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What is a methylated 
biosignature? 
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Motivation
Why methylated biosignatures? 
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Low false positive 
potential

Not 
produced 

at 
equilibrium 

Minimal 
quantities 

from 
planetary 
processes 

Exogenous 
delivery 
possible 

but highly 
limited 
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Volatile methylation is a widespread process
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Volatile methylation is a widespread process

Done by a variety of organisms 



Previous methylated biosignature 
studies show

Enhanced build up around M 
dwarf stars

• Lower NUV flux -> lower OH 
production

• OH radical main sink for 
CH3Cl

• Segura et al 2005

Secondary ethane biosignature

• Photolysis of (CH3)2S and 
(CH3)2S2

• Ethane signature near 11 um

• Domagal-Goldman et al 
2011
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Evaluation of halomethanes as 
biosignatures
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Methylated 
Halogens 

• CH3Cl
• CH2Cl2
• CHCl3
• CCl4
• CH3Br
• CHBr3

• CBr4

• CH2BrCl
• CHBr2Cl
• CH3I
• CH2I2
• CHI3
• (CH3)2CHI
• CH2IBr
• CHIBr2

Methylation utilizes many environmental 
substrates 



Methods
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Atmos – 1D 
photochemistry 

(Arney et al., 2016) 

01
SMART – 
transmission and 
emission spectra 
(Meadows & Crisp 
1996) 

02
PSG - spectral & 
instrumental 
modeling

(Villanueva et al., 
2018, 2022) 

03



Photochemical Results – Leung et al., 2022 
14

Earth-like flux 

0.1 – 10x Earth-like flux

0.001 – 1000x Earth-like flux

Using atmos 1D photochemical model (Arney et al., 
2016)



Production of CH3X gases 
Gas Environment Flux (molec/cm2/s) Globally Extrapolated 

Flux (Tg/yr) 
Source 

CH3Cl Globally averaged 2.25 x 108 3.08 Extrapolated from known 
mixing ratio

CH3Cl Conifer Forest 2.5 x 109 34.2 Dimmer et al., 2001

CH3Cl Salt Marsh 3.97 x 1011 5440 Rhew et al., 2000 

CH3Br Globally averaged 5.17 x 106 0.133 Yang et al., 2005 

CH3Br Conifer Forest 6 x 107 1.55 Dimmer et al., 2001 

CH3Br Salt marsh 2.93 x 1010 755 Rhew et al., 2000 

CH3I Globally averaged 5.51 x 106 0.004 Ziska et al., 2013

CH3I Salt Marsh 7.4 x 107 0.053 Manley et al., 2006 

CH3I Rice paddy 7.36 x 109 5.3 Redeker et al., 2000

Additional productive environments include: forests, wetlands, swamps, open ocean 15



SMART moderate- 
resolution MIR 
emission spectra 
showing co-additive 
spectral effect 
(Leung et al., 2022)

16



Photochemical Results
17

Earth-like flux 

0.1 – 10x Earth-like flux

0.001 – 1000x Earth-like flux

CH3I

Also considering co-varying levels of 

• CH3Cl
• CH3Br
• CH3I
• CHCl3
• CHBr3

• CHI3
• CH2Cl2
• CH2Br2

• CH2I2



CH3I will 
contribute to 
co-additive 
features

18



Previous simulated observations
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• 100x globally 
averaged Earth’s 
flux 

CH4

CH4

CH3Br
CH3Br

CH3Cl

CH3Cl

CH3Cl
O3

Combined

Combined



1 ppm CH3I may be observable 
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Detection of methylated gases 
with the Large Interferometer for 
Exoplanets (LIFE)
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Future work 



Preview – CH3Cl may exceed ppm levels on 
Hycean type worlds for Earth-like fluxes

28

VULCAN, Tsai et 
al., 2024 K2-18b 
template



Section Takeaways

• Methylated halogens have a number of advantages as potential 
biosignatures due to their commonality and close ties to 
biological processes. 

• Combined CH3Cl and CH3Br features may be detectable with 
future mid infrared missions such as LIFE. 

• Future work will evaluate CH3I and polyhalomethanes as well as 
exploring detectability in super-Earth atmospheres. 

29



Methyl halides are only scratching the 
surface of methylated biogenic gases

30

Methylated 
Halogens 

• CH3Cl
• CH2Cl2
• CHCl3
• CCl4
• CH3Br
• CHBr3

• CBr4

• CH2BrCl
• CHBr2Cl
• CH3I
• CH2I2
• CHI3
• (CH3)2CHI
• CH2IBr
• CHIBr2

Methylated 
Chalcogens 

• (CH3)2S
• (CH3)2S2

• CH3SH
• (CH3)2Se
• (CH3)2Se2

• CH3SeS

• (CH3)2SeS
• CH3SeH
• (CH3)2Te
• (CH3)2Te2

Methylated 
Metal(loids) 

• (CH3)3As
• (CH3)2AsOH
• (CH3)3Sb
• (CH3)3Bi
• (CH3)2Hg



Methylmercury as a sample 
organometallic biosignature

31



Vertically integrated simulations 

Spectral modeling simulated observations for telescope configurations

Photochemical 
modeling

To determine atmospheric composition via chemical processing

For a variety of stellar types

Flux measurements 
(laboratory)

For a variety of atmospheric conditions



Laboratory flux measurements
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Earth-like flux 

0.1 – 10x Earth-like flux

0.001 – 1000x Earth-like flux Literature input flux



Earth-like flux 

0.1 – 10x Earth-like flux

0.001 – 1000x Earth-like flux Laboratory input flux



Next step: self consistent Hycean 
photochemical and spectral simulations 



Fieldwork @ 
the Salton Sea 
to collect gas 
flux inputs 
(August 2023) 

Collaborator: Niki Parenteau, 
NASA Ames Research 
Center



Section Takeaways

• Laboratory measurements to explore alternative planetary 
conditions are critical for understanding biosignature 
application. 

• (CH3)2Hg production is greatest under H2-dominated 
temperate conditions. 

• Further work will explore self consistent Hycean simulations. 
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Conclusions 
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• https://www.astromichaela.com

• mleun019@ucr.edu 

• Graduating June 2025 J 

LIFE paper 

CH3Br  paper 

• Methylated gases may be applicable as 
biosignatures in a variety of planetary contexts. 

• Increases in atmospheric accumulation for later type 
stars make methylated gases within reach with next 
generation mid-infrared telescopes such as the LIFE 
concept. 

• Simulations of potential biosignatures require high 
quality context specific input measurements. 

https://www.astromichaela.com/
mailto:mleun019@ucr.edu
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Additional work: applications of 
photochemical and spectral 
models 
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ExCITE-PM collaboration

Just accepted to PSJ 



Other collaborations 

• CUISINES model intercomparisons
• Photochemical Intercomparison for Exoplanets (PIE) ; protocol paper in prep

• Estimating pi with PIE: Constraining the Population Proportion 
of M-Dwarf Planetary Atmospheres with Planetary Infrared 
Excess (PI: Kristin Sotzen, JHU APL)

• Photochemical and spectral simulations for non transiting planet detection pipeline
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Field and Laboratory 
Measurements of Methylated 

Biogenic Gases with 
Implications for Astrobiology 
and Earth Science Research

48

(proposal #2) 



Motivation
What are methylated gases? 
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Trimethylarsenide is produced as a 
volatilization of environmental As

Fungi such as Scopolariopsis 
perform the methylation



The Challenger Mechanism 

52Manley and Chasteen 2002

Methyltransferase 
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Methylated base pair 

Methyltransferase

Volatile methylation comes from DNA 
methylation, a widespread process seen 
in bacteria, plants, and animals 
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Methylated 
Halogens 

• CH3Cl
• CH2Cl2
• CHCl3
• CCl4
• CH3Br
• CHBr3

• CBr4

• CH2BrCl
• CHBr2Cl
• CH3I
• CH2I2
• CHI3
• (CH3)2CHI
• CH2IBr
• CHIBr2

Methylation utilizes many environmental 
substrates 
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Methylated 
Chalcogens 

• (CH3)2S
• (CH3)2S2

• CH3SH
• (CH3)2Se
• (CH3)2Se2

• CH3SeS

• (CH3)2SeS
• CH3SeH
• (CH3)2Te
• (CH3)2Te2

Methylation utilizes many environmental 
substrates 
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Methylated 
Metal(loids) 

• (CH3)3As
• (CH3)2AsOH
• (CH3)3Sb
• (CH3)3Bi
• (CH3)2Hg

Methylation utilizes many environmental 
substrates 



Methylated 
gases have 
applications 
to:

57

Bioremediation

Ozone monitoring (Halogens) 

Improving understanding of modern 
biogeochemical cycling of deep time 
proxies such as Se and I

Exoplanet biosignatures
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Methylation is a 
highly flexible and 
widespread process
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Methylation is a 
highly flexible and 
widespread process

With significant 
application potential
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Methylation is a 
highly flexible and 
widespread process

With significant 
application potential

However, methylated 
gas fluxes are poorly 
constrained 



Methylated gas fluxes may depend on 
substrate availability

Most flux studies occur 
under laboratory 

conditions with artificial 
substrate levels 

Substrate availability may 
highly regulate fluxes of 

methylated gases 

Local environments 
may strongly affect the 

production of 
methylated gases in an 

Earth or planetary 
system setting 

Understanding of most 
productive conditions 

necessary for best 
application
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Review of available flux data
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Review of available flux data
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In situ field campaign

65

I propose to measure in situ fluxes at a 
variety of environments in the Norris 
Geyser Basin at Yellowstone National Park

Yellowstone hydrothermal waters have high 
concentrations of potential substrates 

Norris Geyser Basin waters largely preserve 
original geothermal water composition 



In situ field campaign

66

I propose to measure in situ fluxes at a variety of 
environments in the Norris Geyser Basin at YNP 
with known high potential substrate values 

• Pearl Geyser (high As concentrations) 
• Perpetual Spouter (high Cl concentrations) 
• Dragon Spring (methylated As fluxes & genomes 

recorded) 
• Unnamed high Se site 



Field methods

67

Measure in situ gas 
fluxes using 
membrane inlet 
mass spectrometer
• Probe can be directly 

inserted into water

Collect microbial 
mat samples and 
return to ARC lab  

Hiden membrane inlet mass spectrometer 

Qin et al., 2009 showing cyanidiales 
mats at the Dragon Spring

M. N. Parenteau
NASA Ames 



Laboratory methods

68

Explore growth in 
anoxic conditions 

Explore diel sensitivity 
and photosynthetic 

response 

Compare YNP samples 
to maintained 

laboratory Guererro 
Negro hypersaline mats 

Use extant 16S rRNA 
data if methylated 

gases recorded from 
Guererro Negro mats 

Send field samples for 
16S rRNA sequencing 

(collaboration with Joint 
Genome Institute) 
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Field collection of mat 
samples and in situ 

measurements

Diel experiments & 
anoxic tests

Guererro Negro mat 
methylated gas 
measurements

Metagenomic Analysis

2023
Field

2024
Laboratory

2025
Laboratory/Synthesis

Publication of results 

Publication of results 
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71

4.5 Ga 3.5 Ga 2.5 Ga 1.5 Ga

LUCA – may have had 
DNA methylation

Hg volatile methylation 
(phylogenetic evidence) 

Methylation from 2nd line of 
methanogenesis (controversial) 

Origin of life Oxygenic photosynthesis 

Eukaryotes
Multicellularity NOE/animals
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Build up scenarios

Earlier origin and 
wider radiation of 

volatile methylation 

More highly 
productive 

environments 

Productive envs can 
be produced by 

silicate weathering; 
older planet with 

weathering? 

More efficient 
enzyme/process 
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Relative Solubility

CH3Cl 
5g/L

CH3Br 
15 g/L

CH4 
20g/L

NaCl 
36 g/L
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CH3Cl: Revisited 
• Significant changes have 

been made to atmos since 
Segura et al., (2005) including 
updating all reaction rates

• Domagal-Goldman et al (2011) 

• Arney et al (2016) 

• Lincowski et al (2018) 

• Teal et al (2022) 

• Our version of the code 
produces lower estimates 
than previous results with 
CH3Cl but maintains the same 
overall conclusions 

• Flux: 2.25 x 108 molec/cm2/s or 3.08 Tg/yr 

• Surface MR: 0.5 ppb
76



Methylated gas consumption

Dominant sink 
temperate forest soils 

Annual soil sink of 
CH3Br (best studied) – 

42 Gg/yr

 (30% of global avg flux) 

At higher dosing levels, 
CH3Br is poisonous so it 

is not uptaken 

In highly productive 
environments, uptake 
rate lower (< 1Gg/yr) 

Expect trend to hold for 
other methylated gases

Limited but similar 
research for CH3Cl
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Halogens in the Environment

• F & Cl substitute into hydroxysilicates & appear in rare silicate 
minerals 

• Br & I adsorb onto surfaces & can build up in marine seds 

• Cl/Br/I enriched in marine sedimentary rocks 

• F/Cl/Br lithophile, Cl/Br/I hydrophile, Br/I biophile, 
i/chalcophile 
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Selected gas 
flux 

production
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• Orders of mag larger than biogenic 
signal 

• Requires surface T=200K 
• One off, quick event; would not have 

sustained signal like biogenic 

• Exogenous delivery over 1st 80 Ma equivalent to 300 Gg
• Modern flux CH3Cl 300,000 Gg/yr 



Future work 

85

Detection of 
methylated gases in 

super Earth 
atmospheres by JWST 

Exploring additional 
methylated species 

through photochemical 
and spectral modelling 

Iodine species (CH3I) 

Organometallics such 
as (CH3)3Hg (SciALog 

funded, Schwieterman)

Polyhalomethanes e.g. 
CH2BrCl 

Methylated chalcogens 
e.g. (CH3)2Se 

Laboratory and field 
measurements of fluxes 
of methylated gases to 

inform model input



Super Earths & Biosignatures 

• Oxidant source? No redox gradient 

• Temperature – CIAs may be too effective

• Carbonate silicate cycle may shut off (if high pressure ices)
• Even if not, full ocean == no silicate weathering… 

• How is H2 retained? 
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Lopez & Fortney, 2013



Lopez & Fortney, 2013

GJ 1132b: 
Mass: 1.6 Me
Radius: 1.16 Re





IPAC/CalTech Exoplanet Archive
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Turnbull (2006, 2014)



PHL @ UPR



Spectral Units

• Resolving power = lam/d_lam

• Spectral res = d_lam
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