survive and thrive under
conditions resembling those in Venusian clouds (high
temperatures, low pH, to derive energy via reduction /
oxidation of iron- and sulfur- compounds) provides the
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evidence that hypothetically Earth-like life forms could
have been found on Venus.
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Introduction: Many outstanding questions remain
in the exploration and understanding of Venus, the most
Earth-like terrestrial planetary body [1-5]. The purpose
of this Workshop is to discuss “the formation and
stability of Venus clouds over time and their role in
potential habitability….[addressing] 1. cloud layer
habitability, 2. inputs (interior, surface, exogenous) to
and outputs from the cloud layer over time, 3.
measurements and instruments necessary to investigate
the Venus cloud region, and 4. open questions or any
additional investigations pertaining to the habitability of
Venus clouds.” Of particular interest “are methods
needed to address these questions, and how future
missions will contribute to understanding the cloud
habitability system.” In this contribution, we present a
mission concept, the Venus Aero Vehicle (VAV), that
is low-cost and can provide long-term multi-yearduration exploration of the Venus atmosphere. The
VAV mission concept operates in the Venus atmosphere
above and within cloud layers using a solar powered
high-speed autonomous aero vehicle.
Previous Venus missions have included flybys,
orbiters, probes, balloons and landers [3]. Other than the
VEGA Balloons, there have been no long-duration
missions to explore the Venus atmosphere in situ
vertically, and with latitude and longitude. Also lacking
has been in situ instrumentation to collect repeated and
thorough measurements of the Venus cloud region.
Mission Concept: We are proposing a multi-year
lifetime solar powered Venus Aero Vehicle (VAV),
which is designed to observe and sample the Venus
atmosphere over all longitude and a wide range of
latitude encompassing most of the planet. The VAV is
designed to cruise at 70 km altitude above the clouds in
full sun illumination, with periodic descents into the
clouds down to 50 km altitude. A conceptual image of
the cruise phase is shown in Figure 1.

Figure 1. Conceptual depiction of the VAV
cruising above the Venus clouds.

The mission is designed to address several
questions: Did Venus once have an ocean? Is there
microbial life in Venus’s clouds (search for biosignature
chemicals)? How did the Venusian atmosphere evolve?
What is the 3-D composition, transport and mixing
within Venus’s atmosphere? The Venus Aero Vehicle
(VAV) is designed to address these questions through
the measurements it will provide using a miniature mass
spectrometer along with other scientific instrumentation
such as a wind velocity measurement unit,
accelerometers, temperature sensors, pressure sensors,
and an imaging system.
Mission Concept Design: A flying wing
configuration solar electric powered autonomous VAV
was designed for direct insertion from an interplanetary
trajectory into the atmosphere of Venus. A CAD design
of the VAV is shown below in Figure 2.

Figure 2. CAD design of VAV.

The primary subsystems required for this mission
are thermal, power, control and navigation, and
communications. Pictured below (Figure 3) is the high
level overview of the subsystems onboard the VAV for
this mission.
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Figure 3. High level subsystem interface overview.

The VAV will be carried to Venus folded inside a
deployment vehicle, the “Artichoke,” which together
with the flying wing comprise the payload launched
from Earth. This payload configuration is shown in
Figure 4 The upper left image shows the aero vehicle
folded on the inner platform of the artichoke, the bottom
photo show this same configuration but with one layer
of petals closed, and the upper right image shows this
same configuration but with both layers of petals
completely closed.

Figure 4. VAV and Artichoke configuration.

Power is supplied to the electric propulsion system
by the VAV solar array by opening the Artichoke and
unfolding the VAV wings during the interplanetary
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transfer phase of the mission. Using the VAV
photovoltaics to power an electric propulsion transfer
stage significantly reduces both fixed mass and the mass
of propellant. Insertion into Venus flight directly from
interplanetary transfer is accomplished by the
“Artichoke” deployment vehicle, a heat shield and
‘ballute’ (balloon-parachute) for an aerobraking entry
into the Venus atmosphere similar to the initial EDL
phases of the Perseverance Mars mission.
When the Artichoke descends to about 75 km it will
begin to unfold to provide aerobraking and prepare for
deployment of the VAV. Once the Artichoke (and the
VAV packaged inside) have unfolded, a ballute will be
deployed which will apply a force to the system great
enough to break the linkage between the VAV and the
Artichoke, allowing the Artichoke to continue its
descent to the surface while functioning as an
atmospheric probe and transmitting its data to NASA’s
Deep Space Network (DSN) 70 meter antennas on
Earth. This option was chosen instead of relaying
transmissions through the VAV to provide autonomy
and ensure reliability. If there are technical issues with
the VAV and it is unable to receive the data and or it
experiences any mission critical system failure, the
Artichoke will still be able to successfully transmit data
of scientific value directly to Earth.
The Artichoke has its own ballute which will deploy
after VAV detachment. This will allow for a
significantly longer descent time, consequently
allowing for a significantly greater quantity of scientific
data to be collected and sent to the VAV for eventual
downlink to Earth. The ballute quickly decelerates the
VAV and allows the VAV to begin flight maneuvers at
an altitude of about 70 km.
The VAV will fly with airspeed sufficient to
compensate for Venus’s atmospheric winds, thus
maintaining its position at local solar noon. This means
that the vehicle will have to overcome headwinds
reaching 100 m/s (360 km/hr). By countering the
prevailing winds, the VAV maintains its position at
Venus solar noon for maximum solar panel power
production. The planet thus rotates underneath the
VAV, providing in situ sensing over the full range of
Venus longitudes. The VAV can also make excursions
north and south of the equator depending on how much
excess solar energy generation is available to
compensate for associated cosine losses in solar panel
illumination. Cruising above most of Venus’ cloud
cover at just below 70 km altitude, the VAV will
descend at regular intervals to as low as 50 km altitude
to collect data and sample the atmosphere inside and at
the bottom of the cloud layer.
Launch, Transportation and Cost: The entire
system, including the VAV, Artichoke and
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interplanetary electric propulsion system is compatible
with a launch by a RocketLab Electron class rocket.
This micro-spacecraft-scale interplanetary mission is
estimated to cost ~$25M, about 5% of conventional
interplanetary mission budgets. Key enabling
technologies include advanced thin film perovskite
photovoltaics, a flying wing aero vehicle, newly
developed lightweight instrumentation, particularly the
mass spectrometer, advances in autonomous aero
vehicle structures and autonomous control, and the
strategy of high altitude cruise with periodic dives
through the more hostile cloud environment. Flying at
sufficient velocity to remain at solar noon ensures an
always-on high performance electric vehicle and large
gains in observational duration and geographical range.
Sensing and sampling instrumentation will provide
insight into Venus’s atmospheric composition and
atmospheric phenomena, as well as probing for
molecular indicators of life. This mission will provide
us with a much more complete picture of the
atmospheric composition and history of Venus, along
with the short-term fluctuations in atmospheric
circulation and composition. Furthermore, the data
collected from Venus will help us to understand the
formation and evolution of other solar system bodies
and exoplanets characterized by the presence of
atmospheres. Performing a small, low cost, long
duration interplanetary mission will be a pathfinder for
missions of similar cost and scale to other
extraterrestrial destinations.
Conclusions: The use of a folding, flying wing
design for an autonomous, high speed, solar electric
powered aircraft is a new capability for planetary space
missions. It will be a significant contribution to
exploration capabilities for Venus and beyond,
contributing to our understanding of the Venus cloud
layer while also expanding the horizons of space
exploration and terrestrial remote sensing by allowing
long duration wide-area autonomous data collection.
References: 1. Taylor et al., 2018, Space Science
Reviews, 214, 34; 2. Way & Del Genio, 2020, Journal
of Geophysical Research, 125; 3. Ivanov & Head, 2011,
Planetary and Space Science, 59, 1559; 4. Limaye et al.,
2021, Astrobiology, in press; 5. Head et al (this
volume).
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Introduction: Honeybee Robotics has developed
an all-in-one collection, delivery and sealing system for
studying aerosols in the Venusian atmosphere. The
system utilizes only two actuators and is mechanically
simple; thus it is relatively reliable, inexpensive, and
low power. The system’s small and flexible packaging
size make it adaptable to many mission architectures
and instrument types.
Tape and Roller Sampling System Concept: The
sampling system is comprised of a tape wound between
two spools: the feed and storage spools. Venusian air
containing aerosols is directed, either actively or
passively, to a select area of the tape’s surface where
particles are collected. The feed spool is actively driven
by a motor such that the sampled section of tape is
delivered to an instrument. The tape acts as a conveyer
belt, placing the sample under a knife edge instrument
inlet. An elevator sealing mechanism creates a knife
edge seal, with the tape acting as a gasket. At this point,
another sample may be collected, and the sampling
process repeated. By nature, continuing operations will
cause the previously sampled tape sections to be stored
in the storage spool. If desired, the drive motor could be
reverse driven to analyze a sample a second time. A
schematic of this design concept is shown in Figure 1.

sample acquisition may be either active or passive,
depending on the cost-benefit of sampling time as
compared to power consumption and mass. For
missions concerned with cross-contamination, this
system would be preferable to a container- or filterbased system, because a fresh section of tape surface is
exposed for each sample collection. Additionally, it is
easy to add sampling capability for relatively little
added mass and volume overall. Because movement is
equally possible both “forwards” and “backwards,”
there is excellent control over tape placement.
With respect to instrument compatibility, materials
used in the system may also be changed as needed.
However, Honeybee has baselined a gold foil for the
tape due to its material compatibility with the Venusian
atmosphere and most instruments, its malleability, and
high free surface energy, which attracts particles. To
this end, Honeybee has previously used gold in the
witness plate assemblies (WPA) on the Mars 2020
sample return [1].
System Heritage: This concept is based on the
Precision Subsampling System (PSS), a previous
Honeybee design created for use with a time-of-flight
mass spectrometer (TOF-MS) developed by Will
Brinckerhoff at the Goddard Space Flight Center
(GSFC) [2]. In this system, select portions of a
heterogenous rock core are powdered by a subsampling
device. The rock cuttings are collected on Kapton tape
and, using the paired spools approach, are moved to the
knife edge inlet of the instrument. An elevator sealing
mechanism is used to create a knife edge seal, with the
Kapton tape acting as the gasket. The prototype system
is pictured in Figure 2.

Figure 1: Schematic illustrating the tape and roller
sampling system concept.
Mechanical complexity is minimized by having only
two actuators: one for driving the feed spool, and one
for sealing. In the case of sealing, a paraffin actuator
(requiring heat to operate) is proposed to further
minimize avionics size and complexity. A clock spring
ensures the two spools are coupled, and that the length
of tape between them is always taut.
Architecture Flexibility: This simple design
concept can be readily adapted to meet many proposed
Venusian instrument or mission architectures. The tape
length could be increased, and the geometry altered to
house several in-line instruments. The method of

Figure 2: Honeybee prototype and testing of PSS
References: [1] Moeller, R.C. et al. (2021) Space
Sci Rev 217:1-4. [2] Brinckerhoff, W., et. al. (2010).
Earth and Space 1364-1381.
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Background: Venus is known for its sweltering
surface temperatures, substantial pressure, and an
atmosphere containing only approximately 30 ppm of
H2O [1]. However, the high deuterium/hydrogen (D/H)
ratio in Venus’ atmosphere suggests that Venus was
once temperate enough to host abundant water [2]. It
stands to reason that if Venus was once Earth-like, then
it may have hosted life on its surface, similar to that of
Earth’s past.
An early Venus habitable phase has been postulated
for many years, and recent 3-D General Circulation
Model simulations have provided compelling evidence
of a possible temperate past climate (Fig. 1) [3,4].
Venus’ habitability in these simulations closely
resembles that of Earth and under these conditions
microbes could have prospered through much of Venus’
history as they did on Earth’s. Finding evidence of
microbial structures on Venus could be difficult since
Venus has probably been in a hot-house state for the past
180-750 million years (Myr) [5,6] with ~80% of its
surface a victim of widespread volcanism over that time.
If there was liquid water on the surface and some form
of volatile cycling to keep conditions stable [e.g., 7,8]
then temperate conditions supporting life could have
existed for 100s of Myr to several billion years on
Venus.

Figure 1. Venus habitable scenario as described in
[4]. If there was liquid water on the surface, then life
could have existed for several billion years on Venus.
Could we find evidence of this if we knew where to
look?

The oldest macroscopic fossils found on Earth are
stromatolites – formed by microbes that create
recognizable laminated sedimentary structures which
have been preserved in the geologic record [9]. These
trace fossils have been well-studied and are thus
recognizable, and their chemistry, morphology, and
biological life cycles are well cataloged. This
knowledge of the oldest life on Earth can be used to
identify morphological biosignatures on other planetary
bodies – including Venus.
The existence of stromatolites on other planets is not
a new concept, several researchers have already
considered the possibility that stromatolites may exist
on Mars [9,10], so why not Venus? The potential for
fossil preservation depends on the stability of the
primary mineral and the degree of weathering and
aqueous alteration the fossil has undergone during the
hostile conditions of the past 180-750 Myr. For Venus,
even though ~80% of the planet has been resurfaced by
volcanism there remain substantially older regions such
as the tesserae, regions thought to be untouched, where
stromatolites may be preserved [11]. In the present-day
Venus environment, fluid exposure is unlikely, but
chemical weathering would still be a significant source
of alteration. To this end, we have developed a set of
experiments to test several ancient Earth stromatolites
of varying mineral compositions and weathering
potential under Venus temperatures, pressures, and
atmosphere. The aim of this study is to help identify
whether these morphological fossils could be
recognized with instrumentation on future Venus
missions - and be used to optimize landing sites for their
discovery.
Methods: Stability experiments were conducted in
a newly-acquired Venus simulation chamber in the Hot
Environments Laboratory at the National Aeronautics
and Space Administration (NASA) Goddard Space
Flight Center. This chamber is composed of Inconel, has
a working volume of 300 mL, and is heated by a ceramic
heater. It is capable of simulating a range of Venus
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relevant temperatures and pressures, and a wide range
of gas species.
For this study two stromatolites were investigated.
The first sample was a Neoproterozoic carbonate
stromatolite acquired from Svalbard, Norway. These
stromatolites were formed approximately 780 Ma years
ago in a marine/glacial environment. The second sample
was a Tumbiana formation stromatolite acquired from
Hamersley Basin, Western Australia (Fig. 2). These
stromatolites formed approximately 2.7 Ga years ago in
a shallow marine environment. Powdered and unaltered
(whole) samples were taken from each stromatolite.

Figure 2. The Tumbiana formation stromatolite form
Western Austrailia used in this study. The stratified
bands are easily recognizable.
Each of these samples were individually exposed to
Venus simulated surface conditions (733K, 95 bar)
under a simulated Venus atmosphere (96% CO2, 155
ppm SO2, ~4% N2) for 100 hours. This was
accomplished by filling the chamber with the tri-gas
mixture at room temperature and then heating to the
desired temperature thus reaching the desired pressure.
To eliminate possible O2 or H2O contamination the
chamber was first evacuated via a mechanical vacuum
pump.
Mass changes and visual appearance were noted
with each experiment. Scanning Electron Microscopy
(SEM) analysis were performed pre- and postexperiment to identify microscale alteration. Mineral
identification was performed with X-Ray Diffraction
(XRD) to note any phase changes in the samples as a
result of exposure to simulated Venus conditions.
Results: The initial XRD results for the
Neoproterozoic carbonate stromatolite identified a
mineral mixture of calcium and magnesium carbonates,
quartz, and plagioclase. After exposure to Venus
conditions there was no detectable mineral change in the
sample. The pre-experiment SEM analysis showed
visible cleavage planes on calcite crystals and minerals
were generally tens of microns in size. Post-experiment
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SEM analyses did not reveal changes in crystal
structure.
The initial XRD results for the Tumbiana formation
sample identified quartz, calcite, kaolinite, and
plagioclase. The resulting samples post-experiment
showed similar proportions of quartz, calcite, and
plagioclase, but the kaolinite was no longer detected.
Pre-experiment SEM on the Tumbiana sample showed
regions with smaller grains ( < 5 microns) on the
weathered portion of the stromatolite compared to the
interior. After the experiment there were no apparent
changes to crystal structure. On the unexposed, interior
portion of the stromatolite, the SEM showed grains were
larger than those on the exterior (weathered) portion of
the sample, but similarly there was no change before and
after the experiment.
Discussion: If Venus did have an Earth-like climate
in its past, and if liquid water did exist on its surface for
billions of years, then it is possible that life in the form
of microbes existed on the surface forming trace fossils
similar to Earth stromatolites. The preliminary data
obtained in this project suggest that if this occurred,
evidence for their existence may still be preserved
today. The results show that the minerals incorporated
in the formation of these stromatolites do not chemically
react with the currently observed Venus atmosphere.
However, several studies have suggested that
carbonates would react with SO2 in the atmosphere to
form sulfates [12-16]. The absence of sulfates in these
results could be a function of kinetics, and further
studies will be completed to assess their full stability.
The disappearance of kaolinite after an experiment was
foreseeable, as other investigations studying hydrated
silicates have suggested they are unstable and
eventually over time dehydrate due to the high surface
temperature and limited water vapor abundance [12,
15]. One of the most notable features of stromatolites is
its distinct layering, and these experiments showed no
distinguishable alterations to this mm to cm scale
feature.
Forward-model analysis of Venus climate shows
that Venus may have been Earth-like up into the last
20% of Venus’ history -up to and through the formation
of the tesserae. Additionally, based on volcanic
degassing calculations the currently observed
atmosphere may in fact be a “fossil atmosphere”
inherited from a previous epoch and implies that the
transition between the Earth-like climate and Venus’
current climate happened some time prior to 0.5-1 Ga
years ago [16]. This means that the most likely location
to find evidence of past habitability, especially in the
form of trace fossils like stromatolites, would be in the
tessera terrain [16]. If the apparent layering of the
tesserae is due to sedimentary formation then it would
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provide the ideal environment to preserve evidence of
past aqueous conditions that would have been the
depositional environments for fossils like stromatolites
to form.
Despite the obvious eureka moment of a
sedimentary observation, additional observation
requirements are necessary to identify fossils on Venus.
This study shows that morphology more so than
chemistry is important for the recognition of
stromatolites on Venus. Stromatolites have micro- and
macro- scale features that distinguish them from the
surrounding rocks; they are layered sedimentary
formations that typically form in concentrated groups.
Some individual stromatolites grow to a meter or larger
in size. On the mm to cm scale, what typically
distinguishes a stromatolite are the stratified layers
formed over time by the trapping and binding of grains
in microbial mats (Fig. 2). In situ investigation plays an
important role in identifying stromatolites. On Earth,
present day stromatolites are often found exposed at the
surface as the water level drops or evaporates, and they
have distinct mineralogies and morphologies from the
surrounding rocks which typically helps distinguish
them in the field. The same could be true on Venus and
hence could be leveraged in any future in situ analysis.
The missions set for launch in the coming decade
could help provide constraints for where we might
search for fossils on Venus. VERITAS (Venus
Emissivity, Radio Science, InSAR, Topography, and
Spectroscopy) and EnVision will map the surface of
Venus with both radar and the near-infrared to look at
the topography as well as compositional changes to
better our understanding of the formation and evolution
of Venus’ surface [18,19]. DAVINCI’s (Deep
Atmosphere Venus Investigation of Noble gases,
Chemistry & Imaging) probe will carry the Venus
Descent Imager (VenDI) to provide high-contrast
images of Alpha Regio tessera (the descent location) to
bridge the radar and IR images from orbit with local
scale images [20]. The local scale images serve as
ground truth and will enable the evaluation of
sedimentary processes that could reveal an aqueous, and
habitable history. Such data can be supplemented with
the EnVision subsurface radar sounder maps, which are
expected to reach depths up to 1000 m with a 10 m
horizontal resolution [21]. In addition, a Venera-D type
mission [22] to the tesserae outfitted with appropriate
instrumentation could help distinguish stromatolites
from distinct surface geologic units.
References: [1] Drossart et al., 1993. Planet. Space
Sci. 41, 495–504. [2] Donahue et al., 1982. Science,
216, 630. [3] Way, M. J. et al., 2016. GRL 43, 8376–
8383. [4] Way, M. J. and Del Genio, A D., 2020. JGR
Planets 125, e2019JE006276. [5] McKinnon et al.,
1997. Venus II, pp. 969. [6] Bottke et al., 2016. LPSC

4050.pdf
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e2021JE006895. [8] Foley and Smye, 2018.
Astrobiology, 18. [9] Clarke & Stoker, 2013. Icarus,
v.224, Issue 2, p. 413-423. [10] Cady et al., 2003.
Astrobiology, v.3, Issue 2, pp. 351-368. [11] Head and
Basilevsky, 1998. Geology, v.26, no.1, 35-38. [12]
Semprich et al., 2020. Icarus, 346, 113779. [13] Berger
et al., 2019. Icarus, 329, 8-23. [14] Fegley and Prinn,
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114139. [17] Head et al., this vol. [18] Smrekar et al.,
2019. EPSC, v.13, 1124. [19] Widemann et al., 2021.
19th VEXAG Meeting, 8068. [20] Garvin et al., 2020.
51st LPSC, 2588. [21] Gail et al. 2020 EPSC, 14, 599.
[22] Zasova 2018, 42nd COSPAR Scientific Assembly,
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ASTROBIOLOGY OF VENUS: BASIC INSIGHTS ANG PROSPECTS (APPLICATION TO VENERA_D
MISSION). O. R. Kotsyurbenko, Yugra State University (16, Chekhova str., 628012 Khanty-Mansiysk, Russian
Federation, kotsor@hotmail.com).

A significant event in the history of astrobiology of
Venus was the discovery of the atmosphere by the
Russian scientist M.V. Lomonosov. Much later in the
era of space exploration the atmosphere was recognized
to be the most possible, if not the only, ecosystem on
Venus where Earth-type microbial forms could exist.
The concept of a hypothetical microbial system is
based on the presence of sulfuric acid-water aerosols in
Venusian clouds, which may be populated by
polyextremophilic organisms capable of surviving
extremely low pH values and water activity. The source
of such hypothetical microorganisms could be the
surface of a planet that could have been suitable for life
in ancient times or other cosmic bodies, including Earth,
from where the microorganisms could have come by
panspermia.
A number of recently published articles regarding
life in the cloud layer of Venus have highlighted some
crucial theoretical and methodological issues that must
be addressed in preparing an astrobiological research
program for future space missions to Venus.
These issues include the detection of phosphine as a
biomarker in Venus clouds, new life forms capable of
living in a concentrated acid solution with extremely
low water activity, and new methods for biomarker
detection under extreme conditions. The important issue
is also the development of the concept of sustainable
existence of the microbial system in the Venus cloud
layer. Such sustainability could be achieved by the
performance of biogeochemical cycles in Venus clouds
and their connecting to surface chemical processes and
matter exchange as well as by the presence of a
sufficiently extended environment, in which
microorganisms could exist as a community and realize
various trophic interactions.
Some issues mentioned above could be addressed in
the framework of microbiological research by
organizing expeditions to study extreme terrestrial
ecosystems as possible analogs to the Venusian cloud
system and isolate new extremophilic microorganisms,
performing bioinformatic analysis of available data to
predict key biochemical and metabolic features of
hypothetical microbial forms, conducting laboratory
experiments simulating the conditions of Venusian
cloud layer system, as well as the development of simple
and reliable methods for the detection of relevant
biomarkers.
A combination of direct and indirect detection
methods, as well as the reliability of the results obtained,

should be an important prerequisite when making
recommendations for the development of in situ
astrobiological studies. One of the key points in the
development and possible adjustment of the concept of
the existence of microbial forms in the clouds of Venus
is getting more detailed information on the physical and
chemical parameters in the cloud layer of Venus.
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Rothschild2, R. Mogul3, J. Head4, and M.J. Way5, 1University of Wisconsin (1225 W. Dayton St., Madison WI
53706, USA, sslimaye@wisc.edu), 2NASA/Ames Research Center (Moffett Field, Mountain View, CA 94035,
USA), 3California State Polytechnic University (3801West Temple Avenue, Pomona, CA 91768, USA), 4Brown
University (324 Brook Street, Providence, RI 02912, USA) 5NASA/GISS (2880 Broadway, New York, NY 10025,
USA).
Introduction: If life arose on Venus or was seeded in its ancient past when it presumably had liquid
water on the surface until perhaps about a billion years
ago[1-3], it has experienced considerable changes in
environmental conditions. Little is known about the
conditions on early Venus, but what has been inferred
for Earth provides some speculative basis given their
physical similarity, proximity to the Sun and past volcanic activity. The key conditions include surface temperature, pressure, atmospheric composition, geochemical make-up, presence of liquid water, global circulation, and the rotation state (rate and axial tilt) which
control the day-night cycle over the planet and its atmosphere.
The present rotation states of Venus and Earth are
quite different – Earth with a 23.5° axial tilt and a
23.9344696 hour sidereal day and Venus with 177° tilt
and a 243.0212 ± 0.0006 day [4] sidereal period.
Small variations in this period on short term scales (<
10 years) have been detected [5, 6], likely as a result of
the exchange of angular momentum with the atmosphere [7, 8] and larger, long term variations during any
evolutionary adaptations over the eons may have occurred for Venus. Thus while the day and night at
present are on average 12 hours each for Earth, the
backward spin of Venus and an orbital period of 224.7
days results in day and night each about 58.35 Earth
days long.
It is not known what the rotation rate of Venus was
in the past. Tidal dissipation (solid body or oceanic)
[12,19,20,22] and/or core-mantle friction (CMF) [10]
can be remarkably efficient at slowing rotation rate,
while CMF can also influence obliquity [10]. Investigations into the effect of atmospheric tides on Venus
[9-11] suggest that regardless of the initial rotation
period, Venus has arrived at the present slow, retrograde rotation state (see [21] for a review). If Earth is
any indication, it is possible that the early rotation period of Venus was much shorter, perhaps similar to
that of the early Archean Earth (<6 hours [18]) .
Earth’s rotation period ~1 billion years ago when life
originated on Earth was much closer to the present day
period, due to the presence of the moon (18-21 hours
[18]). Lacking a moon (presumably), the Venus rota-

tion rate could have remained short for a long period
until a thick atmosphere evolved.
Any life, if present today, in the potentially habitable zone in the Venus clouds would have undergone
numerous adaptations to survive in such environmental
conditions, particularly if the current atmosphere is a
product of post-tessera volcanic activity [1, 12], or
alternatively is a “fossil” atmosphere, dating from the
first 80% of the geological history of Venus [13]. It
has been speculated [14, 15] that life could have migrated to the clouds and found a permanent habitable
niche by the time the surface conditions became inhospitable.
One of these environmental conditions is the duration of the day–night cycle. Since much of Earth’s
productivity is traced to photosynthesis, such long
periods of darkness would have a profound effect on
such processes on the Venus surface, creating
day/night durations comparable to the polar regions of
the Earth In addition, the day-night cycle on Earth is a
trigger for the circadian clock among even the primitive unicellular to plants, fungi and animals (including
humans) on Earth [16, 17]. Hence the question arises
about the impact of a changing circadian clock on Venus.
For the speculated habitat in the clouds of Venus,
adaptation to acidity and low water activity is necessary in addition to paucity of nutrients and a changing
rotation period. There are terrestrial analogs to such
adaptations and it is possible that similar adaptations
could have happened on Venus as conditions changed
and polyextremophiles survived. Did the day-night
cycle duration help this process?
Acknowledgments: We thank Tetyana Milojevic
and Jaime Cordova for useful discussions and comments. SSL was supported by NASA Grant
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DEVELOPMENT OF CLOUD MICRO-ORGANISM CENSUS SAMPLING PLATFORMS. S. S. Limaye1,
D. Sokol2 and J. Arenberg2, 1University of Wisconsin, Madison (1225 West Dayton Street, Madison, WI 53706, USA,
sslimaye@wisc.edu), 2Northrop Grumman Aerospace Corporation (1 Space Park Blvd, Redondo Beach, CA 90278).

Earth, the only inhabited world known has cloudbased life in the form of micro-organisms. Airborne microbes are transported over long distances [1] and bacteria have been found to act as cloud condensation nuclei [2-4]. Much has been investigated about the bacteria in the clouds at a wide range of altitudes [5-7], but
much more can be learned by sampling such populations from suitable platforms. Carrying out such surveys on other bodies with atmospheres is also a need for
planets such as Venus [8-10] and perhaps Titan. The
challenge is the proper design of the mission and technology to carry out such studies. In this paper, we explore the use of a terrestrially based flight platform, to
develop and mature the science and technology for such
a survey of extra-terrestrial cloud based life. Among the
challenges of mission design is long duration flight and
the ability to accommodate equipment of sufficient scientific capability to achieve mission goals. We explore
and discuss the options for this development using the
Northrop Grumman concept for a semi-buoyant platform.
REFERENCES
[1] Mayol, E., et al., Long-range transport of airborne
microbes over the global tropical and subtropical
ocean. Nature Communications, 2017. 8(1): p.
201, 10.1038/s41467-017-00110-9
[2] Bauer, H., et al., Airborne bacteria as cloud
condensation nuclei. Journal of Geophysical
Research: Atmospheres, 2003. 108(D21),
10.1029/2003jd003545
[3] Christner, B.C., et al., Geographic, seasonal, and
precipitation chemistry influence on the
abundance and activity of biological ice
nucleators in rain and snow. Proceedings of the
National Academy of Science, 2008. 105: p.
18854, 10.1073/pnas.0809816105
[4] Ziemba, L.D., et al., Airborne observations of
bioaerosol over the Southeast United States using
a Wideband Integrated Bioaerosol Sensor. Journal
of Geophysical Research: Atmospheres, 2016.
121(14): p. 8506-8524,
https://doi.org/10.1002/2015JD024669
[5] Smith, D.J., et al., Airborne Bacteria in Earth's
Lower Stratosphere Resemble Taxa Detected in
the Troposphere: Results From a New NASA
Aircraft Bioaerosol Collector (ABC). Frontiers in
Microbiology, 2018. 9(1752),
10.3389/fmicb.2018.01752

[6] Amato, P., et al., Metatranscriptomic exploration
of microbial functioning in clouds. Scientific
Reports, 2019. 9(1): p. 4383, 10.1038/s41598-01941032-4
[7] Amato, P., et al., Microorganisms isolated from
the water phase of tropospheric clouds at the Puy
de Dôme: major groups and growth abilities at
low temperatures. FEMS Microbiology Ecology,
2007. 59(2): p. 242-254, 10.1111/j.15746941.2006.00199.x
[8] Limaye, S.S., et al., Venus' Spectral Signatures
and the Potential for Life in the Clouds.
Astrobiology, 2018. 18(9): p. 1181-1198,
10.1089/ast.2017.1783
[9] Seager, S., et al., The Venusian Lower Atmosphere
Haze as a Depot for Desiccated Microbial Life: A
Proposed Life Cycle for Persistence of the
Venusian Aerial Biosphere. Astrobiology, 2020,
10.1089/ast.2020.2244
[10] Autho, Venus, an Astrobiology Target,
2021,https://ui.adsabs.harvard.edu/abs/2021BAAS
...53d.161L

Venera-D 2021 (LPI Contrib. No. 2629)

4023.pdf

DYKE SWARM HISTORY OF SAMODIVA MONS REGION, DEVANA CHASMA QUADRANGE V-29,
VENUS. D. G. Malyshev1, R. E. Ernst2,3, C. H. G. Braga2, E. G. Antropova2, H. El Bilali3. 1Physics Faculty, Tomsk
State University, Tomsk, Russia: malyshev.danil13@gmail.com, 2Faculty of Geology and Geography, Tomsk State
University, Tomsk, Russia, 3Department of Earth Sciences, Carleton University, Ottawa, Canada.
Introduction: The area chosen for study is the
Samodiva Mons (volcano; 13.6º N, 291.0º E) and surrounding areas (Fig. 1), which is located east of Beta
Regio (major plume center) [1], and at the southern
end of Hyndla regio, a flat-topped highland consisting
mostly of tesserae [2]. Tesserae are the stratigraphically oldest units and typically complexly deformed [3],
and may derive from a time when Venus had a more
Earth-like climate [4]. However, the volcanism of
Samodiva Mons and surrounding areas occurred after a
proposed great climate change transition [5,6] to the
present hyper warm (450 ºC), with high CO2 concentration (96%) and high atmospheric pressures (90 times
that of Earth). As a consequence, there has been no
significant erosion during or subsequent to emplacement of the volcanic and tectonic features of the
Samodiva region. Therefore, the primary characteristics of the flows are preserved. Thus, Venus provides a
complimentary view of terrestrial Large Igneous Province (LIP) volcanism for which erosion has typically
exposed the deeper parts of the plumbing system [7].
The Samodiva area is within Quadrangle V-29 and
1:500,000 scale mapping of this quadrangle begun [8]
but not completed. In the catalogue of Crumpler and
Aubele (2000) Samodiva is classified as an unnamed
Arachnoid (subclass of corona) that is listed as being
70 km in diameter [9]. This measurement refers to the
upper portion of the Samodiva edifice. Figure 2 indicates an overall width of the edifice of 150 km and a
central summit caldera 25 km in diameter.
Research goals: 1) Detailed mapping of the graben
fissure systems of the area which will be grouped into
sets (interpreted to represent dyke swarms). Crosscutting relationships will reveal the relative of those associated with Samodiva Mons with respect to those that
belonging to other magmatic centers (e.g. Zhivana
corona, to the west);
2) Detailed mapping of the lava flows associated
with Samodiva Mons to determine their emplacement
history, and to identify their specific sources, including
those which are being fed from the radiating graben
system (dyke swarm);

3) Assess the timing of central summit collapse to
identify which flows or dykes were fed from summit
collapse (and emptying of an underlying magma
chamber);
4) Mapping of the surrounding units to understand
the regional context for emplacement of the Samodiva
Mons event.
5) Assessment of variation in the areal extent of
magmatism over time (from crosscutting relationships)
can be used to estimate the magnitude of CO2 and SO2
release over time associated with the Samodiva event
and thus contribute to our understanding of the evolution of the Venusian atmosphere over time.
Initial mapping results for Goal 1 are shown in
Figure 3. Three sets of grabens (interpreted to represent dyke swarms) have been mapped so far: the radiating (yellow) and circumferential swarm (white) are
both directly associated with Samodiva Mons, but a
third NNW-trending swarm (blue) is unrelated and
likely belongs to a different magmatic center located
along strike outside the study area either to the NNW
or SSE.
Acknowledgments: Magellan SAR images obtained from https://astrogeology.usgs.gov/search/?pmitarget=venus
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on
the
data
from
https://pdsimaging.jpl.nasa.gov/volumes/magellan.htm
l#mgnFMAP.
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Figure 1 – Samodiva Mons region, the focus of this mapping. See also Zhivana corona. Kaisa, Rosa Bonuer, and
Iondra are impact craters. The tesserae in the northern part of the image is the southern portion of Hyndla regio. Image from JMARS [10]. 290° E longitude and 10° N latitude lines are shown.

Figure 2 – E-W section across the central edifice of Samodiva which has an elevation of 1,250 m, a width of about
150 km and a summit caldera about 25 km wide and about 500 m deep. Inset shows location of E-W profile; S =
center of Samodiva Mons.

Venera-D 2021 (LPI Contrib. No. 2629)

Figure 3 – Closer look to the studied area (a) and initial mapping of graben fissure systems of Samodiva Mons (b).
The yellow lines represent an overall radiating dyke swarm and the blue NNW-trending lines represent a swarm that
is unrelated to Samodiva Mons and is inferred to be linked to a separate center outside the area either to the NNW or
to the SSE. A set of circumferential graben surrounds the Samodiva Mons center with a radius up to 60 km and
likely represents a circumferential dyke swarm. A radiating system of flows is also visible and will be the focus of
the second stage of detailed mapping of this research.
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PHOSPHORUS IN THE CLOUDS OF VENUS: POTENTIAL FOR BIOAVAILABILITY. Tetyana
Milojevic1, Allan H. Treiman2, and Sanjay Limaye3, 1Space Biochemistry Group, Department of Biophysical
Chemistry, University of Vienna, Vienna, Austria, 2Lunar and Planetary Institute, USRA, Houston, Texas, USA;
3
Space Science and Engineering Center, University of Wisconsin, Madison, Wisconsin, USA.
Aerosol phase elements such as phosphorus (P),
sulfur (S), and metals including iron (Fe) are essential
nutrients that could help sustain potential biodiversity
in the cloud deck of Venus. While the presence of S
and Fe in the venusian cloud deck has been broadly
discussed (Zasova et al., 1981; Krasnopolsky, 2012,
2013, 2016, 2017; Markiewicz et al., 2014), less
attention has been given to the presence of P in the
aerosols and its involvement in the multiphase
chemistry of venusian clouds and potential sources of
P deposition in the venusian atmosphere. A detailed
characterization of phosphorus atmospheric chemistry
in the cloud deck of Venus is crucial for understanding
its solubility and bioavailability for potential venusian
cloud microbiota (Schulze-Makuch et al., 2004;
Grinspoon and Bullock, 2007; Limaye et al., 2018).
We summarize our current understanding of the
presence of P in the clouds of Venus and its role in a
hypothetical atmospheric (bio)chemical cycle. The
results of the VeGa lander measurements are put into
perspective with regard to nutrient limitation for a
potential biosphere in venusian clouds. Our work
combines the results of the VeGa measurements and
focuses on P as an inorganic nutrient component and
its potential sources and chemical behavior as part of
multiple transformations of atmospheric chemistry.
The VeGa data indicate that a plentiful phosphorus
layer exists within a layer that reaches into the lower
venusian clouds and exceeds minimum P abundances
for terrestrial microbial life (Figure 1) (Milojevic et al.,
2021). Extreme acidification of airborne phases in the
atmosphere of Venus may facilitate P solubilization
and its bioavailability for a potential ecosystem in
venusian clouds. Further sampling and P abundance
measurements in the atmosphere of Venus would
improve our knowledge of P speciation and facilitate
determination of a bioavailable fraction of P detected
in venusian clouds. The previous results deserve
further experimental and modeling analyses to
diminish uncertainties and understand the rates of
atmospheric deposition of P and its role in a potential
venusian cloud ecosystem.

Figure 1. Microbial phosphorus acquisition and
strategies for life in phosphorus-poor terrestrial
environments.
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Potential for Habitability and Round-the-Clock Phototrophy in Venus’ Clouds. R. Mogul1, Sanjay S. Limaye2,
Yeon Joo Lee3, Michael Pasillas1; 1California State Polytechnic University, Pomona, USA (rmogul@cpp.edu),
2
University of Wisconsin, Madison, USA; 3DLR Institute of Planetary Research, DE.
Introduction: We present photophysical and
chemical arguments for the potential for phototrophy
and habitability in Venus’ clouds [1]. We show that the
solar photon fluxes calculated across Venus’ cloud
layers are sufficient for Earth-like phototrophy, and that
the wavelengths that transmit through Venus’ clouds
overlap with the absorption profiles of pigments such as
bacteriochlorophyll b and phycocyanin. Moreover, our
calculations show that thermal emissions arising from
below Venus’ clouds are potentially sufficient to sustain
lower-power and lower-flux photosynthesis. Together,
our model supports a novel photophysical habitat that
includes solar illumination from above the clouds
during the day and thermal illumination from below the
clouds from the hot surface and atmosphere throughout
the day and night. When considering the potential for
habitability, we also present novel interpretations of the
refractive index values obtained in situ and sulfuric acid
vapor abundance profiles obtained through radio
occultation that suggest, due to the presence of partly
neutralized sulfuric acid, that acidity and water activity
values in Venus’ aerosols may potentially be suitable
for microbial growth.
Photophysical Considerations: Solar irradiances
(local noon, solar zenith angle 15˚) were calculated
using a radiative transfer model described in the works
of Lee, Sagawa [2] and Lee, Jessup [3]. Calculated and
normalized irradiances across 450-1200 nm of 998 W
m-2 (53.5 km) and 741 W m-2 (49.5 km) were very close
or within error to averaged measured irradiances from
Venera 11, 13, and 14 (450-1200 nm) of 1085 ± 86 W
m-2 (55 km) and 719 ± 162 W m-2 (50 km).
Our calculations indicate that normalized photon fluxes
in Venus’ middle and lower clouds (8.2x1018 and
7.0x1018 m-2 s-1 nm-1, respectively) peak at 607.5 nm and
are ≤1.3-fold higher than the normalized fluxes on
Earth’s surface (ASTM G-173-03), which peak at 669
nm. Further, integrated irradiances across the UV-A
and UV-B on Earth’s surface (46 W m-2, 280-400 nm)
are ~7-fold higher than those in Venus’ middle clouds
(6.7 W m-2, 280-400 nm), after normalization. For the
middle clouds, (A) >99.99% of the total UV flux arises
in the UV-A region (320-400 nm), (B) ~66% of the total
UV flux arises at wavelengths (370-400 nm) longer than
those measured by the Venera probes, and (C) fluxes in
the UV-B (280-320 nm) and UV-C (200-280 nm) are

essentially negligible and decrease substantially from
the top of the atmosphere.
Habitability Considerations: For Venus’ clouds, the
potentials for phototrophy and/or chemotrophy are
significantly constrained by the abundances of acid and
water. Acid abundances in the aerosols in Venus’
middle clouds are regarded to be ≥75% w/w sulfuric
acid, with values peaking at ~98% w/w in the lower
clouds [4-7]. When considering the Hammett acidity
factor (H0), these abundances translate to H0 values of 6 to -11, which represent extremely acidic conditions.
Further, from studies on Earth, solutions of ≥75% w/w
sulfuric acid (~13-18 M H2SO4) are considered to
exhibit water activities of ≤0.01 [8, 9]. Together, such
high acidities and low water activities preclude any
known terrestrial life.
Chemical Considerations: Hence, as a chemical
argument towards habitability, we suggest that
treatments of Venus’ aerosols, to date, may
underestimate the presence of bisulfate and/or sulfate,
which would directly impact the functional acidity and
water activities of the aerosols. Bisulfate (HSO4-) and
sulfate (SO4-2) are structurally and spectrally related to
sulfuric acid (H2SO4) and represent the respective
conjugate bases of neutralized sulfuric acid. In
summary, our comparisons show that solutions of
bisulfate and/or sulfate salts – and quite likely mixtures
with sulfuric acid – exhibit optical properties like those
observed at Venus; for example, similar refractive index
values are shared between Venus’ middle clouds (1.41
± 0.03), 40-85% w/w sulfuric acid (~5.4-16 M), and 4089% w/w ammonium bisulfate (~4.5-11 M). Further,
when considering radio occultation measurements at
Venus, we present alternative interpretations that are
consistent with the presence of ammonium bisulfate
and/or lower abundances of sulfuric acid. When
assuming abundances of 40-85% w/w sulfuric acid for
the middle clouds, and a 0.5 mole ratio of ammonia, we
obtain adjusted acidity levels (H0) of -0.1 to -1.5 and
estimates of water activity of ≥0.6. These hypothetical
acidities and water activities fall within the limits of
terrestrial microbial growth.
Potential for Phototrophy: Hence, our photophysical
results indicate that transmitted solar irradiances in
Venus’ clouds are suitable for Earth-like phototophy
with similar photon fluxes across the visible and near-
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infrared (350-1200 nm) when compared to Earth’s
surface. As potential selective biological pressures, the
solar irradiances in Venus’ clouds could also be more
favorable due to ~87% less flux in UV-A, with
negligible flux in the UV-B and UV-C. When
considering
visual
appearance,
hypothetical
phototrophs in the clouds could appear brown/maroon
in color after absorption of light transmitting through
Venus’ signature phototrophic windows, inclusive of
maximal absorption at the wavelength of peak solar
irradiance (608 nm).
Lastly, our calculations suggest that thermal emissions
from below Venus’ clouds could sustain Earth-like
photosynthesis. Hence, our analyses are supportive of a
photophysical habitat that includes diurnal input of solar
energy through the cloud tops along with persistent
input of lower-energy and lower-flux thermal energy
from below the clouds.
Potential for Habitability: When considering chemical
limits to habitability, our interpretations of measured
refractive index and radio occultation data suggest that
aerosols in the middle clouds could harbor neutralized
forms of sulfuric acid, such as ammonium bisulfate.
Such interpretations of partly neutralized sulfuric acid
are parallel to those of Rimmer, Jordan [10], who
suggest that aerosols with pH values of ~1 (due to the
presence of substantial base) yield water and SO2 vapors
that match Venus observations. Thus, under the
assumptions in this study, Venus’ aerosols could harbor
water activity (≥0.6) and acidity values (H0 -0.1 to -1.5)
that lie within the limits of terrestrial acidic cultivation
(H0 -0.4). The acidity limits are also tantalizingly close
to the limits for oxygenic photosynthesis (≥H0 0.1).
However, for anoxygenic photosynthesis (≥H0 2),
acidity remains to be a constraining variable.
Conclusions: Venus’ clouds, therefore, may not be as
inhospitable as suggested by the models of
Krasnopolsky [6] and Hallsworth, Koop [9] due to the
lack of observational constraints for Venus’ middle and
lower clouds, and since differing chemicals may share
optical and microwave absorption properties. Looking
ahead, mass spectrometers amenable to sampling vapors
of sulfuric and phosphoric acids [11, 12], ionized
chemical species [13], and/or sublimated salts [14]
could help in detailing the acid, conjugate base, and
water abundances in the aerosols; thereby directly
addressing the potential for habitability in Venus’
clouds.
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VENUS ATMOSPHERE SIMULATION WITH THE GLENN EXTREME ENVIRONMENT RIG. L. M.
Nakley, NASA Glenn Research Center (leah.m.nakley@nasa.gov, 21000 Brookpark Road Cleveland, OH 44135)
Introduction: The Glenn Extreme Environment
Rig (GEER) is a world class test facility designed to
simulate some of the most extreme conditions on planetary bodies in the solar system. GEER is located at the
NASA Glenn Research Center in Cleveland, OH and
has been in operation since 2013. GEER is an 800 liter
stainless steel pressure vessel equipped with a custom
high-pressure gas mixing system and real-time gas
analytics that monitor chemistry inside the chamber
during operation.
To date, GEER has focused on simulating Venus
surface conditions, but the rig may be adapted to
achieve a wide range of other extreme environments.
In addition to providing bulk CO2 and N2, GEER offers eight trace gas streams and a high pressure liquid
injection system that can deliver custom mixtures with
ppb level accuracy. The current configuration for Venus surface testing includes SO2, H2O, CO, COS, H2S,
HCl, and HF. Gas chemistry inside the chamber is
monitored throughout the test in real time using a gas
chromatograph. Additionally, gas samples can be taken
from the chamber for onsite analysis by mass spectrometer. Further robust gas monitoring capabilities are
currently in development. If needed, adjustments can
be made to the gas chemistry to maintain target conditions or to simulate a change in altitude. At this time,
GEER has demonstrated continuous operation for
more than 80 days at target Venus surface conditions
[1-3].
Pressure Vessel Description: The GEER pressure
vessel is constructed out of 304 stainless steel and is
capable of operating at 475°C at 94 bar. Large test
articles can be accommodated through the main opening of the chamber which boasts a 36” internal diameter. Smaller test articles can be easily installed through
various 3” or 4” ports on either side of the chamber.
Active test articles such as sensors or devices requiring
power can be tested in GEER using custom high temperature electrical feedthroughs. These feedthroughs
safely seal wires and cables passing through the chamber for connection to data systems or power sources
external to the chamber during a test.
Collaborative Research and Development: The
GEER has been used to conduct a variety of experiments ranging from investigations of surfaceatmosphere interaction to atmospheric dynamics as a
result of Venus’ high surface pressure [1-5]. It has also
been instrumental in the maturation of instruments and
technology that may one day be sent to the surface of
Venus. These include exposing a wide range of materi-

als as well as actively running circuits in GEER to investigate their durability [6-9]. While the majority of
experiments to date have focused on the surface of
Venus, GEER can be used to simulate other conditions
present at different altitudes in Venus’s atmosphere.
The facility is available for use by public and private
entities, and through research opportunities including
NASA ROSES solicitations. The GEER can be customized to accommodate the user’s experimental conditions, and the facility can provide the user with data
obtained during the experiment such as temperature,
pressure, and gas composition.

Figure 1: The GEER chamber with main access
flange removed showing the inside of the vessel.
References: [1] Harvey, R. et al. (2014). 2014
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Cloud layer habitability of Venus. There may be life on it. A.T Pelawatta. Rajarata University of Sri Lanka,
(pelewattaanuhansi99@gmail.com).

Introduction: Venus is the twin sister of earth that
remind the name of the love goddess of the ancient
Greek civilization. It is one of the terrestrials (rocky)
planets and situated as the second planet from the distance of sun. There are some similarities between Earth
and Venus. Both of them are more or less similar in
their size, density and chemical components etc. Venus
has a harsh geological background with 475 degrees of
Celsius average surface temperature and thousands of
volcanos. Some volcanos are still in active stage [5][6].
Venusian atmosphere is thick and toxic one that
filled with carbon dioxide gas and yellowish sulfuric
acid cloud layers [6]. It’s atmosphere continuously
covered with this cloud layers and because of this reason, the surface gets fever solar rays. This atmosphere
divided for five layers. They are, lower haze layer,
lover cloud layer, middle cloud layer, upper cloud layer and upper haze layer.

Figure 1. The atmosphere of Venus. It shows the
lower haze layer, three cloud layers (lower, middle
and upper) and upper haze layer. From;
https://www.researchgate.net/figure/Venusatmosphere-showing-the-increase-of-temperature-asaltitude-decreases-with-the_fig1_269127628
Venus is one of the important astrobiological targets because of its ability to give some answers for the
unsolved problems regard the origin of life and the
evolution of the life on earth. Study of Venus is important because we can get a proper idea about the

inner habitable zone region of solar system. Also, there
are some unsolved questions such as why the Earth and
Venus are so different? What are the interactions between atmosphere and the surface of the Venus and is
it affect on the life of the Venus and if there is a life,
how those interactions affect for this life? etc. [1].
When scientists Observe the Venusian atmosphere,
they discovered that at the top of the Venusian clouds
has some unnatural dark streaks. Those dark streaks
show an odd habit to absorbed ultraviolet radiations.
Scientists suggested two possible suggestions for describe this observation.[6]
1. They may be ice crystals or some inorganic
compounds such as iron chloride.[6]
2. These fine particles should be microbial life
that survived on Venusian clouds [6].
Also, astrobiologists have noted that some ring-shaped
aggregations between Sulphur atoms and those structures are able to provide microbes with some kind of
shield.
Before billion years ago, Venus might have been an
ocean world with surface water [6][1]. But present day
it is a dry planet with huge active volcanos and didn’t
discover surface water yet. Surface water of the Venus
has turned into vapor and leaked to the space because
of the greenhouse effect or some unknown reason.
However, if there was enough surface water, there
might be a probability of the existence of the life on
Venus.[1]
Only the surface water is not enough for the origin of
life on a planet. It needs some requirements such as
necessity elements, energy source and fluctuation.
Venus contain with sufficient elements like C, H, O, N
and as an energy source and fluctuation there are active
volcanos.[1]
So, the life on Venus might have originated in the
presence of surface liquid water and probably it should
be a microbial life. when the liquid water turns to vapor, that microbial life may be migrated to some suitable place where they can survive. Most of the time, it
should be the Venusian atmosphere and sometimes this
life may be extant or still alive with long time hibernation or active stage.
Lower cloud layer of Venusian atmosphere is one major target for studying the life, because of its favorable
conditions for some kind of microbial life. the moderate temperature (¬ 60 degrees of Celsius), pressure (¬1
atm), very low pH (pH < 0.5) and microne size of aerosols gives a sign of the microbial life on Venusian
cloud system.[3][1]
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If there are any microbial life on Venusian cloud system, they should be depending on the available water,
carbon and sufficient elements. Because of the anerobic atmosphere, those life probably would be an anaerobic life. Phototrophic reduction of the atmospheric
carbon dioxide gas would be the major source of the
acquire of carbon and the ultraviolet radiation provides
the driving energy source for the life.[3]
According to the reports of VeGa 1 and 2 missions,
both phosphorous and Sulphur have been detected [3].
Partially hydrated phosphoric anhydrate may be the
most abundance phosphorous compound of the Venusian lower cloud system. Aerosol aqueous sulfuric acid
(75% to 98% and pH =0.5 to 1.5) also can be observed
between 48 km to 60 km of the atmosphere.[3]
Several types of terrestrial microbes on earth can survive in very marginal environments that similar to the
Venus’s atmosphere with high sulfuric acid concentration, anaerobic and with ferrous ions. On Earth, some
microbes can survive in the high altitudes of the atmosphere. (15 km to 42 km).[3]
As an example, we can consider the Acidithiobacillus
ferroxidans. It is a chemolithoautotrophic and acidophilic γ protobacterium. It can survive on extremely
low pH range (pH = 1-2) and capable of survive in
high temperature (50-60 degrees of Celsius). Also, A.
ferroxidans is capable to produce sulfuric acid.[2]
So, according to the information that scientists has
discovered, Venusian cloud system show habitability
for a microbial life and there may be a possibility of
microbial life on Venusian cloud layers.
.
References; [1] Space Science Research Institute, Russian
Academy of Science, Roscosmos and NASA, Venera D
Landing Sites Selection and Cloud Layer Habitability Workshop Report (2019) page 55-81
[2] Esparza. M., Cardenas. J.P.,Bowine. B., Jedlicki. E.,
Holmes. D.S. (27th August 2010), Genes and Pathways to
CO2 Fixation in the Chemolithoautotrophic acidophile,
Acidithiobacillus ferroxidans, carbon fixation in A. ferroxidans [3] Limaye. S.S., Mogul.R., Smith. D.J., Ansari, A.H.,
Stowik. P.G. Vaishampayan. P. (12th September 2018) Venus’s Spectral Signature and the Potential of Life in the
Clouds [4] Podolak.M. (1979 May) Inhomogeneous

models of the Venus clouds containing Sulfur
[5] Overview of Venus. NASA Solar system exploration
(Update; 9th August 2021)
https://solarsystem.nasa.gov/planets/venus/overview/
[6] In depth of Venus. NASA solar system exploration (update;3rd August 2021)
https://solarsystem.nasa.gov/planets/venus/in-depth/
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TOWARDS AN EXPLANATION FOR VENUSIAN CLOUD ANOMALIES AND IMPLICATIONS FOR
THE HABITABILITY OF THE CLOUDS. J. J. Petkowski1, W. Bains1,2, P. B. Rimmer3, S. Seager1,
1
Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of Technology, Cambridge,
MA 02139, USA, 2School of Physics & Astronomy, Cardiff University, 4 The Parade, Cardiff CF24 3AA, UK,
3
Department of Earth Sciences, University of Cambridge, Downing St, Cambridge CB2 3EQ, UK.

Introduction: Scientists have been speculating on
Venus as a habitable world for over half a century (e.g.
[1]), based on the Earth-like temperature and pressure
in Venus’ clouds at 48-60 km above the surface. The
hypothesis that Venusian clouds may be inhabited by
an aerial biosphere got recently bolstered by a tentative
detection of a biosignature gas phosphine in the
atmosphere of Venus [2,3]. Phosphine however is not
the only anomaly that suggests very unusual chemical
processes in the clouds, and maybe even life. The
apparent presence of such chemical anomalies came to
the forefront thanks to the recent efforts to re-analyze
and re-interpret the legacy data collected by both the
Pioneer Venus and Venera probes [4].
New Interpretation of the Venusian Cloud
Anomalies: We present a new transformative
hypothesis for the chemistry of the clouds of Venus,
that builds on previous work by Rimmer et al [5]. Our
model predicts that the clouds are not entirely made of
conc. sulfuric acid, but of ammonium salts, which may
be the result of biological production of ammonia in
cloud droplets. As a result, the clouds are no more
acidic than some terrestrial environments that harbor
life. Our model explains many decades-long anomalies
(Figure 1) including the observed SO2 and H2O
abundance profiles, the presence of O2 in the cloud
layers and the potential existence of the “Mode 3
particles”. Furthermore, the model’s predictions for the
abundance of gases in Venus’ atmosphere matches
observation better than any previous model and are
readily testable [6].
Critical Future Measurements: An in situ Venus
probe can support or refute our proposed view of
Venus as an inhabited planet with the following
measurements.
Gases:
 Establish the co-existence of NH3 and O2 in
the cloud layers.
 Determine the specific altitude-dependent
abundance profiles of H2O, SO2, and H2S.
Cloud particles:
 Confirm the non-spherical, semi-solid nature
of Mode 3 cloud particles and identify them
as ammonia salts.
 Measure the pH of cloud particles, especially
Mode 3 cloud particles.
Search for life:



Analyze a large number of individual cloud
particles,
especially
Mode
3,
for
morphological and chemical signs of life.

Figure 1. Venus atmosphere anomalies and their possible
association with life. Our new model [6], based on the work of
Rimmer et al [5], proposes an explanation for the anomalous
measurements shown in green squares.

Conclusions: We conclude with a call for more
data from the legacy dataset. Regardless of whether
our particular model is right, it is clear that there are a
lot of unknowns about Venus. New missions to Venus
will add data to resolve some of the lingering
questions. Even so, we believe that if legacy data were
made available, particularly data from the Russian
Venera and Vega missions, this data could support or
refute current models and predictions, and would
provide needed context for future mission results.
Acknowledgments: We would like to thank
Breakthrough Initiatives for support and the members
of the Venus Life Finder Missions Concept Study
Group (https://venuscloudlife.com/)
for useful
discussions.
References: [1] Seager S. et al. (2021)
Astrobiology in press. [2] Greaves J. S. et al. (2021)
Nature Astronomy, 5, 655-664. [3] Bains W. et al.
(2021) Astrobiology, in press. [4] Mogul R. (2021)
GRL, 48, e2020GL091327. [5] Rimmer P. B. (2021)
Planet. Sci. J., 2, 133. [6] Bains W. et al. (2021)
PNAS, in review.
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Vesper: multi-experience transport mission architecture in the Venusian environment.
Mr. Thibaut POUGET, Federation Open Space Makers, France, thibaut.pouget@outlook.com

Introduction:
This study presents a multiobjective Venusian mission architecture. Its aim is to
offer multiple “customers” (research institute, university, private company) a service to transport their payload to a study target located on Venus without having
to design a complete space mission. In order to facilitate the interfacing, the payloads meet the cubesat format from 1U to 12U.
In comparison to a traditional mission focusing on
some experience, a multi-customer’s transport mission
allows the researcher to propose directly the experiences answering their questions. This would allow a
single mission to generate many publications across a
variety of domains.
The targets proposed by the mission are a heliocentric orbit, a high Venusian orbit, a low Venusian orbit,
an atmospheric entry near Phoebe Regio or an atmospheric entry on a point selected by the customer.
This study presents the design of the transport platform, the distribution of costs per unit cubesat according to the target selected by the customer, management
of the communications according to the payload position as well as the proposals of the simple, economical
and cubsat air balloon inflation system.

1U atmospheric platform

target

definition

Scientific interest

heliocentric

Heliocentric orbit
(108Gm x 107 Gm
7.8°)

-Sun observation
-NEO traking
-Interferometry

HVO

High Venus Orbit
(66Mm x 250km 90°)

- Communication relay
-Atmosphere observation
-Balloons localization
-magnetism

“Skimming”

High Venus Orbit
(66Mm x 90km 90°)

-High atmosphere
chemical analysis

LVO

Low Venus Orbit
(250km x 250km 90°)

-Atmosphere observation
-radar observation

Initial
capsule

Atmospheric entry
above phoebe regio
(31°S 87°W)

-ballon, probe, lander
-atmosphere chemistry
and dynamic
-surface morphology and
chemistry
-seismography

Targeted
capsules

Atmospheric input
above the selectable
point

-surface morphology and
chemistry
-seismography
-vulcanology

Vesper probe
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HISTORY OF VOLCANISM IN NORTHERN ASTERIA REGIO, VENUS. V. E. Rozhin1, R. E. Ernst1,2, C. H.
G. Braga1, E. G. Antropova1, H. El Bilali1,2 1Faculty of Geology and Geography, Tomsk State University, Tomsk,
Russia (vadimroz@mail.ru) 2Department of Earth Sciences, Carleton University, Ottawa, Canada.
Introduction: Asteria Regio, Venus (Fig. 1) hosts
multiple volcanic centers including Polik-mana Mons
and Kona Mons with their associated rift zones, and
there are also multiple smaller unnamed magmatic centers [1]. This area is about 1,200 km west of the Theia
Mons center, which is the main volcano associated
with the Beta Regio plume [2]. We have selected this
Asteria Regio region (Fig. 1) for research, given the
intense volcanism and the opportunity to characterize
its volcanic history through detailed mapping
(1:500,000 scale). Such Venus volcanism is analogous
to Large Igneous Provinces (LIPs) on Earth [3, 4, 5]
and provides a complementary view of such volcanism,
given the absence of erosion on Venus at this time [6],
when compared to the erosion that can deeply dissect
terrestrial LIPs.
Our mapping of this region at 1:500,000 is 10x
more detailed than previous mapping. The western part
of our area is in Hecate Chasma V-28 quadrangle
which was mapped at 1:5,000,000 [1]. The eastern part
of this area is within Devana Chasma Quadrangle V29, for which initial mapping of V-29 was started [7],
but not completed.
The goals of this research of Asteria Regio are: 1)
detailed mapping of the lava flows and identification
the specific sources for each; 2) detailed mapping of
graben fissure systems (interpreted to overlie dyke
swarms) and linking them to specific magmatic centers;
3) determining the relative ages of dykes and flows and
developing a geological history for the area; 4) determining the geodynamic relationship with the plumerelated magmatism of Beta Regio, centered about
1,000 km to the east; 5) considering implications for
improved understanding of terrestrial LIPs 6) estimating the volume of volcanism from each magmatic center and its relative timing from cross cutting relationships (goal 3) in order to estimate the magnitude of
CO2 and SO2 release as a contribution to characterizing
the evolution of the Venusian atmosphere over time.
Preliminary Mapping: Our initial mapping is focused on the flow field shown in Fig. 2 (see red box in
Fig. 1). In the quadrangle map of [1] this flow field is
labelled fH (and termed “Hecate Chasma flow material”) and is mapped as a distinct unit from the nearby
flows fPoc, which are interpreted as a distal flank flow
from Polik-mana. The latter is considered as flow field
49 in Table 2 of the global flow field catalogue of [8].
The Hecate flow field unit covers about 70% of this
area (Fig. 2) the main direction of flow is from north-

west to southeast. Hecate-Chasma (fH) [1] has been
sub-divided by us into the following 3 types: fH-1, fH2, fH-3 (Fig. 2). Unit fH-1 is radar-bright, suggesting a
rough surface and is interpreted to be the oldest unit. It
comprises the majority of the fluctus. Type fH-2 is
radar dark, suggesting a smooth surface, and which we
interpret as the youngest unit. Lava channels located on
the edges of fH-1 are provisionally interpreted to be of
the same age as fH-2 (Fig. 3).
Type fH-3 is radar intermediate; it has a variable
texture and is presumably intermediate in age between
fH1 and fH2. It is distributed mainly in the western and
eastern parts of the fluctus, and is of smaller extent
than fH-1 and fH-2.
Small shield volcanoes are also present (Fig. 2),
which are predominantly distributed in the central part
of the area. Their diameter varies from 1 km to 6 km.
These shield volcanos are older than the fH-1 type lava
flow, as can be the relationship with the surrounding
flows.
Our continuing mapping of this fluctus aims to
identify the specific source(s) of these three main flow
units associated with Hecate Chasma. More broadly
our detailed (1:500,000) mapping and interpretation of
all the flow units (and associated graben-fissure systems) of this northern Asteria region will lead to 1) a
robust geological history and 2) an estimate of magmatic production (and CO2 and SO2 gas release)
through time over time and thus contribute to our understanding of the evolution of the Venusian atmosphere.
Acknowledgments: Magellan SAR images obtained from https://astrogeology.usgs.gov/search/?pmitarget=venus
based
on
data
from
https://pdsimaging.jpl.nasa.gov/volumes/magellan.html
#mgnFMAP.
References:: [1] Stofan E. R. et al. (2012) USGS
Scientific Investigations, Map 3163. [2] Basilevsky A.
(2008) USGS Scientific Investigations, Map 3023.
[3] Head J. W. and Coffin M.F. (1997) AGU Geophys.
Monograph, 100, 411-438. [4] Ernst et al. (2007) In:
Superplumes: Beyond Plate Tectonics. Springer. 537562. [5] Buchan K. L. and Ernst R. E. (2021) Gondwana Research, in press. [6] Khawja S. et al. (2020)
Nature Communications, 11, 5789. [7] Tandberg E. R.
and Bleamaster L.F. (2010) XLI LPS, Abstract #1402.
[8] Magee K. P. and Head J. W. (2001) In: Mantle
Plumes: Their Identification Through Time: GSA Spe-
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cial Paper, 352, 81-101. [9] Christensen P. R. et al.
(2009) AGU Fall Meeting, Abstract #IN22A-06.

Figure 1 – Magellan SAR image of
the Asteria Regio region which is
about 1,200 km west of the center of
Theia Mons, which is the main
volcano associated with the Beta
Regio plume. The area enclosed by
the red box is the focus of this
abstract (see Fig. 2). Image is JMARS
[9].

Figure 2 – Preliminary
mapping in the area with a
major fluctus (flow field)
which is mapped as fH unit in
1:5,000,000
scale
the
quadrangle
map
[1].
According to it this flow unit is
linked to Hecate Chasma (rift)
and is inferred to have been
fed from fissure along Hecate
Chasma; the goal of our more
detailed mapping (1:500,000
scale) in this area is to identify
the specific source of this flow
field. The approximately N-S
white band across the image is
an area of missing Magellan
data.
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Figure 3 – Preliminary mapping of lava channels in the area with a major fluctus (flow field). A lava channel is a
stream of fluid lava contained within zones of static (i.e., solid and stationary) lava or lava levees. As the lava
flows through the channel, the elevation of the surface of the lava flow pulsates and lava can possibly flood the
associated channel walls spilling out of the channel and over the existing levees, creating what is known as
overflow levees. Overflow levees increase the height and width of the original levee.
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Fluorescence microscopic observation of model microorganisms suspended in sulfuric acid. S. Sasaki1, K.
Enya2, S. Ohno3, Y. Yoshimura4, A. Yamagishi5, A. Miyakawa5 1Tokyo University of Technology, 5-23-22
Nishikamata, Ohta-ku, Tokyo 144-8535, Japan (sasaki@stf.teu.ac.jp), 2JAXA, 3-1-1 Yoshinodai, Chuo-ku,
Sagamihara 252-5210, Japan, 3Chiba Institute of Technology, 2-17-1 Tsudanuma, Narashino 275-0016, Japan,
4
Tamagawa University, 6-6-1 Tamagawa Gakuen, Machida 194-8610, Japan, 5Tokyo University of Pharmacy and
Life Sciences, 1432-1 Horinouchi, Hachioji 192-0392, Japan

Introduction: A fluorescence microscope is
attractive for the in situ particle characterization of
Venus’ cloud layer because it can provide information
on the density, morphology, and biochemical
characteristics of the particles. Several challenges
should be presented due to the sulfuric acid
composition and the corrosive effects when the system
is applied to the imaging of Venus cloud particles A
combination of fluorescent pigments has generally
been used for the live/dead detection of cells in the
field of biochemistry. The combination of SYTO 24
and propidium iodide (PI) [1] is most commonly used.
PI (being hydrophilic) is used as an indicator of
membrane integrity because it can only cross
permeable cell membranes. After the death of the cell,
the cellular membrane turns into permeable to charged
molecules. PI stains mainly nucleic acids such as DNA
and RNA inside of dead cells. After the addition of a
SYTO24-PI mixture to the cells, whether with or
without defect on the membrane, the stains can enter
all cells and bind to RNA and DNA, emitting green
fluorescence. On the other hand, PI can enter cells with
damages on membranes. PI emits red fluorescence
after binding to RNA and DNA. PI replaces SYTO 24
as both pigments approached the same DNA, because
of higher affinity of PI to bind DNA. Under a
particular condition ([PI] > [SYTO 24]), a red (PI)
fluorescent signal is obtained. Such co-staining that
gives information on dead cells (red) and live cells
(green) is an attractive function of the fluorescence
microscope.
Microorganism in sulfuric acid: As Venus cloud
contains sulfuric acid, the effect of sulfuric acid on the
degradation and efficiency of the fluorescent stains
needs to be studied. All we know so far about SYTO
24 and PI are the function at neutral pH. As the clouds
of Venus are reported to be acidic, several factors that
enable the observation of fluorescence from cells
suspended in sulfuric acid should be considered. In our
experiment, focused on a mixture of pigments and
sodium hydroxide. In our experiment, pigment solution
containing one of SYTO 24, PI, and DAPI was mixed
with NaOH on glass slides. Onto this reagent, A.
ferrooxidans suspension in sulfuric acid was added.
Fluorescence images were observed with digital still
camera mounted on fluorescence microscope. Three

filter systems (excitation/emission in nm: 300390/435-490, 408-440/527-530, 546-512/600-640)
were employed. In addition, Fluorescence quenching
[2] was evaluated in order to distinguish the
fluorescence of the DNA-bound pigment from nonbiological auto-fluorescence. Our results of fluorescent
stains with A. ferrooxidans suspended in sulfuric acid
will be reported.
References:
[1] Taverniti, V. et al., (2019) Nutrients, 11: 285.
[2] Wlodkowic, D. et al., (2008) Cytometry Part A, 73A:
496-507.
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HABITABILTY CHALLENGES IN THE VENUSIAN CLOUDS D. Schulze-Makuch1,2, 1Technical University
Berlin, Astrobiology Group, ZAA, Hardenbergstr. 36, 10623 Berlin, Germany, schulze-makuch@tu-berlin.de,
2
School of the Environment, Washington State University, Pullman, WA 99164, USA
Introduction: The claimed detection of phosphine
in the Venusian atmosphere [1] reignited the
discussion about possible life at Venus. While many in
the scientific community are convinced that the
environmental conditions are too harsh for life to exist
[e.g., 2,3], others point to the assertion that early
Venus was habitable and that microbial life on Venus
could have adapted to the currently extreme conditions
by natural selection [e.g., 4,5]. There are several
arguments in favor for possible life in the Venusian
clouds. They include (1) habitable temperatures and
pressures that exist in a continuous, stable cloud
environment, (2) sufficiently available energy making
photosynthesis in the clouds possible as a metabolic
strategy, (3) life could have evolved from an early
surface habitat (ocean) to a cloud habitat, (4) critical
elements such as C,N,S and P are thought to be
available in the atmosphere [6], and (5) prevailing
disequilibrium conditions in the Venusian clouds [7],
especially in regard to hydrogen [5] and nitrogen [8],
which is a basic requirement for life. There are also
several arguments against possible life in the Venusian
atmosphere, which include (1) the extremely low water
activity that appears to require unknown biochemical
pathways to overcome, (2) sulfuric acid concentrations
are extrapolated to be in a range that life on Earth
could not cope with, and (3) the likely lack of trace
metals and hydrogen [6]. The claimed detection of
phosphine, a biomarker in an oxidizing environment
such as the Venusian clouds [9], might be an argument
in favor of life, if it can be confirmed. A thorough
analysis by Baines et al. [10] resulted in no plausible
abiotic pathways. However, the presence of two
potentially abiotic pathways for phosphine production
has recently been claimed by Omran et al. (phosphine
deriving from reduced phosphorous compounds in the
sub-cloud layer or from the corrosion of large
impactors as they ablate near the Venusian cloud layer)
[11].
Possible Solutions to Habitability Challenges at
Venus. It is unquestionable that the Venusian cloud
environment poses stark challenges to habitability.
Could those challenges be overcome? The two main
challenges are the low water activity and the extremely
acidic environment. There have been made several
suggestions how these challenges could be overcome.
One of these is that aerosols may be cells coated by
elemental sulfur [4]. Elemental sulfur is not wetted by
sulfuric acid and if microbial cells exist in the
Venusian atmosphere, they may not be fully enveloped

and only adhere to sulfuric acid droplets. This would
potentially lower the stress caused by water activity
and acidity on any microorganism in that type of
environment [12]. An elemental sulfur coating would
also absorb UV irradiation, re-radiate these
wavelengths into visible frequencies usable for
photosynthesis, and thus could be the base of a
primitive ecosystems based on phototrophy [4].
However, Seager et al. [13] pointed out that any
putative cells would also have to be coated by
hydrophilic filaments to take up critical liquids.
Another way how to reduce the acidity stress in the
lower Venusian atmosphere has been suggested by
Rimmer et al. [14]. They suggested that hydrogen
delivered in form of aerosols, salt, or metals, which is
thought to be brought up in the form of dust from the
Venusian surface, could buffer the pH of the clouds to
1-2. A pH-value in this range is well within the
capability of acidophilic microbes on Earth to handle.
Of particular interest in this regard are hydroxide salts
because their presence may also explain the depletion
of sulfur dioxide in the clouds [14].
Habitability Questions that Need to be
Answered. Given the claimed controversial detection
of phosphine, one of the first questions to be answered
is whether the phosphine detection is real [1] or
whether perhaps SO2 was misidentified as phosphine
[15]. To test, we should try to detect phosphine in the
infrared range and confirming it by LNMS mass
spectra as done by Mogul et al. [9]. We should also
search for diphosphine, because it would be an
expected intermediate in the photolysis reaction of
phosphine to phosphorus and hydrogen.
Another step is to investigate what kind of
mechanisms could be envisioned as an adaptation to
hyperacidity and extreme lack of liquid water. For
example, in some hyperarid environments on Earth,
life can obtain all of its needed water through
deliquescence [16]. Could there be a similar “trick” to
meet the challenge of living in an hyperarid
environment like the Venusian atmosphere? A major
challenge is that by Earth standards any organism
thriving in the Venusian clouds would have to be a
polyextremophile. The tolerance to extreme individual
parameters such as water activity, temperature or
acidity is much less in polyextremophilic microbes
than in microorganisms that have only to deal with one
extreme parameter. Therefore, it is questionable
whether the environmental challenges in the clouds can
be overcome with the biochemical repertoire that is
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available for Earth organisms. And we should not
forget that being airborne is an additional challenge.
On the other hand, from our own planet we know
that there are often surprising solutions of how life can
still sustain itself in a seemingly hostile environment.
One of them is to thrive in microenvironments that
may be dramatically different in regard to
environmental conditions than the larger-scale
environment [5]. As an example, in a liquid asphalt
lake the measured water activity was determined to be
0.49, well below the threshold that would allow life
[17]. Nevertheless, life was present in microdroplets of
water within the oil matrix [18], with the microdroplets
having a much higher water activity.
Another option of how life deals with hostile
conditions is that it becomes dormant for a while and
then thrives again when environmental conditions
become more benign. One example is that lichen under
Martian radiation sheltered niche conditions
metabolized despite water activity being below the
known threshold for life most of the time [6, 19]. The
conclusion was that the relatively short periods during
the simulated sunrise and sunset with high water
activities were sufficient to allow metabolism and even
growth. Time frames are not restricted to daily cycles
but can be vastly expanded as can be observed with
seasonal changes on our planet, for example shown in
tree rings - when tree growth occurs during the
growing season. The dormancy phases may even
stretch thousands or perhaps millions of years [20],
particularly if the dormant phase occurs in spores,
which are resistant to many environmental extremes.
Spores have also been proposed to possibly exist in the
Venusian atmosphere [13].
While there is no organism on Earth that could live
in the Venusian clouds, that may not mean that
possible adaptation mechanisms cannot exist.
Hyperacidic low-water activity environments are rare
on Earth, and there may have not been enough
selection pressure on Earth to develop adaptations to
these conditions.
Complimentary to the proposed theoretical work,
laboratory experiments should be conducted to test
selected acidophilic microorganisms on their limit to
sulfuric acid concentrations. Can this limit be
enhanced from generation to generation as was shown
for the gradual adaptation of microbes to perchlorates
[21]? Trace metals are critical for life on our planet as
well. How could putative life at Venus compensate for
the lack of important trace metals? Laboratory
experiments to find out should ideally be conducted in
very acidic environments. This is not only important
for possible life on Venus but would also be useful
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information when exploring other extraterrestrial
locations.
Upcoming Missions: Three missions to Venus
have been approved, two by NASA (DAVINCI+ and
VERITAS) and one by ESA (EnVision), and these
missions are well-suited to find answers to some
critical questions, especially how Venus became the
planet it is today. The major astrobiology objectives in
regard to Venus have recently been summarized by
Limaye et al [5]: I. Was Venus habitable in the past?
II. What are the chemical and physical conditions with
respect to life in the present-day Venus atmosphere?
and III. Are there signs of biogenic activity?
Measurements taken by the new missions will help us
gain insights on these questions. Particularly important
will also be whether Venus had plate tectonics during
its natural history and whether there are still active
volcanoes on Venus today that may release water
vapor and improve habitability conditions. The CUVIS
instrument on DAVINCI+ may be especially important
by revealing the nature of the still unknown UV
absorber, which absorbs up to 50% of solar energy.
These missions will improve our knowledge of the
Venusian environment tremendously, and without
understanding the environment we cannot possibly
hope to understand any life that may thrive in it. Even
if there is no current nor was there any past life at
Venus, it is still critical to understand the extreme
greenhouse effect that encompassed Venus. Earth may
have a very similar fate in the future.
Furthermore, it is important to understand what the
limits for Earth life are in regard to the environmental
stressors occurring on Venus. We will gain these by
observations from the planned missions and by doing
the proposed laboratory experiments. Too much
current information about the chemical and physical
conditions in the Venusian atmosphere is still based on
theoretical speculations and poorly constrained
modeling, so the new mission results are very much
needed not only to adjust and modify laboratory
experiments accordingly, but also obtain a higher
confidence in the modeling results.
References: [1] Greaves, J.S. et al. (2020) Nat.
Astron., 5, 655-664. [2] Snellen, I.A.G. et al. (2021)
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in
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MAGMATIC HISTORY OF NORTH-EAST PART OF THEIA MONS, BETA REGIO, VENUS. A.
Shimolina1, R.E. Ernst2,3, E.G. Antropova2, C. H. G. Braga2, H. El Bilali3. 1 Department of Petrology and Volcanology, Faculty of Geology, Lomonosov Moscow State University, Moscow, Russia: arina051299@gmail.com, 2Faculty
of Geology and Geography, Tomsk State University, Tomsk, Russia 3Department of Earth Sciences, Carleton University, Ottawa, Canada.
Introduction: Theia Mons is one of the most important volcanic edifices on Venus (Figs. 1 and 2). It is
centered at 22.7º N, 281.0º E (101.0º W) on Beta Regio, which along with Atla and Themis Regio, define
the BAT (Beta-Atla-Themis region) as the youngest
volcanic and tectonic activity of Venus. Beta Regio is
thought to represent a currently active plume in that it
is topographically elevated, has an associated geoid
high, is the center of a triple junction rifting system [1]
and is also the focus of a giant radiating dyke swarm
[2].
The northern half of Theia Mons has been mapped
at 1:5,000,000 scale as part of Beta Regio Quadrangle
(V–17) [3]. The southern half of Theia Mons is located
in Devana Chasma Quadrangle (V-29). 1:5,000,000
mapping of this quadrangle begun [4] but was not
completed. The global compilation Crumpler and
Aubele (2000) catalogued this as Theodora Patera
(24.0º N 280.5º E) with a diameter of 1,000 km [5]. In
later publications [1,3] it is referred to as Theia Mons
and we use this name here.
General view and objectives: Theia Mons consists
of a volcanic edifice which is 500 km across and 2.5-3
km high with a deep central caldera (2.5 km deep)
which is about 50 km across (Fig. 2). Flows can be
traced up to at least 650 km away from the central edifice. The radiating swarm (recognized by a grabenfissure system) can be linked to a regional linear N-S
swarm suggesting an overall swarm length of 3,400 km
(Fig. 1). The transition from the radiating to linear
pattern at 1,000 km is interpreted to mark the outer
boundary of the underlying flattened plume head [6].
The focus of this research is detailed mapping of
Theia Mons volcanism at a scale of 1:500,000 with the
following goals: 1) identify the sources of all mapped
flow units, 2) integrate the emplacement of flows with
graben system (dyke swarm) emplacement and central
caldera collapse (above a central magma chamber); 3)
characterize the relationship with the triple junction
rifting; 4) develop a comprehensive geological history
of Theia Mons in order to better constraint the geodynamic evolution of Beta Regio plume event. 5) integrate this geological history with estimated flow volumes to characterize the release of CO2 and SO2 over
time from this major young plume event and thus contribute to our understanding of the evolution of the
Venusian atmosphere overtime.

Lava flow mapping: Initial mapping of flows and
grabens-fissures in the NE quadrant (Fig. 3) indicate
multiple generations and suggest rifting postdates emplacement of flows. We suggest two different directions of flows (Fig. 4): from the central caldera (red
arrows) and from the grabens to the north of it (yellow
arrows). Alternatively, the northern flows (yellow arrows) could also be from a source further southwest
that is obscured by the younger set of grabens. An important question to be resolved from continued mapping is whether this NE set of grabens is underlain by
dykes or whether these grabens are purely due to extension in a rift zone.
Acknowledgments: Magellan SAR images obtained from https://astrogeology.usgs.gov/search/?pmitarget=venus
based
on
the
data
from
https://pdsimaging.jpl.nasa.gov/volumes/magellan.html
#mgnFMAP.
References: [1] Basilevsky A. and Head J. W.
(2008) Icarus, 192, 167–186. [2] Ernst R. E. et al.
(2003) Icarus, 164, 282–316. [3] Basilevsky A. (2008)
U.S. Geological Survey Scientific Investigations Map
3023. [4] Tandberg E. R. and Bleamaster L. F. (2010)
LPS XLI, Abstract #1816. [5] Crumpler L. S. & Aubele
J. C. (2000) In Sigurdsson, H. (ed.), Encyclopedia of
Volcanoes. Academic Press, 727–769. [6] Ernst R. E.
and Buchan K. L. (2001). Geological Society of America. Special Paper 352, 247–265.

Figure 1 – Topographic map of Beta Regio showing
elevated topography centered on Theia Mons (star)
and associated with potential radiating swarms that
swings into a common trend after 1,000 km (modified
after Ernst et al., 2003).
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Figure 2 – W-E topographic profile across Theia Mons reveals an edifice 500 km across with a deep central
caldera which is about 50 km across. Flows can be traced up to at least 650 km away from the central edifice.
The SAR image of Theia Mons is 750 km across.

Figure 3 – Distribution of initial mapping of flow units at
1:750,000 scale and suggestion that some units can be
traced into the NNE-SSW rift zone suggesting that rifting
postdates emplacement of the flows. Different polygon
colors correspond to: orange – caldera, yellow to green –
separated flows, blue – pits. Different line colors correspond to: blue – dark side of grabens, pink – bright side
grabens, corresponding to left and right sides of graben in
Cycle 1 (Left looking SAR images).
Figure 4 – Two supposed different directions
of the Theia Mons’ north-east flows: red arrows – flows from caldera, yellow arrows –
flows from grabens or from source further
SW but obscured by the grabens

Venera-D 2021 (LPI Contrib. No. 2629)

4046.pdf

REAL TIME CLOUD COMPOSITION PROFILES WITH AN OPTOFLUIDIC INSTRUMENT.
K. Simon1, E. Eshelman1, and P. Sobron1. 1Impossible Sensing, St. Louis MO (ksimon@impossiblesensing.com)
A. Brecht2, A. Cassell2, A. Davila2, D. M. Gentry2, L. Iraci2, A. Mattioda2, 2NASA Ames Research Center
Closing Key Knowledge Gaps: VOLTR (Venus
Optofluidic Liquid TRap) seeks to identify unknown
UV absorbers, characterize the atmospheric
constituents, and assess habitability or detect traces of
life in potential habitable zones in Venus’ clouds (~50
km, 1 atm and 60°C). VOLTR does this by collecting
cloud aerosols, acquiring ultrafast (<1s) surfaceenhanced Raman (SERS) and laser-induced breakdown
(LIBS) spectra, and interpreting spectral data in real
time during descent through the clouds of Venus.
VOLTR Innovations: VOLTR is a scientific
payload that takes advantage of [1] the unique ability of
Raman spectroscopy to qualitatively determine
molecular composition and structure and organic
functional groups; [2] SERS technology pioneered by
our team that enables (at least) ppb-level quantitative
analysis; [3] sub-ppm LIBS elemental quatitation; and
[4] at-the-edge computing technologies also developed
by our team for onboard lossless spectral data
processing and compression.
Under the hood, VOLTR integrates an aerosol trap
that passively captures atmospheric aerosols during
descent. The trap is made of plasmonic materials that
enable SERS and LIBS measurements immediately as
aerosols adhere to the trap, without the need for sample
manipulation. VOLTR utilizes a customized 515 nm
pulsed laser for these measurements whose

characteristics (adjustable rep. rate and a pulse energy)
enable self-cleaning of the trap, a necessary innovation
for repeated sampling-measurement cycles replacing
resource-intensive mechanical systems for sample
holder management.
VOLTR Performance: The optical trap is
developed specifically to collect pristine aerosol
samples in the size-range predicted for Venus’s
atmosphere (0.3 to 8.0 µm mean diameter). The physical
properties of the trap enable particle capture while
retaining the nanotexturing necessary to provide strong
Raman signal enhancement. Based on preliminary tests,
VOLTR is capable of ppb-level detection of organic
functional groups, elements, and other trace compounds
with a recycling capability enabling at least three reuses
of the SERS-active surface, sufficient for a pathfindertype dive-in mission to characterize the chemical
composition of Venus’ cloud deck.
Significance: VOLTR addresses the need for high
sensitivity compositional analysis of Venus’
atmosphere and answers a key astrobiology question:
what is the mysterious UV absorber? VOLTR is a lowSWaP subsystem that can be configured for a variety of
mission architectures to enhance the sensitivity of
Raman instrumentation to trace compounds, organics,
and biosignatures during aerosol capture on Venus and
Titan or plume sampling in other Ocean Worlds.
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Figure 2. SERS meshes with uniform pore sizes ranging from 8-234 µm. Larger pores less restrictive to airflow
through the mesh but reduce particle capture efficiency.

Figure 3. Example of Coherent Flare NX pulsed laser
performing measurements and cleaning on commercial
SERS substrate. Cleaning of the substrate at high rep rates
(a) compared to low rep. rates where SERS measurement
was performed (b). Yellow arrow indicates analyte removal
due to ablation.
Parameter
Measurement Types

Baseline
SERS

Alternatives
LIDAR, fluorescence, LIBS

SERS type

Au, Ni, Cu

Ag-based, TiO2 composite

Substrate type

Metal mesh

Cleaning Method

Pulsed laser

Instrument
Capabilities
Instrument
Application

Grid mapping

Fiber mesh w/ embedded
nanoparticles, other
High voltage, UV, flush,
plasma
Point, complex mapping
geometry
Ocean Worlds plume
analysis

Venus probe

Outcome

High TRL VOLTR instrument design for
performing the measurements necessary for
precise characterization of Venus atmosphere in
descending probe or fly-through application.

Figure 4. VOLTR design conderations
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Figure 5. SERS measurement and substrate cleaning demonstration using 515 nm pulsed laser. Cleaning resulting
from high rep. rate (a) compared to area where SERS measurement was successfully performed at low rep. rate (b).
Comparison of R6G SERS data (c) collected using 515 nm pulsed laser at 500 Hz (blue) and 50 Hz (orange) compared
to 532 nm CW laser (green). Yellow bands indicate assortment of key peaks that are lost in noise in high rep. rate
spectrum due to vaporization of analyte from surface.

Figure 6. Our plasmonic nanoparticles provide extreme signal enhancements that enable detection down to 10-7 (48
ppb w/w). VOLTR detection limit is lower with our original condensation and filtration design.
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SELECTED TERRESTRIAL MICROORGANISMS AS AN EXAMPLE OF POTENTIAL ANALOGUES OF
VENUSIAN MICROORGANISMS. G. P. Slowik1 and P. Dabrowski2, 1Institute of Materials and Biomedical
Engineering, University of Zielona Gora, Poland (grzegslowik@o2.pl), 2Division of Normal Anatomy, Department
of Human Morphology and Embryology, Wroclaw Medical University, Wroclaw, Poland
(pawel.dabrowski@umw.edu.pl).

Introduction: In the lower layer of Venus clouds
(47.5-50.5 km above the planet's surface), due to the
environmental conditions prevailing there, there might
be microorganisms that are possible analogues of some
selected terrestrial microorganisms [1,2]. In terms of
research it is very important in experimental studies to
select such bacteria and archaea that could potentially
survive and proliferate in the atmosphere of Venus,
which may be useful in solving the equation of life [3].
Aims: The aim of the study is to determine and
identify selected terrestrial microorganisms that might
be useful in experimental work on the potential
survivability of unicellular organisms in laboratory
reproduced physico-chemical conditions prevailing in
the lower layer of Venus clouds.
Types of bacteria selected for experiments:
a) acidophilic bacteria. The environmental
conditions in the lower layer of Venus' clouds,
characterised by a very low pH, could be appropriate for
microorganisms that are analogues of the earth bacteria
of the species Acidithiobacillus ferroooxidans [1]. The
metabolism of this bacterium, which can live and
develop in anaerobic conditions, is based on such
chemical compounds as: carbon dioxide - assimilated in
the Calvin-Benson-Bassham cycle and nitrogen
compounds [4], which are the main components of
Venus's atmosphere. The bacterium Acidithiobacillus
ferroooxidans breathes and gains energy by converting
ferrous iron Fe2+ into ferric iron Fe3+. The knowledge
about
the
metabolism
of
Acidithiobacillus
ferroooxidans is still being expanded [5].
b) electric bacteria. In hypothesis, where the lower
layer of Venus' clouds is the giant bioaccumulator
bacteria called exoelectrogens are considered as
potential terrestrial analogues. They can generate
electricity. The examples of electric bacteria are
Geobacter sulfurreducens and Shewanella oneidensis
[6]. There are also exoelectrogenic archaea, such as the
hyperthermophile Pyrococcus furiosus [6] with an
optimum growth temperature of 98 to 100°C [7], which
can produce electricity at temperatures of 90°C [6].
Another exoelectrogenic, hyperthermophile archaea
that produces electricity at high temperatures (80°C) [6]
is Geoglobus ahangari with optimum growth
temperature of 88°C [8]. Due to the high temperatures
in the Venusian atmosphere and the phenomena of rapid
decay of electric charges observed at an altitude of about

50 km above the surface of Venus [9], there is a need to
use in experimental works, using substitutes for the
Venusian atmosphere, bacterial strains whose
ecological characteristics could correspond to those
microorganisms potentially inhabiting Venus' clouds.
The use of appropriate bacterial strains would allow the
Venus cloud hypothesis to be tested as a giant
bioaccumulator under the controlled conditions of a
physical laboratory.
c) cable bacteria. Due to its unique physical
properties, it is possible to conduct electric current over
a distance of the order of centimeters. Only a decade
ago, the discovered cable bacteria [10] could also be
considered as possible analogues of potentially cloudinhabiting microbes of Venus. It should be assumed that
Venus analogues of terrestrial cable bacteria are capable
of forming colonies, combining into very long (in
terrestrial conditions such bioconductors may consist of
up to 10,000 cells [11]) biocables which could also be
responsible for the observed anomalies, such as
disappearances of electric charge in the Venusian
atmosphere [9]. The mechanisms of electron transport
by cable bacteria are still intensively researched and are
not yet fully explained [12]. Bacterial “wires” can be
created by microorganisms, e.g. from the
Desulfobulbaceae genus, but it has been shown that the
electron transport mechanism occurs through nickel
protein wires [12].
Summary: There are a number of terrestrial
microorganisms that could potentially be analogues of
Venus' unicellular organisms. They include, among
others acidophilic bacteria, electric and cable bacteria.
The aim of the work is to determine the usefulness for
experimental studies of the survivability of
microorganisms in the Venusian atmosphere of selected
strains of unicellular organisms.
References: [1] Limaye S. S. et al. (2018)
Astrobiology 18, 1181–1198. [2] Kotsyurbenko O. R. et
al. (2021) Astrobiology 21, doi:10.1089/ast.2020.2296.
[3] Izenberg N. R. et al. (2021) Astrobiology 21,
doi:10.1089/ast.2020.2326. [4] Valdés J. et al. (2008)
BMC Genomics 9:597. [5] Zhou Z. et al. (2021)
Electron J Biotechnol 51, 45–51. [6] Light S. H. et al.
(2018) Nature 562, 140–144. [7] Gao J. et al. (2003)
Appl Environ Microbiol. 69, 3119–3128. [8] Kashefi K.
et al. (2002) Int J Syst Evol Microbiol. 52, 719–728. [9]
Michael M. et al. (2009) J. Geophys. Res., 114, E04008.
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The currently available data on the physicochemical parameters in the cloud layer of Venus allow the
existence of extremophilic microbial forms of the terrestrial type in this system. Despite the fact that there
are indirect methods for detecting biomarkers such as
identifying chemical components of presumably biological origin, only direct methods detecting the living
activity in the samples can provide a reliable answer
the question if life exist in there. In order to obtain
evidence of the presence of the earth-type life in a
sample, we propose to use a method based on the fact
that biocidal processing of the samples under study,
resulting in the destruction of living organisms, leads,
at the same time, to reliable detection of their presence.
As a result of biocidal treatment, cell membranes are
destroyed and components of the cytoplasm of living
organisms, such as proteins, protein-nucleic acid complexes, lipid complexes, vacuoles and other intracellular structures are released. Their release significantly
shifts the ratio of fractions of various components in
the test sample: after biocidal exposure, a significant
amount of much smaller components appears. This
difference in fractions of components of different
weights is easily and reliably fixed using gravimetry
and indicates the presence of whole cells in the original sample (Scheme).
With regard to Venus, the most important problem
in detecting microbial forms that may inhabit its
cloudy layer is the very low pH, at which many standard methods for determining biological activity require
significant modification. Under such conditions, the
use of simple and reliable gravimetric methods for the
detection of solid components in the liquid phase of
the test samples seems to be the most effective for the
qualitative determination of biomarkers. The reliability
of the gravimetric method for the determination of
components has long been confirmed in numerous
studies.

Based on our preliminary experiments, we propose
the following bactericidal treatment methods for samples of the water phase of Venus clouds:
- destruction of cell walls by ultrasonic processing of
aliquots;
- a sharp change in the level of acidity of the medium;
- decrease of the content of dissolved substances in the
medium by dilution with sterile water;
- a sharp temperature shift.
Any of these methods,
when used in terrestrial conditions, leads to the destruction of membranes and microbial cell walls.
We propose the concept of an instrument set for
detecting cellular forms in the clouds of Venus (installed on a research probe). Such detection complex
should include a sampler, a biocidal action system and
a gravimetric detector, as well as a system for preserving samples that have shown a positive result for further studies. To create an appropriate detecting device
for astrobiology experiments, it is necessary to develop
its version that successfully operates in a wide range of
temperatures and at low pH values as well as to carry
out a series of tests in various extreme terrestrial ecosystems.

Venera-D 2021 (LPI Contrib. No. 2629)

4052.pdf

THE ORGANIC CARBON CYCLE IN THE ATMOSPHERE OF VENUS AND EVOLVING RED OIL.
J. Spacek1 and S. A. Benner2, 1Firebird Biomolecular Sciences, LLC (13709 Progress Boulevard, Box 17, Alachua
FL 32614 jspacek@firebirdbio.com), 2Foundation for Applied Molecular Evolution (13709 Progress Boulevard,
Box 7, Alachua FL 32614 sbenner@ffame.org).

Introduction: The community commonly assumes
that the Venusian atmosphere lacks organic (reduced)
carbon. This is reflected in the literature, which now
for almost a half a century does not mention organic
carbon as a component of the Venus atmosphere. We
believe that this assumption is wrong and that organic
carbon species undergoing complex cycle are minor
yet significant components of the Venusian
atmosphere.
Results: A model summarizing reactions that
almost certainly are occurring in the Venusian
atmosphere will be presented [1]. The model (Fig. 1)
relies on reactions of reduced carbon compounds
known to occur in concentrated sulfuric acid (CSA),
under high temperature, and high pressure, many used
in industrial processes. Inclusion of this known
chemistry into a model for the Venus atmosphere
accounts for several as yet unexplained observations.
These include the upper haze, the lower haze, and the
“mysterious” UV-blue absorber causing the UV and
yellow markings observable on the Venus cloud tops.

Fig. 1 The proposed organic carbon cycle in the
atmosphere of Venus

Reduced carbon is introduced to the cycle via
meteoric infall, volcanic activity, and processes (e.g.
photochemistry) that deliver formaldehyde (H 2CO) or
other organic carbon species. When organic carbon
encounters CSA droplets in Venus clouds, it undergoes
evolution towards higher molecular weight, highly
unsaturated, and aromatic acid-soluble species. In the
industrial literature, these are referred to as “red oil”.
The red oil is fluorescent and UV-vis absorbing, with
the absorption and emission spectrum depending
strongly on the stage of its evolution. Larger molecules
have absorption spectrum extended to longer
wavelengths, appearing darker (Fig. 2).

Fig. 2 color change during conversion of the red oil;
polymerization of formaldehyde in 75 % sulfuric acid.
Below ~50 km altitude, where the sulfuric acid is
concentrated above 95%, aliphatic hydrocarbons
undergo cracking (decomposition towards smaller
unsaturated molecules) and evaporate with other
volatile molecules. Volatile hydrocarbons that do not
re-enter the CSA cloud droplets condense at the upper
atmosphere, forming aerosols of the upper haze and
undergo UV induced radical polymerization as they
fall back to the cloud. There, they either re-enter CSA
droplets and contribute to the red oil production or
undergo cracking at the lower atmosphere, returning to
the upper haze. At the lowest part of the cloud water
and
subsequently
sulfuric
acid
evaporate,
concentrating organic aromatic compounds resistant to
cracking that form porous carbon particles (Fig. 3).
Under the cloud these carbon particles form the lower
haze and as they fall, they undergo Boudouard reaction
[2] and are oxidized to carbon monoxide (CO). CO
produced
from
the
carbon
particles
and
photochemically produced CO might be reduced at the
upper atmosphere and reintroduced to the organic
carbon cycle.
The proposed model in combination with the know
Venus atmosphere dynamics [3] predicts that regions
containing more light absorbing red oil will be
subjected to more heating. Heated cloud regions would
be upwelled and transported in convective cell towards
the cloud tops, prolonging life time of the droplets
containing the red oil. The darker the red oil, the
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longer will it remain in the upper cloud and the longer
will it resist the decomposition.

Fig. 3 Aromatic carbon particles formed in 150 °C
CSA from formaldehyde.
Evolving chemical replicators in CSA: Red oil
conversion gives highly complex carbon molecules, a
small fraction of which can by chance acquire
functionalities necessary for biochemistry [4]. Our
preliminary experiment and literature [5] indicate that
red oil is catalyzing production of more red oil
(causing “runaway” effect during octane production).
Although general red oil autocatalysis was described,
self-replication of the red oil is yet to be demonstrated.
If self-replication of some carbon species is
feasible within the Venus clouds, the progeny of these
molecules might be more consistently elevated to the
upper cloud layer due to solar heating, restarting the
cycle and avoiding decomposition in the lower haze by
producing more of itself. The efficiently selfreplicating species cause the upwelling cloud cells;
neighboring less efficient red oil species are being
pulled down in a downdraft, decomposing under the
cloud to produce volatile “nutrients”. Selection in this
competition would be for faster conversion to light
absorbing species (larger molecules) and for seeding as
many droplets as possible.
If molecules capable of imprecise self-replication
are evolving and competing for resources in the Venus
cloud, they are “life” by some definitions. But without
a deeper understanding of the complex red oil
chemistry, we would not be able to distinguish these
“life” forms from the regular autocatalytic red oil,
which is not self-replicating. Even if some molecules
in the Venus atmosphere are undergoing this type of
Darwinian evolution, a consensus about their “life”
status would be hard to reach, since this “life” would
be too different from the one example we have here on
Earth.
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The overall high reactivity of all classes of
molecules in a mixture with reactive carbocations in
CSA might be an insurmountable obstacle for the life
origin and continuation in Venus clouds. Further, here
proposed hypothesis for "life" in the Venusian cloud
lacks a mechanism for “seeding” of neighboring
droplets with the self-reproducing species. If a
mechanism for exchange of large molecules between
the droplets does not exist, any form of life could not
evolve in the Venus atmosphere.
Further study of organic carbon chemistry in CSA
is needed as it has a broader exobiological relevance,
given that planets with liquid sulfuric acid are
predicted to be as common as planets with liquid water
in our galaxy [5].
The fluorescence of the red oil is an attractive
target for in situ analysis and test of this hypothesis. If
Venus atmosphere hosts the red oil, it will be detected
during the planned 2023 MIT Small Mission [6].
Acknowledgments: We are indebted to support
from the John Templeton Foundation, NASA, and the
MIT-Breakthrough Initiative.
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DAY-NIGHT CLOUD ASYMMETRY INHIBITS EARLY OCEAN FORMATION ON VENUS. M. Turbet1,
E. Bolmont1, G. Chaverot1, D. Ehrenreich1, J. Leconte2 and E. Marcq3, 1Observatoire astronomique de l’Université
de Genève, Versoix, Switzerland (martin.turbet@unige.ch), 2Laboratoire d’astrophysique de Bordeaux, Université
de Bordeaux, CNRS, B18N, Pessac, France, 3LATMOS/IPSL, UVSQ, Université Paris-Saclay, Sorbonne Université,
CNRS, Guyancourt, France.
Abstract: In this contribution, we will present the
results of new 3-D numerical simulations of the
atmosphere of young rocky planets (supposedly rich in
water vapor) carried out with the LMD-Generic Global
Climate Model (GCM). We will first show how and
why clouds tend to accumulate preferentially on the
night side of these planets as soon as water vapor is a
major component of the atmosphere. We will then
show how and why this result has major consequences
on the conditions of formation of early oceans on
Venus, as well as on Earth and exoplanets.
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TRACE MOLECULAR SENSOR BASED ON MID-INFRARED / THZ FREQUENCY COMBS.
K. L. Vodopyanov, CREOL, The College of Optics & Photonics, University of Central Florida, vodopyanov@creol.ucf.edu

Introduction: In-situ detection of atmospheric gasphase trace molecules and key isotopologues can reveal
a wealth of information about a planet’s physical,
chemical, and geological history and help discover
signatures of life that the planet may harbor. Laserbased spectroscopic methods are exceedingly
advantageous for molecular sensing in terms of both
high sensitivity and specificity in analyte
identification. However, modern high spectral
resolution laser spectrometers based on frequencyswept lasers are inherently limited in their tuning range
so that simultaneous identification of multiple
molecules and isotopologues by a single instrument is
challenging.
We propose a radically new concept for in-situ
precision trace gas measurements based on the latest
revolutionary advances in laser frequency combs
(Physics Nobel Prize 2005) and their applications in
high-resolution
spectroscopy.
The
proposed
technique, dual-comb spectroscopy (DCS) – takes
advantage of coherent properties of laser light – both in
time and space. To achieve ultrasensitive and parallel
detection of trace gases, we will target, in one device,
ultra-broadband MIR (3-20 µm) and THz (1-5 THz)
regions of the electromagnetic spectrum, where the
strongest molecular signatures (ro-vibrational and
rotational, correspondingly) are found. The DCS
method does not only allow massively parallel
identification of numerous molecules and key
isotopologues with high detection sensitivity and
specificity, but features near real-time detection
capability and sub-Doppler spectral resolution
Optical frequency combs – manifolds of evenly
spaced narrow spectral lines emitted by phase-stabilized
femtosecond lasers – were introduced in the late 1990s
and have revolutionized accurate measurements of
frequency and time as well as high-resolution
spectroscopic measurements [1,2]. Dual comb
spectroscopy (DCS) is currently the most advanced
spectroscopic technique in the MIR/THz range. The
second frequency comb, with a small offset of the mode
spacing (same as an offset of the comb pulse repetition
rate) with respect to the first comb, effectively plays the
role of the Doppler-shifted second arm in the Michelson
interferometer. In the frequency domain, DCS can be
thought of as multiheterodyne spectroscopy. The advent
of frequency combs in the MIR 'signature' region
considerably improved the sensitivity of molecular
sensing, although the spectral coverage in these studies

was limited to a few 100 cm-1. For the simultaneous
detection of species with different functional groups, a
wider frequency coverage is required, ideally exceeding
1000 cm-1. In the last decade, our group pioneered a new
method for producing ultra-broadband MIR frequency
combs using a sync-pumped optical parametric
oscillator (OPO) operating at degeneracy, also referred
to as a subharmonic or frequency-divide-by-2 OPO. In
such a device, the down converted output is inherently
phase locked to the frequency comb of the pump laser
while the spectral span is greatly augmented and can
exceed an octave in the frequency span [3-5].
Based on this development, we implemented a DCS
system using on a pair of subharmonic OPOs pumped
by two phase-locked Tm-fiber combs that provided fast
(up to 100 spectra per second), moving-parts-free,
simultaneous acquisition of 350,000 spectral data
points, spaced by a 115 MHz (comb-line spacing) over
the whole wavelength range of 3.1–5.5 μm. Figs. 1-2
illustrate massively parallel trace molecular sensing in a
mixture of ten gases (OCS, N2O, NO, CO, CH4, C2H6,
C2H4, C2H2, CO2, and H2O) at ppm-level concentrations
[6].

Fig. 1. Absorbance spectra of individual molecules obtained via DCS
from a mixture of nine species (OCS, N2O, NO, CO, CH4, C2H6,
C2H4, C2H2, and CO2) at ppm-level concentrations (buffer gas N2 at
3-mbar total pressure). Simulated (HITRAN) absorption spectra are
shown as inverted peaks [6].

Shown in Fig. 1 are spectra of molecules in the
mixture along with simulated (HITRAN2016)
absorption spectra, inverted for clarity.
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Fig. 2. Spectra of trace molecules present in ambient air (p=10
mbar). (a) CO, (b) N2O, (c) CH4, ( d-f) three isotopologues of CO2,
(g-i) three 1sotopologues of H2O. Simulated (HITRAN) absorption
spectra are shown as inverted peaks [6].

Fig. 2 shows spectra of trace molecules measured
just in ambient air. We detected CO, N2O, CH4, three
isotopologues of CO2, and three isotopologues of H2O
– with part-per-billion (ppb) sensitivity and subDoppler resolution. Due to the fact that the absolute
frequency scale in our DCS setup was referenced to a
Rb clock providing the absolute fractional accuracy of
10-10, the acquired molecular spectra were in excellent
agreement with the simulated ones. Overall, parallel
detection of numerous trace species in a mixture,
including isotopologues containing 13C, 18O, 17O, 15N,
34
S, 33S and deuterium (D), with ppb sensitivity was
demonstrated [6].
We also explore a new approach that will extend the
DCS technique to the longwave IR and even THz range
in a compact setup. The proposed sensing is based on
intra-pulse difference frequency generation (IDFG),
also known as optical rectification, combined with
electro-optic sampling (EOS) for detection.
IDFG takes advantage of the fact that near infrared
‘pump’ pulses consisting of only a few optical cycles
have a very wide spectrum. Self-mixing of these
spectral components in a nonlinear crystal produces a
frequency down converted output that can range from
0.5 to 100 THz. The center frequency of the IDFG comb
(either MIR or THz) is determined by the phasematching condition and can be adjusted, for example, by
angle tuning of a nonlinear crystal.
As a pump source, we will use a compact Kerr-lens
mode-locked 2.35-µm Cr:ZnS laser producing pulses
consisting of 2-3 optical cycles. Our preliminary results
with these lasers show that we can generate super-wide
IDFG outputs spanning more than two octaves in
frequency with up to 10% conversion efficiency [7].
The key features of the proposed instrument are:
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• Very broad spectral bandwidth for simultaneous
detection of species in a significant portion of the MIR
(3-20 μm) and terahertz (1-5 THz) ranges, while the
device can easily switch between MIR and THz.
• Superior spectral resolution corresponding to the
comb line spacing of 80 MHz (2.7 x10-3 cm-1) that can
be reduced to 1 MHz (3.3x10-5 cm-1) via sweeping the
frequency comb lines.
• High speed of data acquisition - up to 100 spectra/sec
combined with a massive amount of spectral
information (up to 1M comb-line resolved data
points).
• EOS based detection in the whole MIR/THz range
allows avoiding cryogenically cooled detectors
(especially bulky in the THz range).
• Outstanding dynamic range (150dB) provided by EOS
since it senses MIR/THz field amplitude, not intensity.
Molecules that can be detected. The molecules that
the instrument can detect include (but not limited to):
CO2 (carbon dioxide), CO (carbon monoxide), CH4
(methane), C2H6 (ethane), CH2O (formaldehyde), N2O
(nitrous oxide), OCS (carbonyl sulfide), H2O (water
vapor), NO (nitric oxide), C2H4 (ethylene), C2H2
(acetylene), CH3OH (methanol), CS2 (sulfur dioxide),
PH3 (phosphine), and their isotopologues containing
isotopes: 13C, 18O, 17O, 15N, 34S, 33S and 2H (deuterium).
In summary, our instrument will advance the state
of science across several major areas of planetary
science and, in particular the investigation of Venus
cloud region. It may help to:
• detect new atmospheric trace gases on Venus (and
other planets).
• understand isotopic composition based on molecular
spectra.
• determine the vertical and horizontal structure of the
atmosphere and distribution of gases and study its
daily or seasonal changes.
• investigate the correlation between the fluctuations of
molecular abundances
References
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EnVision : the new Medium-class ESA/NASA mission to Venus . R. Buchwald, P.E. Crouzet, D. Titov, T. Voirin
1
and A. Wielders 2, 1European Space Agency, Thomas.voirin@esa.int , 2AURORA Technology BV.

Introduction
EnVision is a Venus orbiter mission that will determine
the nature and current state of geological processes on
Venus in the present era, measure how those processes
generate and sustain the inhospitable atmosphere and
climate of Venus, and piece together the sequence of
events – the geological history – that led to that current
state. EnVision builds on the success of the Magellan
and Venus Express survey missions, adopting an
holistic but targeted exploration approach, proven
through decades of experience in Earth Observation and
the exploration of Mars, to understand how and why
Venus evolved so differently to Earth. Envision has
been selected in June 2021 to become the next M-Class
mission of ESA's Cosmic Vision Programme.
Venus Express detected several surface infrared
anomalies indicative of volcanic activity in the modern
era, and excursions in sulphur dioxide above the clouds,
similar to those detected decades earlier by Pioneer
Venus, that may indirectly arise from the release of
volcanic gases. New insights from Magellan data
support the notion that Venus may be geologically
active today but the distribution of landforms on Venus
is very different to Earth, implying a tectonic regime
divergent from the oceanic plate tectonics that is the
dominant expression of internal dynamics on our planet.
How does the interior drive surface processes – what is
the dominant tectonic regime on Venus? Is Venus
analogous with earlier periods in Earth history, or with
a future post-plate tectonic world? Does the absence of
plate tectonics inhibit the release of interior water, and
the recycling carbon dioxide, meaning that Venus was
always hot and dry, or did the loss of oceans shut down
a more Earth-like, habitable planet? Venus is the
essential counterpoint to Earth that will help us
understand the links between terrestrial planet evolution
and habitability from our own Earth to terrestrial
exoplanets everywhere, including those that will be the
subject of study by the PLATO and ARIEL missions in
ESA’s Space Science programme. EnVision therefore
appeals to – and benefits from – a wide community
ranging from geologists, geophysicists and atmospheric
scientists suffused in Earth Observation, to astronomers
seeking to understand terrestrial exoplanets.

Figure 1 – EnVision’s. payload instruments integrated
onto the spacecraft.
Payload
To address these questions, EnVision employs a suite
of instruments optimised for observations from Venus
orbit, including an imaging radar for high-resolution
surface mapping, a sounding radar for discerning the
geometry of the near subsurface, a multispectral
infrared camera capturing the composition of surficial
rocks, and an infrared and ultraviolet spectrometer,
complemented by radio science experiments, to identify
the pathways of important volcanogenic gases (water
vapour, sulphur dioxide, and others) from the lower
atmosphere up and into the clouds and beyond, and
precise orbit determination to measure the gravity field
and probe the deep interior structure of Venus. The
Figure 1 shows the instrument payload integrated onto
the spacecraft and the country and organization
responsible for each payload element. This
comprehensive, tailor-made combination of tools
allows us for the first time to probe Venus from its
clouds to the core, and to drill down from a suite of
global observations to high resolution snapshots of
localities on the surface, to understand how processes at
all scales operate on Venus.
A Synthetic Aperture Radar, VenSAR, will image preselected regions of interest at a resolution of 30 m/pixel,
and subregions at 10 m/pixel. An order of magnitude
better than Magellan and with a better sensitivity, these
images are the key to understanding geological
processes from the local to global scale, discriminating
relationships between units of different age, and
identifying the changes caused by geological activity.
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Topographic information at 300 m spatial and 20 m
vertical resolution across these regions, derived from
stereo imaging at two different incidence angles, is
complemented by a global network of altimetry mode
tracks with a vertical resolution of 2.5 m, providing a far
better than any previous dataset, essential for resolving
the geometry of faults, folds and other features, and
enabling the quantitative analysis of geological
processes. Surface properties such as roughness will be
derived from active imaging in both HH and HV
polarisations – a first for a Venus orbiter - and passive
radiometry at a range of angles, which also permits the
detection of surface temperature anomalies. Repeated
observations and comparisons with Magellan imagery
allow for the detection of volcanic, tectonic and
geomorphic changes over periods of months, years and
decades.
A Subsurface Sounder, SRS, will characterise the
vertical structure and stratigraphy of geological units
including volcanic flows. EnVision is the first mission
to Venus with a sounding instrument that will perform
the direct measurement of subsurface features.
Geological inferences from Magellan data point to a
range of subsurface structures and geometries that are as
yet unquantified. The SRS provides a unique
opportunity to sound the great variety in geologic and
geomorphic units. It will also provide unprecedented
information on the surface in terms of roughness,
composition and permittivity (dielectric) properties at
wavelengths completely different from those of
VenSAR, thus allowing a better understanding of the
surface properties. SRS observation will also result in
altimetry measurements by providing low-resolution
profiles of the topography that can be integrated with
the altimetric data of VenSAR.
A Spectrometer suite, VenSpec, will obtain global maps
of surface emissivity in six wavelength bands using five
near-infrared spectral transparency windows in the
nightside atmosphere, to constrain surface mineralogy
and inform evolutionary scenarios; and measure
variations of SO2, SO and linked gases in the
mesosphere, to link these variations to tropospheric
variations and volcanism. VenSpec-M is a pushbroom
multispectral imager optimised to map thermal emission
from Venus’ surface using six narrow bands ranging
from 0.86 to 1.18 μm, and three bands to study cloud
microphysics and dynamics. This allows mapping of
surface composition, constrained by its emissivity
spectrum, as well as searching for thermal anomalies
associated with volcanic activity. VenSpec-H is
dedicated to extremely high-resolution atmospheric
measurements. The main objective is to quantify SO2,
H2O and HDO in the atmosphere, below and above the
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clouds, characterising gas exchanges from the surface
and within the atmosphere, searching for sources such
as volcanic plumes. VenSpec-U, an ultraviolet
spectrometer, will monitor minor sulphur species
(mainly SO and SO2) and investigate the complex and
highly variable upper atmosphere and its relationship
with the lower atmosphere. In combination, VenSpec
will provide unprecedented insights into the current
state of Venus and its past evolution. VenSpec will
perform a comprehensive search for volcanic activity by
targeting atmospheric signatures, thermal signatures
and compositional signatures, as well as a global map of
surface composition.
A Radio Science Experiment uses the spacecraft-Earth
radio link for gravity mapping and atmospheric
profiling. Magellan gravity data are consistent with an
organised pattern of mantle convection broadly similar
to Earth but lack the resolution necessary to understand
its connection with geological-scale features, such as
individual coronae or mountain belts. Higher spatial
resolution is needed to better constrain the crustal and
lithospheric structure variations; EnVision will obtain
higher resolution globally, allowing better constraints
on the geodynamic evolution of the planet. EnVision’s
gravity measurements also will allow calculation of the
tidal Love number k2 with an accuracy of 0.01; this
increased precision will constrain the distribution of
internal mass, and the size and state of the core. is
needed to perform Furthermore, the refraction of
EnVision’s radio signal in the neutral atmosphere and
ionosphere of Venus will be used in combination with a
reference clock (ultra-stable oscillator, USO) to obtain
high-resolution vertical profiles of temperature,
pressure, and sulphuric acid vapour and liquid profiles
in the neutral atmosphere, and total electron content in
the ionosphere.
Mission and Spacecraft Design.
EnVision is planned to be launched on an Ariane 62 in
2031 with back-up launch dates in 2032 and 2033. An
interplanetary cruise of 15 months is followed by orbit
insertion and then circularisation by aerobraking over a
period of about 16 months to achieve the nominal
science orbit, a low quasi-polar Venus orbit with
inclination between 87 and 89 deg, altitudes varying
from 220 to 550 km and orbital period of about 92 min.
The nominal science phase of the mission will last six
Venus sidereal days (four Earth years). The choice of
science orbit around Venus is mostly driven by a need
for global VenSpec, SRS, and VenSAR altimeter and
radiometer coverage, stereo topography, polarimetric
and repeated VenSAR imaging, and for high-resolution
gravity mapping. The spacecraft is approximately
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rectangular, 3 m in height x 2 m in depth and width in
stowed configuration, with chemical propulsion and
powered by two deployable solar arrays. EnVision will
downlink 220 Tbits of science data, using a Ka-/X-band
comms system with a 2.5 m diameter fixed high-gain
antenna.
Mission management
EnVision is an ESA mission in collaboration with
NASA, and contributions from individual ESA member
states for the provision of payload elements. NASA is
contributing the VenSAR instrument and supplies DSN
support. The other payload instruments are contributed
by ESA member states, with ASI, DLR, BelSPO, and
CNES leading the procurement of SRS, VenSpec-M,
VenSpec-H, the USO and VenSpec-U instruments
respectively. The management structure for EnVision
follows that familiar for ESA planetary missions. ESA
has responsibility for overall management, and for
launch segment, spacecraft procurement, and mission
and science operations centres. The Envision
consortium thus combines the European experience in
Venus atmospheric science from the Venus Express
mission and of Earth radar mapping from the ERS and
Sentinel-1 missions, with the long heritage of NASA’s
Jet Propulsion Laboratory in planetary radar, and ASI in
sounding radar (MARSIS, SHARAD, RIME).
The presentation will give an overview of the EnVision
mission in its current status.
Acknowledgments: The authors would like to
thank all contributors to the EnVision mission design
(industrial partners, science study team, instruments,
ESA engineering team and NASA team)
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DID AN ANCIENT HABITABLE VENUS PROVIDE THE SEEDS FOR LIFE TODAY? M. J. Way1, 1NASA
Goddard Institute for Space Studies, 2880 Broadway, New York, New York (Michael.Way@nasa.gov), 2Theoretical
Astrophysics, Department of Physics and Astronomy, Uppsala University, Uppsala, SE-75120, Sweden, 3GSFC
Sellers Exoplanet Environments Collaboration (Michael.Way@nasa.gov).
Introduction:
Recent possible detections of
Phosphine in the Venusian atmosphere [1,2] have
spurred interest in the potential for life in the clouds of
Venus given the limited number of abiotic alternatives
determined thus far [3]. A number of theories have
been posited as to how life could have arisen in the
cloud decks of Venus (e.g. [4] and references therein)
and how it might thrive in a supposedly hostile
environment [5]. Over the past few years we have used
forward modeling to investigate the possibilities of a
temperate Venusian climate in its deep past. This
affords us the opportunity to discuss the possibility for
an early habitable Venus and its implications for
habitability in the cloud layers today.
Habitable?: Perhaps the most plausible hypothesis
for the origins of life that may exist in today’s
Venusian atmosphere goes back to a possible earlier
habitable period [6]. On Earth we see that life has
managed to populate a wide variety of ecological
niches through the eons [25]. One limitation to the
early habitability as seed for today’s possible cloud
habitability approach is that there is tremendous
uncertainty as to whether Venus ever had a habitable
epoch given a host of associated unknowns that place
constraints on its likelihood:
1. What was the longevity of its post-accretion
primordial magma ocean [7]? This may
determine whether Venus started out bone dry
at the end of the magma ocean period, or not.
2. What is the probability that water ever
condensed on the surface of Venus?
3. Are the D/H in-situ measurements from
Pioneer Venus accurate and do they indeed
point to significant inventories of water (of
some form) in Venus’ distant past [8]?
4. General Circulation Models (ROCKE-3D
[18,21] & NCAR-CAM [22]) have posited that
slowly rotating worlds in the Venus Zone [32]
could be in a climatic dynamical regime
distinct from that of modern Earth allowing
them to be in the habitable zone. The cloudalbedo feedback mechanism discovered is
powerful enough to shield a planet with
insolations 2-3 times that of modern Earth
[22,23]. Are these models correct?
5. For number 4 to be true Venus must be in a
slowly rotating climate regime, but we have no
constraints on what early Venus’ rotation rate

6.

7.

8.

was. Someday in the distant future we might
constrain it via a geological orrery as on Earth
[24], but not anytime in the near term.
We are perhaps not as lost in the woods as one
might think reading 4 & 5. We only need to
find evidence that water flowed in liquid form
on the surface of Venus at some point in its
past. This assumes that water did not flow
under extreme conditions related to
inconvenient sections (for life) of water’s
pressure-temperature phase diagram. For
example, a 100 bar atmosphere could support
liquid water with a temperature of 200C [26].
Another limitation on early habitability models
are constraints on the longevity of any such
temperate period. This longevity can be
provided via some form of volatile cycling
providing a stable climate of sufficient length
to give enough time for the rise of life [9]. This
volatile cycling is usually assumed to be some
form of present-day Earth’s subductive plate
tectonics involving the carbonate silicate cycle
[10,11]. Certainly, it is hard to disagree that
Earth itself has had some form of volatile
cycling throughout most of its history, even if
its early form is still debated and the timing of
the start of present day plate tectonics is ill
defined [e.g. 12,13,14,15]. Yet very recent
work has shown it is possible to get short-term
(<900Myr) volatile cycling in a stagnant lid
early Venus [16], supporting in some sense
earlier work positing stagnant lid carbon
cycling [17].
Recent work by [18] has demonstrated that if
early Venus was in a slowly rotating regime
(length of day > 16 Earth days) and was able to
condense water on its surface the powerful
cloud-albedo feedback may allow for
temperate conditions of unconstrained length.
The lack of constraints on the longevity of
temperate conditions are a consequence of the
fact that increasing solar luminosity through
time [19,20] does not appear to have a drastic
effect on the cloud-albedo feedback in General
Circulation Models [21] in a slowly rotating
climate dynamics regime [22,23]. This was
convincingly shown in [18] and is reproduced
in Figure 1.
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These issues bring up more uncomfortable questions.
If Venus only had 900Myr of volatile cycling via [16]
with stable temperate surface conditions can life find a
refuge for the next 3 billion years in a hot house world
[29,30,31]? Or if the planet was temperate until before
the resurfacing event can it evolve to find a refuge for
a shorter (geological) period of time? And what IS that
period of time? We have widely varying estimates of
the age of the surface from ~750Myr [27] to ~200Myr
[28]. Does it matter whether life has to find a ‘refuge’
for 250Myr versus 3 billion? We can hope that the
three recently funded missions by NASA & ESA
(DAVINCI, ENVISION, VERITAS) will put greater
constraints on the age of the youngest and oldest
surface stratigraphic units. Even more relevant to the
forward modeling presented in [18] are the mass
spectrometer measurements to come from DAVINCI.
Will they confirm the Pioneer Venus D/H ratio? Will
they be able to constrain when Venus lost its water and
the timescale of that loss? As usual with Venus, we
have more questions than answers.

Conclusions:
We demonstrate that Venus’
habitable period remains unconstrained because of a
lack of knowledge about when Venus lost its water and
the timescale of that loss. Regardless, assuming it had
a temperate period of at least 900Myr [16] via stagnant
lid volatile cycling then it may be possible that any life
forms we observe today evolved via natural selection
over the eons.
Acknowledgments: This work was supported by
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(NExSS). MJW acknowledges support from the GSFC
Sellers Exoplanet Environments Collaboration
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(kiefer@lpi.usra.edu).
Introduction: One of the most open and enduring
questions in the sciences revolves around the apparent
divergence in tectonic style and atmosphere between the
sibling planets of Earth and Venus. Both planets are
broadly similar in size and presumably bulk composition. As a result, they might be expected to have similar
patterns of convection, heat loss, atmosphere development, and tectonics. However, while we understand the
recent tectonic state of the Earth, the current and past
tectonic states of Venus are unknown and vigorously
debated.
The record of Venus is incomplete, however observations reveals vast volcanic plains, encompassing ~
80% of the surface, which are thought to have been emplaced within the last Gyr [1 – 3], indicating relatively
recent and prodigious melting events. Estimates for the
recent rate of volcanism, inferred from the floors of
large Venusian craters [4], range from ~0.5 to 4 km3/yr
[5, 6], or 1 to 20% of the rate of current Earth volcanism.
Venus is currently blanketed by a thick 92 bar (~96.5%
CO2) atmosphere with surface temperatures of ~740 K.
Tectonically, the planet shows no clear evidence of plate
tectonics as manifest on Earth, suggesting that it is either within a stagnant, episodic, or transitional regime
[7 – 10]. These inferences, in addition to 40Ar outgassing
modeling studies [11 - 13] have lead to the suggestion
of a poorly outgassed Venus (as compared to Earth).
These results tacitly suggest that outgassing of the interior is not a primary driver of the atmosphere in recent
geologic time. However, there are several lines of evidence that suggests Venus once did have a mobile lithosphere perhaps not dissimilar to Earth [7, 10, 14], and
that the atmosphere may have altered to its current oppressive state geologically recently [15].
While attention has traditionally been paid to end
member steady-state single plate stagnant lid behaviors
[e.g., 16, 17], significantly less attention has been focused on the behavior of a change in tectonic regimes.
Earth-based geochemical evidence and geodynamic
models suggest that planets may transition between tectonic states over time [e.g., 18]. Observations for Venus
further bolster this idea, suggesting a planet that evolved
away from an Earth-like, mobile lithosphere toward a
present-day stagnant-like tectonic state. This transition
can occur though a change in the buoyancy force of convection, or from a change in frictional forcing operating
on faults. Both changes are plausible consequences of
time and both the planet’s and Sun’s evolution. The loss
of pore fluids and water [19] can serve to strengthen

faults [20], whereas increasing surface temperatures reduce the buoyancy forces that drives motion of the lithosphere [18, 21 – 22]. A planet may experience both effects simultaneously [10].
Here we explore the effects of a climate-driven
change in lithospheric conditions on the evolution of
mantle convection for Venus. From these transitioning
cases, we further explore and evaluate the feedback between mantle outgassing and atmosphere generation.
Tectonic Evolution: Initial fault strength in the experiments is chosen to be consistent with a mobile lid
(of which plate tectonics is an example). A transition in
tectonic regimes is ushered in by as little as an 8% increase in fault strength, or a 5% increase in the surface
temperature. Transitioning systems, from mobile to
stagnant lid, are shown in Figure 1. Three cases are considered, two global yield strengths and one operating at
higher internal temperatures.
Transitions in regimes are governed by regional and
global scale instabilities, resulting in punctuated and extreme oscillations in mobility, internal temperatures,
and magma production rates (and consequently volcanism). In the mobile regime, melt is generated by passive
upwelling in spreading centers. In transitional states the
majority of melting is plume generated and hemispheric
to sub-hemispheric scale. Melt production increases by
O (15) at peak activity and decreases by O (100) during
inactivity (relative to base line mobile). Melt becomes
spatially diffuse and increases as a stagnant lid state is
entered (due to warming of the interior). Qualitatively,
all perturbations (including to surface temperatures and
internal temperatures) result in similar behaviors. The
timing of the onset of oscillatory behaviors and subsequent surface immobility depends on the strength of the
initial perturbation. Smaller, more subtle perturbations
result in a longer transition period.
Tectonics, Melting, and Atmosphere: Melt production is linked to atmosphere generation through volcanism (here assumed to be extrusive melt generation)
and volcanic degassing chemistry models which are surface pressure sensitive [26]. Our models are constrained
to Earth-like interior compositions [27]. The initial atmosphere is assumed to be predominantly N2 and CO2
at 1 Bar surface pressure. We consider outgassing only
endmembers. Atmospheric loss mechanisms are neglected.
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Surface pressure and CO2 increases approximately
linearly in mobile lid phases due to quasi-steady outgassing rates (Figure 2). Overturn phases result in punctuated atmosphere generation events. During an individual overturn, atmosphere pressure increases by ~ 5 Bar
in less than ~0.5 overturn times (< ~0.1 Gyr). As the
system enters a stagnant lid, melt and atmosphere generation is subdued for O (5) overturn times (~ 1Gyr).
Once the system equilibrates to its new thermal state,
surface pressures increase at a greater rate.
All cases shown can generate a significant atmosphere: σy case 1 = 21.2, σy case 2 = 24.3, Ti case = 58
Bar; see Figure 1 for description (22%, 25%, 63% of
Venus’ atmosphere, respectively), and increase CO2
concentrations by several orders of magnitude. Interestingly, despite a shorter transition period (and fewer
overturns) for σy case 2 (relative to case 1) both σy cases
show similar outgassed atmospheres. This is likely due
to a longer period of stagnant lid activity for σy case 2.
The Ti case generates substantial melt due to much
higher internal temperatures (Figure 1), which offsets its
somewhat more subdued transition.
Example speciation curves linked to melt production
are shown in Figure 3. Under the assumption of an initial 1 Bar atmosphere (Figure 3A), H2O dominates the
outgassing species. SO2 ranges from ~9% to 4% of the
atmosphere. Each overturn produces pronounced shifts
in relative abundances of outgassing species, indicating
changing atmosphere concentrations with time.
Increasing the starting atmosphere pressure to 10
Bar (Figure 3B), CO2 becomes the dominant outgassed
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species with significant reductions in both H2O (~15%)
and SO2 (~2%) as compared to the 1 Bar case. The effects of overturn on atmospheric composition is reduced, and only slight changes in composition over time
are reflected. Finally, assuming an initial thick 50 Bar
atmosphere results in a strongly CO2 dominated outgassed concentrations, low water concentrations, and
minimal SO2. Overturn phases have negligible effects
on speciation, and the atmosphere is largely compositionally static.
Implications for Venus during (and after) transition: In
a transition, Venus’ surface/atmosphere would experience rapid and punctuated changes. Surface pressure
may increase as much as 5 bar, with a similar increase
in CO2 concentrations over ~ 60 Myrs. With multiple
overturn events, atmospheres of O (10) Bar are plausibly generated over sub Gyr time frames. Following this
period of activity, outgassing would be negligible for ~
1 Gyr, before melting resumes in the new stagnant
state. Thick atmospheres, current reduced volcanism,
and prodigious volcanism in the past Gyr, are all consistent with models of planet that is undergoing a transition in tectonics. Changing outgassing chemistry with
time has strong implications for the development and
constituent cloud species, including both H2O and SO2.
Despite reduced levels, H2O, if it exists within melt, is
predicted to be outgassing today. These results have
strong implications for putative habitable environments
within the cloud deck of Venus.

Figure 1: Results from coupled thermal-tectonic three-dimensional numerical experiments using CitcomS [23 – 24]
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showing oscillatory tectonic states for a system transition from a mobileto stagnant lid. Panel (top): ratio of surface
to internal velocity (Mobility). Mobility ≥ ~ 1 indicates horizontal motions and a mobile surface (mobile lid). Mobility
≤ 0.1 indicates surface immobility and quiescence (stagnant lid). Panel (middle): internal mantle temperatures. Panel
(bottom): Melt production, which is calculated using established solidus and liquidus curves for peridotite [25]. The
overturn time (x-axis, all panels) corresponds to the time a parcel takes (on average) to traverse the mantle (dimensionally, an overturn time is of O (100) Myr). Three different cases, two similar yield strengths (case 1 σy = 1.08ꞏ105,
case 2 σy = 1.10ꞏ105, Ti0 = 2276 K) and one different starting temperature (Ti case, Ti0 = 2620 K, σy = 4.25ꞏ104), are
shown for illustrative purposes. The non-adiabatic temperature contrast is 3000 K for all cases
.

Figure 2: Outgassed atmosphere from mantle melt
production (Figure 1). Degassing products obtained
from [26] and fixed to Bulk Silicate Earth [27]. Weathering and atmospheric removal processes are neglected.
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Figure 3: Relative outgassed atmospheric fractions
from outgassing of H2O, CO2, and SO2 as a function of
initial atmospheric pressures and overturn/melting
history. Degassing products obtained from [26] and
fixed to Bulk Silicate Earth [27]. Weathering and
atmospheric removal processes are neglected.

Venera-D 2021 (LPI Contrib. No. 2629)

4042.pdf

ATMOSPHERIC STUDIES WITH THE ENVISION MISSION. T. Widemann1, R.C. Ghail2, C. F. Wilson3,
D.V. Titov4, 1Paris Observatory, Meudon, France (thomas.widemann@obspm.fr); 2Royal Holloway, University of
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Introduction: On June 10, 2021, the European
Space Agency (ESA) announced the selection of
EnVision as its newest medium-class science mission.
EnVision [1, 2, 3] will deliver new insights into our
neighboring planet’s geological history through
complementary imagery, polarimetry, radiometry and
spectroscopy of the surface coupled with subsurface
sounding and gravity mapping; it will search for
thermal, morphological, and gaseous signs of volcanic
and other geological activity; and it will trace the fate
of key volatile species from their sources and sinks at
the surface through the clouds up to the mesosphere.
As a key partner in the mission, NASA provides the
Synthetic Aperture Radar, VenSAR.
EnVision science payload: EnVision’s science
payload will consist of VenSAR, a dual polarization Sband radar also operating as microwave radiometer,
three spectrometers VenSpec-M, VenSpec-U and
VenSpec-H designed to observe the surface and
atmosphere of Venus and their couplings, and the
Subsurface Radar Sounder (SRS), a High Frequency
(HF) sounding radar to probe the subsurface. They are
complemented by a radio science investigation which
achieves gravity mapping and radio occultation of the
atmosphere.
Tropospheric trace gases spatial and temporal
variability: Variable trace atmospheric species on
Venus - SO2, SO, H2O, CO, COS, H2SO4 - are often
associated with volcanic activity. The goal of EnVision
is to understand the intrinsic atmospheric variability,
and to establish to what extent it can be associated with
surface activity. Several key gases have been studied &
mapped below the cloud deck, at 0-50 km altitude,
such as water vapour (H2O and HDO) [4], sulphur
compounds (SO2, COS) and carbon monoxide (CO) [5,
6]; these are all potential volcanic volatile gases. In
particular, spatial variability of the D/H ratio – whether
associated with volcanic plumes or other fractionating
processes – would be fundamental for understanding
the history of the water on Venus.
H2SO4 in the clouds, in both vapour and liquid
form, and related species: The main constituent of
the clouds, H2SO4, in both vapour and liquid form, can
be monitored near the cloud base, yielding clues as to
cloud formation and convection processes. Surface
activity can affect clouds in several ways: (1) volcanic
ash can contribute to cloud and haze layers; (2)
volcanic sulphur dioxide emissions can contribute to
formation of sulphate cloud & haze layers and to the
as-yet unidentified UV absorber seen at cloud-tops; (3)
volcanically emitted volatiles can form condensate

layers; (4) heat from volcanic activity can cause
changes in atmospheric circulation [7]; (5) nearsurface winds in Venus’ dense atmosphere can lift dust
& other particulates from the surface into airborne
suspension,
influenced
by
topography
[8].
Understanding the dependence of the cloud layer on
outgassed mantle volatiles is critical for understanding
the long-term climate. All of these effects can be
studied by monitoring the spatial and temporal
variations of clouds and hazes. Characteristic
timescales of cloud formation and dissipation have
been measured to be of the order of hours to days.
Multi-temporal
and
detailed
atmospheric
characterisation carried out by the VenSpec suite and
the radio-occultation measurements, will provide better
understanding of Venusian volatile cycles, including
the potential link to volcanism.
EnVision payload instruments and experiment
for atmospheric studies - The Venus Spectrometer
suite P/L instruments, VenSpec-H & VenSpec-U, will
measure variations of SO2, SO and chemically-related
gaseous species in the mesosphere and nightside
troposphere, in order to link these variations to
atmospheric dynamics, chemistry and volcanism. The
Radio Science experiment will measure spatial and
temporal variations of H2SO4 liquid and vapor at 55-45
km.
VenSpec-H: VenSpec-H will focus on the volcanic
and cloud forming gases and search for composition
anomalies potentially related to the volcanic activity.
VenSpec-H will include four spectral bands: 1.165 1.180 µm (B#1), 2.34 - 2.48 µm (B#2), 1.72 - 1.75 µm
(B#3) and 1.37 - 1.39 µm (B#4) that cover the infrared
spectral transparency “windows”. In order to reduce
the instrument complexity, B#2 will be further
subdivided in two ranges: 2.34 -2.42 µm (2a) and 2.45
- 2.48 µm (2b). Bands 1, 2a, 2b and 3 will be observed
on the night side, bands 2a, 2b and 4 on the dayside. In
the IR range, the high spectral resolution (R ~ 8000)
along with the high sensitivity of the instrument will
allow to clearly identify the absorption features of the
targeted species.
VenSpec-U: VenSpec-U will investigate the upper
atmosphere using the following wavelength ranges and
resolutions: (1) 205-235 nm at 0.2 nm spectral
resolution (SO2 and SO separately at 70-80 km); (2)
190-380 nm at 2 nm spectral resolution (UV absorber,
total SO+SO2 at 70-80 km); (3) 1.36–1.409 μm (H2O,
HDO at 70-90 km); (4) 2.29–2.48 μm (H2O, HDO,
CO, COS, SO2 at 70–90 km).
Radio-occultation:
The
radio-occultation
experiment will derive vertical profiles of neutral mass

Venera-D 2021 (LPI Contrib. No. 2629)

density, temperature, and pressure as a function of
local time and season, with a vertical resolution of few
hundred of metres and an accuracy of 0.1 K at 45 km.
Thanks to the use of the dual X-Ka band, the content in
liquid phase of the sulfuric acid will be estimated for
the first time. The spatial and temporal behavior of the
H2SO4 absorbing layer (gaseous & liquid) below the
cloud deck will be also investigated at 45-55 km, with
an accuracy of 1 ppm for the gaseous phase and 1
mg/m3 for the liquid one with a vertical resolution of
~100 m.
EnVision B/L mission scenario: The mission will
launch in 2031 on Ariane 62. Following orbit insertion
and periapsis walk-down, orbit circularisation will be
achieved by aerobraking over a period of several
months, followed by a nominal science phase lasting at
least 6 Venus sidereal days (4 Earth years).
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Introduction:
For planets and moons with dense atmospheres
such as Venus, Titan, and Triton, a floating platform in
the atmosphere like a balloon or an unmanned aircraft
is desirable, particularly inside and under the thick
clouds, which is full of dynamics and chemical/electric
processes. The problem with traditional Helium-gas
balloon platforms is that they cannot last many months
due to the leak of gas through the skin.
New Idea: To solve this, we propose to use N2 as
the filling gas for the main buoyant structure (balloon
or airship) because N2 gas does not easily leak, thanks
to much larger kinetic diameter (3.6 Å) than those of
CO2 (3.3 Å) and He (2.6 Å). For an example,
permeability
through
Ethylene–Vinyl
Alcohol
Copolymer films is more than three order of magnitude
smaller for N2 than He. Although heavier than He (4
amu), N2 (28 amu) still provides half the buoyancy
force in the CO2-rich Venus atmosphere (~40 amu),
compared to He in the Earth atmosphere (~29 amu).
Even with 80-90% concentration of N2 (rest is CO2),
the buoyancy force is enough to keep this platform
floating in the CO2-rich atmosphere near the cloud
layer at around 50 km altitude (1 bar and 350K).

The permeability of N2 through a membrane is
even smaller than that of CO2 (less than 3%). This
opens up a possibility of local extracting N2 from the
CO2 atmosphere with 3.5% of N2 on the floating
platform, if the sufficient power is provided. One

rough concept is drawn in the figure. Instead of static
"take out" of N2, we consider dynamic system that
keep removing CO2 from the balloon system with three
different membranes: first layer removes heavy
molecules like water drop and H2SO4, second layer
keeps some N2 but transmits almost all CO2, and the
third layer keeps N2 while transmitting some CO2.
If such local production is realized in the Venus
atmosphere where solar power is limited du to think
cloud, we can aim floating observatory that lasts many
years. In such a case, the platform should cover all
latitude with active control of the destination, quickly
traversing the night side. Therefore, airship type with
wings and propeller should be aimed rather than
simple balloon for this "Laputa" platform.
Other application: As a spin off, such
developments will be beneficial to both terrestrial
observations (concept can be applied to the Earth for
example as volcanic monitor) and environmental
issues (separating CO2 from the atmosphere and solar
cells in challenging environments).
Acknowledgments: This is an idea submitted to
ESA's call (New space mission ideas and concepts)
October 2020, and is a candidate for a feasibility study
on the concept by ESA as of September 2021
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Introduction: The rotation rate of Venus is about
two orders smaller than that of Earth. It is well known
that planetary rotation rate can have strong effects on
atmospheric circulation, such as the width and strength
of thermal-driven Hadley cells, the size of Rossby
deformation radius, etc. The rotation period, combined
with orbital period, determines the length of the diurnal
cycle and subsequently the day-night contrast and the
strength of near-surface convergence from the
nightside to the dayside. How do these influence the
formation of clouds on slowly rotating planets is not
well known. Answering this question is important for
understanding the climate and habitability of diverse
exoplanets. This question is also related to the climate
evolution of the past Venus and the future fate of Earth
under solar brightening.
Previous Studies: Using global atmospheric
general circulation models (AGCMs), several studies
suggested that slowly rotating planets with Venus’s
rotation rate but with Earth-like atmospheres can be
habitable, and the inner edge of the habitable zone is
much closer to the host stars ([1], [2], [3], [4], [5]). The
explanation for this behavior is that slowly rotating
planets have a weak Coriolis force and long daytime
illumination, which promotes strong convergence and
convection in the substellar region. This produces a
large area of optically thick clouds, which greatly
increases the planetary albedo (Figure 1 below). In
contrast, on rapidly rotating planets a much narrower
belt of clouds form in the deep tropics, leading to a
relatively low albedo. So, slowly rotating planets can
be habitable in a wider range of stellar flux and enter to
moist or runaway greenhouse state under a higher
stellar flux.
Recent advances in my group: Clouds is one of
the hardest parts in global climate simulations. The
grid sizes of AGCMs are always hundreds of
kilometers, so that small-scale processes such as
convection and clouds on scales of meters to
kilometers are not resolved and their effects on
radiation, momentum, moisture, and energy of the
climate system need to be parameterized. The
parameterization schemes involve many empirical
equations and parameters based on Earth, raising the
question of their applicability to planetary environment
that are quite different from Earth. Even in the

simulations of present and future climates on Earth,
clouds are the largest source of model uncertainty,
since different GCMs employ different convection and
cloud schemes
One good solution to this big problem is to utilize
cloud-resolving models (CRMs), which have fine
spatial resolution and explicitly calculate nonhydrostatic convection and clouds. In my group, the
student Mingyu Yan is working on simulating the
clouds and climate of slowly rotating planets using the
cloud-resolving model, SAM. The model has been
successfully modified to simulate clouds in near-global
scale and with a horizontal resolution of 2 or 4 km. We
will present our new results in this workshop.
Implications: The inner edge of the habitable zone for
slowly rotating planets could be at much higher stellar
flux than that for rapidly rotating planets. Maybe, a
large number of exoplanets rotate slowly enough to
have a greatly expanded habitable zone.
A particularly striking example of the importance
of rotation rate suggested by our simulations is that a
planet with modern Earth's atmosphere, in Venus' orbit,
and with modern Venus' (slow) rotation rate would be
habitable, although the stellar flux is about twice
Earth’s present value. This would imply that if Venus
went through a runaway greenhouse, it had a higher
rotation rate at that time.
For future Earth, if the planet becomes too warm to
be habitable under solar brightening, an easy way to
make it return back to be habitable is slowing down its
spin rate. So, more clouds will form especially in the
tropical region, increasing the planetary albedo and
cooling the surface.
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Figure 1: Differences in clouds and atmospheric
circulation between rapidly (left) and slowly (right)
rotating planets with an orbital period of 365 days. The
rotation period is 1 day for the rapidly rotating planet
and the stellar flux is 1365 or 1600 W m-2. The rotation
period is 128 days for the slowly rotating planet and
the stellar flux is 1365 or 3000 W m -2. ((a)–(d)) Total
cloud coverage (%, shaded) and TS (K; black contours
with an interval of 5 K). ((e)–(h)) Relative humidity at
450 mbar (%, shaded) and near-surface winds (m s-1,
vectors). The black dot in the right panels is the
transient substellar point, which moves westward
around the planet with a period of 197 days. All
variables are averaged over 30 days. [This figure is
from [1]]
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