How Mars 2020 Could Look for Life in the
Noachian Stratigraphy at NE Syrtis or Midway

A Guide to Finding Rock-Hosted Life on Mars

— —
-
»

B
-
.

1!

e
f'_‘.‘“

T. C. Onstott, B. L. Ehlmann, H. Sapers, J. Marlow,
M. Ivarsson, A. Neubeck, D. Nisson, R. Harris, Z.

Garvin, P. Niles and M. Coleman
i . v

e
NOTE ADDED BY JPL WEBMASTER: This content has not
been approved or adopted by NASA, JPL, or the California
Institute of Technology. This document is being made
available for information purposes only, and any views and
opinions expressed herein do not necessarily state or
reflect those of NASA, JPL, or the California Institute of
Technology.




5 R
r B

-

History — Workshop to Publication
Case for targeting subsurface based upon martian history

Diversity and Biomass of Terrestrial (continental and
marine) subsurface biosphere

fossil record of subsurface — types and characterization
metabolic footprint of life — modern and ancient
exploration strategy for Mars

example at NE Syrtis or Midway
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Summary of Finding Signs of Past Rock-Hosted Life

"

Mars-2020 Landing Site Workshop

on Behalf of the Rock-Hosted Life Working Group
archived at http://web.gps.caltech.edu/~rocklife2017/

Bethany Ehlmann (Caltech) and TC Onstott (Princeton) February 8, 2017

publication under review at Astrobiology | available at https://arxiv.org/abs/1809.08266
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-hostedilife,_. on Mars?
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* The trajectory of Martian history and climate is
starkly different from that of Earth’s

— Obliquity drives radical climate changes and at least
episodic extreme cold and aridity, radiation

— No long-lived oceans. Aquifers in the sub-surface

. . \
instead represented the most long-lived e?‘es“‘ 34
environments with water oo y
R - s
a’\\\'\o“s oldest photosynthesis m:"m ’
— If life emerged on Mars : 0., "
its evolution would have R geochemical
. . oldest evidence of life
been quite different than zircon
the early Earth’s sgnicntion
loss of
» magnetic *
Isidis - last
- * r:raj:r I:lpact
basin d of conth
Bil; 4.0 * ::rﬁcla?:at:‘rwu’
“ons o a 35 surficial water
’sbefo . ’ no longer
'ep'_ stable
°s9,,t 3.0

» Biosignature search approaches developed for Earth’s
subsurface biosphere must be adapted for Mars
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lcy Worlds Earth Mars

4 settings with rock-hosted life,
2 at finalist landing sites

shallow

bas 1|t[( crust marine
subsurface

' V) : . sediments
( (¢ :
) \‘ 1 "L‘H

deep
subsurface

! f

not at current finalist landing sites recorded in the rocks of Midway and NE Syrtis
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depth and temperature, ® ~
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carbon content.
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Energy flux across

chemical redox interfaces

and physical interfaces 1,000 -
play a significant part in 2
explaining high biomass N
occurrences.

basalt f OO oil-bearing

*® ¥ sediments

Chesapeake Bay Impact 5 B - ‘
sediment/basement

transition -
Magnabosco et al., 2018, Nat. Geosci.; open symbols — air saturated
Onstott et al., submitted, Astrobiology closed symbols — water saturated

metamorphic
rock
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 Follow the interfaces /
Ncr )
B Redox _— W"Sitﬂp
— Permeability f --\hgredoXen €rme
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Rock hosted
life thrives off
of chemical
and physical
gradients
focused by
fractures
where
reactants and
products can
exchange ovel . cH,rich fluid filled fault/fissure
long time

scales redox transition zone
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Is there evidence for
microbial life & life activity in

Olivine/Carbonate rocks? ROCRONEER S
Yes. Abundant Methanobacterium sp. from
= p— Oman serpentinites adhering to

« Driven by hydration of olivine, minerals

oxidation of iron

e Hyperalkaline biological CH,
production, and unique isotope
signals from methanogens using
H, & carbonate: Miller et al. 2018;
Nothaft et al. (in prep)

e Biological activity assays showing C
and S reduction from rock-derived
organisms: Fones et al. (in prep);
Glombitza et al. (in prep).

* Characterization of habitable

conditions, and analysis of biomass  Two rock-hosted microbial metabolisms confirmed by the RPL team:
and genomic data for organisms Methanogenesis: 4H, + CO, > CH, + 2H,0

inhabiting fracture fluids: Miller et syifate reduction: 4H, + SO, + 2H* - H,S + 4H,0
al. 2016; Remfert et al. 2017;

Co/eman et al. (in prep); Kraus et slide provided by A. Templeton, K. Rempfert
Onstott et al. 2018 — arXiv — https://arxiv.orq/abs/1809.08266; Astrobiology — in review - 9
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Isotopic and organic biosignatures (lipids) preserved in carbonates \/W
’HaN/\/Ogc’) ° o\/\(\/\(\/\(\/Y
Diagnostically heavy in 613C- from carbon limitation :

squalane
(+14%so)

v / Squalene &%C~ 14%o

PMI ~ = =~ .

(+10%:) S N
b .. . Archaeal
Methanogen lipid-derived hydrocarbons intact
| )\/\.)\/\/I\/\/\(\/Y lipids
I PMIa PMI &13C~ 10%o : :’ﬂ’ p \\5 I e
— oy e S 3 |
2 l;lfﬂ‘f’vic) iy R Rempfert et al. (in prep)
2| 20 25 .. . e el L.
110 olls o ¢ 2l d;ﬂ . i—0 A _o_RrR" Intact polar lipids captured in precipitating
retention == carbonate, Samail Ophiolite, Oman
Extracted hydrocarbons Dietherglycerol
(DEG)

Biomarker: Bacterial (sulfate-reducer?) core lipids

~100 Ma, Preservation of
lipid degradation products in
carbonate veins from a
fossilized serpentinizing

SE serpentine Org 38 150um | system, Iberian Margin

V carbonate vein Klein et dl (2015) (for more detail, see Extras)

\

Terrestrial carbonated
serpentinites,
&= Chimaera seeps, Turkey

Zwicker et al. (2018)

slide provided by A. Templeton, K. Rempfert
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Trias et al, 2017, _ ' ’ : ’
Nat Comm. (Suppl) . - Fluorescence
| * O B e——  Showing DNA *
- K ‘>
In the Holocene Hellisheidi cores through Feed-zones (made of fracture and rubbles) ‘

celandic basalt, microbial cells are provided flow pathway for CO, charged

associated with clay minerals and Fe oxides ~ ground waters o
in vesicles Dissolving the rock and feeding microbes

(including iron-oxidizers) with aromatic
Microbial activity facilitates the creation of compounds and metals |
permeabmty by d|SSO|Ut|On Of primary Ce"S found In Fe OX|deS, Clay mlnera|S
materials (contrast with the “self-sealing” idea

of mineralization in hydrothermal systems) O/gj




ES( #4,%ClaylFle-ox Mmerahzqtgon in Basalt:

Fossilized prokaryotes and heterotrophic fungal colonies in basaltic subsurface basalt (8-
43 Myr old) Bengtson et al., Geobiology, 2014, Ivarsson et al., PLoS One, 2015




Close-up of the fungal mycelium
and microstromatoloid in ESEM

A colony of: ﬂmgl @md
proka.ry_qtes fossmzed in-situ

fossilization) by clays and Fé

Cross section of the
) microstromatoloid

3D reconstruction of colony by
synchrotron based X-ray tomography

Fossilized prokaryotes and heterotrophic fungal colonies in basaltic subsurface basalt
(80-43 Myr old) Bengtson et al., Geobiology, 2014, Ivarsson et al., PLoS One, 2015




~700m

Multiple metabolisms are energetically favorable, as in Oman: As in Oman:
Methanogenesis: 4H, + CO, - CH, + 2H,0
Sulfate reduction: 4H, + SO, + 2H* - H,S + 4H,0
Also energy to support for Anaerobic Methane Oxidation (Marlow et al., 2014, Astrobio):
CH, + SO,? (aq)+H* - HCO;" (aq) + H,S + H,0

o

/N

sedimentary sulfates

Syrtis Major lavas

_/—\

(Na,K,H,0)Fe**,(OH)4(S0,),
Jarosite

(Na,,Ca,Mg)SO,+nH,0

S0,%(aq)
Polyhydrated sulfates 4

; 2> HS'(aq) + HCOy
Sulfate-bearing layers = +/, aie
A 4 :
’ » (7T Mgco,
CH,(aq) :

CHy(aq) C}-L(aq)

Mg?*(aq)

mafic/ultramafic “'1;‘“’ GO ¥ Sl + 2640
rocks

Advective / Diffusive
Groundwater Flux

(Fe,Mg),Si0, + H,0 > (Fe,Mg),Si,0;(OH), + (Mg,Fe)(OH), + Fe;0, + H,(aq)
Olivine Serpentine Brucite Magnetite
Olivine-bearing unit

ﬁ’_w

Smectites, pyroxene

:l Sulfate-bearing groundwater

(Fe,Mg),SiO,  Mineral detected from orbit

b

Photochemical oxygen production

0,

2

b

4Fe?*(aq) + Oy(aq) + 4H’__

4Fe®(aq) + 2H,0

Oxidation, acidification zone

Neutral pH, sulfate-bearing aquifer

Basalt

L SO (aq)

hy

so, H:SOs

4Fe?(aq) + 4H,0 + hv ————=» 4Fe%(aq) + 4OH" + 2H,0

S-aerosols

\‘-.

sulfate from dust
aerosols

4Fe?(aq) + 0.580,2(aq) + 7TH,O e -»  4Fe0(0H);75(SO4)g 105 + 11H*
schwertmannite

dissolution

AOM

CH,(aq) + SO, (aq) + 2H* @ ----------- » H,S(aq) + CO,(aq) + 2H,0

SO,2(aq) + H* AOM
e %» H,S(aq) + HCOg(aq) + H,0
{
CH(aq)
4 4
W S mafic/
ultramafic
CH,-rich fluids from hydrothermal basalt-fluid reactions

rocks

Basalt - Smectite + Chlorite + Prehnite

|:| Sulfate-bearing groundwater
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Qtﬁjj ,Qcﬁehosted Ilfe be pré’herved at MldwaleE

 Yesl!ll 23 opportunities in 3 different rock units
from three different time periods

Organics, fatty-acids preserved in jarosite-
associated Fe oxides. Tan et al., 2018, Sci. Rpts;
Lewis et al., 2018, Astrobio. (Sephton lab)

Incorporation of

organic compounds

Isotope ratios, organics, lipids
preserved in carbonates and
serpentines. Klein et al., 2015, RN
PNAS; Zwicker et al., 2018, Chem. v %
Geol.; Ivarsson et al., 2018, b
Geomicrobio

Microfossils, organics, lipids, isotope
ratios, preserved in clays, Fe-Mn oxides
Klein et al., 2015, PNAS; Zwicker et al.,
Noachian 2018, Chem. Geol.; Ivarsson et al., 2018,
Basement  jowcapyx Geomicrobio

Fe/lig smect.
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Step Spatlal Scale Key Measurement Requirements Done! NE Syrtis,

1. Identify rocks with <100 m Ability to identify water-related mineral Midway (thanks

ancient subsurface sampling deposits from orbit, determine J orbiters!+more to

habitats stratigraphic context come with CaSSIS)

2. Locate interfaces that ~ Meter-to cm-  Ability to identify redox and permeability

represent favorable scale interfaces by identification of distinct o Mastcam-Z,

locations for rock life lithologic units c==p Supercam
2CY GRIMFAX)

3. Search for Centimeter- and  Ability to identify silica, carbonate, Mastcam-Z.

m|nera!|zat|on from fluid millimeter-scale sulfate: phyII.osmc.ate, end .OXIdeS that i‘a p Supercam, PIXL,

flow at interfaces may mineralize microbial life L @© SHERLOC

4. Search for organics, <100 ym Ability to detect organics, chemical,

mineralization, and sampling mineralogic, and/or isotopic differences & PIXL,

isotopic anomalies at the

interface
9. Map putative

biosignatures in 3-

dimensions, tracking
chemical and organic
variations with texture

<1 um sampling
in 3-D

V)

between interface rocks and surrounding XX SHERLOC
rocks indicative of biosignatures

Ability to identify microbial textures and ) 'i-m”

distinguish biotic and abiotic processes r_iw k,!_j Sample

rover icon made by Freepik from

to definitively confirm fossil rock-hosted Return

life

Onstott et al. 2018 — arXiv

www.flaticon.com - thanks!

— https://arxiv.orqg/abs/1809.08266; Astrobiology —
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Field analyses decreasing scale
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Backs:attered electron

— Petrographic thin section rge Area Image

u-XRD_ |
“ h..l. '

u-FTIR

249 nm (SHERLOC prototype]

_— 4833 nm ‘
— 514 nm fco-localized
- 633 nm

LIRS ]co—localized

532 pmd SUperCam prototype

280 nm
7B5 nm

532nm
VIS-NIR  SWIR-MIR

532/785 nm scanning laser #
- >
canfocal Raman_ , = -0

PYRD

¢ .
+Element (Fe) magt,

+FIB, TEM,

schematic by H. NanoSIMS

Sapers

NA/Protein
extraction
&sequencing

Laboratory analyses decreasing scale



SCIENCES
ENGINEERING
MEDICINE

The National

Academies of

An Astroblology Saence Strategy
for the Search for falin'the Universe

Report Release Event/'Webcast on October 10, 2018 at 11am ET

Key Take Home Messages

Academies REPOI’t pdf at Go Broad: Successful search strategies for life must integrate the idea that no one

http//nap edU/25252 biomarker is infallible, no single geochemical scenario is the key, life need not be “as we
- - know it.” The central theme to the report is the recommendation for “outside the box”

thinking in all things pertaining to the search for life.

EXplore with the latest ng from this, and in light of recent exciting discoveries on Earth, Mars,
science: The last 30 years QeeanWesldS and exoplanets, the report recommends a broader perspective that includes
of Earth Astrobiology work

subsurface environments as targets for the search for life.

Go High-Contrast: Spectroscopic measurements and high-contrast, near-term space- and

on the subsurface ground-based direct imaging missions will, over the next two decades, enable remote
. . characterization of exoplanet atmospheres and the search for potential biosignatures for
blosphere must drive how terrestrial exoplanets orbiting M-dwarf stars—a major theme identified as well in the
H i vy (2
we look for life on Mars Exoplanet Science Strategy (2018).
Adiomor ENGINEERING AR

" | MEDICINE 7/19
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P e -

.fp'if_’n,cjuéj'b*ﬁ,s:f‘éq,deep! Go'Neachian to ‘searc.h‘for

revidence of |
Why focus the search on rock-hosted life on Mars?

« Mars is different from Earth and its specific geologic history
suggests the best places for life are the longest-lived stable
habitats: groundwater aquifers

feon Mars . % Ll R e

i

Is there enough subsurface life that Mars-2020 could find?

* Yes! Found on Earth at >10°¢ cells/cm3 (SHERLOC threshold:
103); also lipid, isotopic, morphologic evidence in returned
samples

Is there a search strategy to direct the rovers? Yes!

* Follow the interfaces (redox, permeability) to find the
~ highest concentrations of organic matter

Olv.-Carb.

~— ~~———71%

Fe/lig smect.

0

* Is Noachian stratigraphy at NE Syrtis or Midway

a good place to do this? The ideal place. 23
Fr— opportunities in 3 different rock units from three
Basement different time periods

low Ca pyx.
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~ Oldest lr'llr‘l{!r.;lf-,- Anoxygenic Oxygenic
E Oldest life v Photosynthesis Global oceans
(VY

| —
Intense impact
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4 3 Z |

»_‘_ (38
mm ! Erosion
Magnetic field

of atm

Seas & lakes Localized, ephemeral brine seeps on a frozen planet

ars

- Hydrothermal
activ |ty' 3

Intense impact i Global transition
bombardments

-
Window into early Earth Figure by R. L. Harris, Z. Garvin, and D. Nisson
Michalski et al.. 2018 — Nature Geoscience —
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https://www.nature.com/articles/s41561-017-0015-2
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Zone 1 [} Carbonate
Zone 2 [ Pleached

Zone 3 [ Pyrite

Zone 4 [_] Unaltered

: mile 1 'f
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~ Ries impact structure,
- ~15Ma

- fi Pervasive microtubles in zones

: , LT ) ofh drothermalalteratlon
3 impact glass (some BRIV e o .

portions hydrothermally *
altered '

. Y- 1g
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[l Glass bearing breccia
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Sapers et al., 2015, Geology; Sapers et al., 2015, EPSL

Organics co-located with morphology
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Scaling the Exploration Strategy

Seeklng boundaries and interfaces at all spatlal scales

_ Landscape-scale
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* Placeholder for graphics from cultivation

experiments by Cecilia Sanders, Victoria
Orphan, Bethany Ehlmann

 Biofilms
* Isotopically distinct pyrite
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Vesicular basalt (2.4 Ga), Ongeluk formation,
South Africa. Overview of a vesicle with
filamentous fossils, and a tomographic
reconstruction of the network.

Bengtson et al., 2017, Nat Comm.
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Fossilized filamentous microorganisms in
carbonate filled vein in ultra mafic rocks from the
Mid-Atlantic Ridge.

Ivarsson et al., 2018.
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g{abo‘llsms o'f rock-hp'{siéql =

Heterotrophic Autotrophic

Sulfide/iron oxidation

Aerobic respiratio|_r|1 HiS/NHa/ Fez+  SO/NO,/Fe

Aerobic

02+ CHa
Methanotrophy

Iron reduction
H, + Fe* Fe*+H,0
C co,

org

NOs/SOs*  NH,/ HS-
CH;COOH co,
Nitrate/sulfate reduction

Fe3*/SO42' Fe2+/Hs-
Sulfate/Fe reduction

Anaerobic

Methanotrophy CO, +
CH, + NH,/HS

NO5 /50, 260 +
2

Acetogenesis

Fermentation

C
9 CH;COOH + H, + CO,

CH,COOH
H,+CO,
Methanogenesis

CH; + H,O

Onstott et al., in
review, Astrobio

Figure by H. Sapers
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to create
biosignatures

MICROENVIRONMENT FEEDBACK

fixation, volatilization

organic C — CO; Chemolithotrophic

/ leaching
- """ "“3 . H+, pH changes, Fe(lll), SO4 -
. > <

Methylatio
As, Se, Te, Sn, Pb, Hg

#Chemo-organotrophic

/ leaching
- H+, siderophores, organic acids,
metabolites

~
.' Red‘o.x -3
(im)mobilization K
(Fe(Ill) - Fe(ll)
Mn(IV) - Mn(ll)
’ mineral
Biocorrosion ‘ ." \{ - bioweathering

Biosoption biomineralization

Menis Chemistry determines colonization
colonization affects chemistry
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