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Perspectives in AstrobiologyPerspectives in Astrobiology  

  

  

INTRODUCTION 

Fundamental Question of Astrobiology: 
Is Life Restricted to the Planet Earth  

or  more widely distributed across the Cosmos? 
 

Recent Discoveries Have Invalidated  Long-

Held Paradigms about Origin, Distribution 

And Evolution of Life on Earth and Provided 

New Perspectives in Astrobiology 



Perspectives in AstrobiologyPerspectives in Astrobiology  

  

  

Recent Space Missions Show Water, Biogenic 

Elements, Energy & Organics Widely 

Distributed Throughout the Universe  
 

Advanced Scanning Electron Microscopy, Stable 

Isotope and Radiochemical Neutron Activation 

Analysis Studies Reveal Carbonaceous 

Meteorites Contain Extraterrestrial Organics,  

Exotic Minerals and Rare Earth Elements and 

Embedded Microfossils of Recognizable 

Prokaryotic & Eukaryotic Life Forms 



Perspectives in AstrobiologyPerspectives in Astrobiology    

Life as Chemistry Life as Chemistry   

  

  

All known Life Requires Co-Existence of: 

• Water  (Liquid, Solid or Gas) 

• Energy (Light, Chemicals, Food) 

• Biogenic Elements (~20 are Life-Critical) 
Major Biogenic Elements: (C, H, O, N, P, S)   

Minor Biogenic Elements: (Na, K, Mg, Ca, Cl)  

Trace Elements:(Mn, Fe,Co, Cu, Zn, B, Al, V, Mo, I)  

 Needed for Energy, Metabolism,  Reproduction  and 

Construction of Life-Critical Biomolecules, 

Amino Acids ,Proteins, DNA, RNA, ATP & Cells 

 



Perspectives in AstrobiologyPerspectives in Astrobiology    

Life as PhysicsLife as Physics  
  

  

  

Carl Woese&N. Goldenfeld (2010) New Perspective- 
Life as Branch of Condensed Matter Physics like 

Superconductivity  “Emergent Phenomena in Systems 

Far Out of Equilibrium Governed by Laws of Physics”  -  

Self-Propelled Entities Creating Large Scale Structures & 

Movements (Active Matter) – Motility  
 

Complexity is Key: Non-Equilibrium Statistical Mechanics 

Main Dynamical Modes are Collective (Swarming) 
 

Most Cellular Life is Microbial: Microbes Exchange Genes (HGT); 

Communicate Between Cells (Quorum Sensing); Translocate 

Collectively  (Swarming Motility); Form Biofilms 

  



  

Requirements for Life: WATERRequirements for Life: WATER  
  

  

  

2nd most Abundant Molecule in Universe 60%-70% of Cells 

Reynolds Number ~ 10-5 - Coasting Distance 0.1 Angstrom 

Bent Geometry (H-O-H Bond Angle - 104.5o ) - Polarity of 

Molecule--High Surface Tension/Boiling  Point 

Water has Maximum Density@ +3.8 oC to -2 oC   

Deep Oceans of All Planets&Moons Alike: (No Light; ~0 oC)  

 

Spirulina platensis & Phormidiun tenue 



Water is Water is “Fine Tuned” “Fine Tuned” for Lifefor Life  
  

Water is Essential to Structure, Stability, Dynamics Water is Essential to Structure, Stability, Dynamics 

and Function of  Biological Macromolecules and Function of  Biological Macromolecules 

Mediates Chain Collapse in Protein Folding & Mediates Chain Collapse in Protein Folding & 

Interactions between Binding Partners to Search Interactions between Binding Partners to Search 

Native Topology via Funneled Energy Landscape Native Topology via Funneled Energy Landscape   

Actively participates in Molecular Recognition and Actively participates in Molecular Recognition and 

Interactions between Binding PartnersInteractions between Binding Partners--Contributes Contributes 

to to EnthalpicEnthalpic  or Entropic Stabilization  or Entropic Stabilization    
  

Water is Not Just and Inert Environment but an Integral Water is Not Just and Inert Environment but an Integral 

and Active Component of Biomolecular Systems with Both and Active Component of Biomolecular Systems with Both 

Dynamic and Structural RolesDynamic and Structural Roles  

  



WATER IN THE COSMOSWATER IN THE COSMOS  

  

  

Water on Planets: Mercury, Venus, Earth, Moon, 

Mars  Jupiter, Saturn, Uranus, Neptune & Pluto 

Water Has Been Discovered on Icy Moons of:   

Jupiter: (Europa, Io, Ganymede and Callisto); 

Saturn : (Titan and Enceladus);  

Uranus: (Ariel, Umbriel and Miranda)  

Neptune: (Triton- - Water/Ammonia Ocean) 

Pluto (Charon-Ocean beneath Water Ice Crust)  

Comets: Halley,67P (0.4  g/cc);Temple-1 (0.6 g/cc)  

Water-Bearing Asteroids: 24 Themis, Ceres, Vesta 

Liquid Water and Ice, Energy, Biogenic Elements 

and Organics Co-Exist All Across Our Solar System  

 



  

  LIFE ON EARTH LIFE ON EARTH   

Microbial Extremophiles Inhabit:Microbial Extremophiles Inhabit:  

  

  

Cold Regimes: Polar  Ice  Caps & Glaciers  

Hot Regimes: Geysers, Fumaroles, Deep Hot 

Crustal Rocks & Hydrothermal Vents  

Acidic, Hyperalkaline  & Hypersaline Pools: 

Blood Falls, Owens Lake & Lake Untersee 

High Radiation: Spent Nuclear Fuel Rods 

High Pressure: Lake Vostok, Deep Sea Trench 

Hard Vacuum: MIR; International Space Station 
 

May Inhabit Comets/Ice or Oceans of Planets/Moons 
 



Perspectives in AstrobiologyPerspectives in Astrobiology  

Evidence for LifeEvidence for Life 
BiomoleculesBiomolecules  

  Molecules produced by Complex Metabolic Molecules produced by Complex Metabolic 
Pathways in Living OrganismsPathways in Living Organisms  

  

Small: Small: Chiral Amino Acids, Nucleobases, Sugars, Chiral Amino Acids, Nucleobases, Sugars, 
Lipids,  Metabolites, Fatty AcidsLipids,  Metabolites, Fatty Acids  

  

Large: Large: DNA, RNA, ATP, Proteins, Enzymes, DNA, RNA, ATP, Proteins, Enzymes, 
Kerogen & Pigments (Chlorophyll, Carotenoids)Kerogen & Pigments (Chlorophyll, Carotenoids)  

  

Large Biomolecules & Chiral Amino Acids Not Large Biomolecules & Chiral Amino Acids Not 
Formed by any Known Abiotic Mechanisms: Formed by any Known Abiotic Mechanisms: 

Provide Conclusive Evidence for LifeProvide Conclusive Evidence for Life  



Perspectives in AstrobiologyPerspectives in Astrobiology  
Evidence for Ancient Life in MeteoritesEvidence for Ancient Life in Meteorites 

Chiral Amino AcidsChiral Amino Acids  
  

  

  

  

  

  

  

All Protein Amino 

Acids are L- 

After Death Amino 

Acids Racemize & 

Then Decompose 

Aminos Absent in 

Meteorites Are 

Same  ss MIssing 

in Ancient Fossils 



Perspectives in AstrobiologyPerspectives in Astrobiology  

Search for Life on Search for Life on ExoPlanetsExoPlanets 
Biosignatures in AtmospheresBiosignatures in Atmospheres  

  

Spectra of Methane, Nitrous Oxide & Spectra of Methane, Nitrous Oxide & 
Ammonia Produced Mainly by Ammonia Produced Mainly by 

Bacteria on EarthBacteria on Earth  
  

Molecular Oxygen (OMolecular Oxygen (O22) is Very Reactive ) is Very Reactive 
and Released by Photosynthesis:and Released by Photosynthesis:  

OO22  Cannot Remain for Long Periods in Cannot Remain for Long Periods in 
Equilibrium in Planetary AtmospheresEquilibrium in Planetary Atmospheres  

Molecular OMolecular O22  on Earth Produced by Lifeon Earth Produced by Life  



Water on Hot Planets Water on Hot Planets   

MERCURY and VENUSMERCURY and VENUS  

  

  

 

2014: NASA Messenger Neutron 

Spectrometer Confirms Water Ice 

& Dark Frozen Organics in 

Kandinsky & Prokofiev Craters 

at North Pole of Mercury 

 

 

 

 

1961-2011: Russian Venera, ESA 

Venus Express, & Magellan Probes 

find Water, H2SO4, Oxygen, Ozone  

(H2S - SO2) & (H2S -COS) in Layers 

@58-70 km  (0-90 OC) where  Earth’ 

Acidophiles Could Grow in Droplets 

http://www.google.ru/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCNm_hO_O1sgCFUJcLAodJ6QAoQ&url=http%3A%2F%2Fscience.nasa.gov%2Fscience-news%2Fscience-at-nasa%2F2012%2F29nov_iceonmercury%2F&psig=AFQjCNFJxEhEM-MoAw7uo3aWsejQik6ZMA&ust=1445621744617454


Water, Snow & OWater, Snow & O22  on Marson Mars  

  

  

  

  

 

 

 

 

 

 

 

 

 

 

2001 NASA Odyssey g-ray 

Spectrometer  finds 95% pure 

Water Ice in  Planum Boreum   

  ~3 million km3   in  N. Cap 

 

5/18/1979 – Water Snow on 

Utopia Planitia Viking2 Site  
 

2002-Molecular Oxygen  in 

Mars Atmosphere at levels 

above  photolysis of CO2 
 

2011- Recurring Slope Lineae 

Provide Evidence of Present 

Day Liquid Water on Mars 

 

 



Liquid Water Ocean and 125 km Water Liquid Water Ocean and 125 km Water 

and Ice Geysers on South Pole of Europaand Ice Geysers on South Pole of Europa 



Red Cracks in Crustal Ice: Evidence for Red Cracks in Crustal Ice: Evidence for 

Liquid Water Ocean & Life? on EuropaLiquid Water Ocean & Life? on Europa 

Red Cyanobacterial Stromatolites Discovered in Red Cyanobacterial Stromatolites Discovered in 2008 International 2008 International 

(US/Russia/Austria) Lake Untersee Astrobiology Expedition(US/Russia/Austria) Lake Untersee Astrobiology Expedition  

Conamara Chaos (70X30 km) 

   Minos Linea Region 

Herminiimonas glaciei   

3042 M  Greenland 

Carnobacterium pleistocenium   

Fox Tunnel, Alaska 



Dawn: Liquid Water & Organics Dawn: Liquid Water & Organics 

on Asteroids Ceres & 4 on Asteroids Ceres & 4 VestaVesta  

Thomas, P. C. Thomas, P. C. et alet al. . "Differentiation of the asteroid Ceres as revealed by its shape". "Differentiation of the asteroid Ceres as revealed by its shape". NatureNature  437,437,  224 (2005).224 (2005).  

Scully, J. E. C.; et al. Scully, J. E. C.; et al. "Sub"Sub--curvilinear gullies interpreted as evidence for transient water flow on curvilinear gullies interpreted as evidence for transient water flow on VestaVesta"". . 45th 45th 

Lunar and Planetary Science Conference (2014).Lunar and Planetary Science Conference (2014).  

  

 

 

 

 

 

 

 

 

 

 

Ceres-Rocky Core with Icy Mantle  

(~200 million cubic km of water)  

(G or C Asteroid ~ CI1 meteorites) 

4 Vesta-Cornelia Crater with 

Gullies & RSL Shows Liquid 

Water Flow ~ HED Meteorites 

http://www.hou.usra.edu/meetings/lpsc2014/pdf/1796.pdf
http://www.hou.usra.edu/meetings/lpsc2014/pdf/1796.pdf
http://www.hou.usra.edu/meetings/lpsc2014/pdf/1796.pdf
http://www.hou.usra.edu/meetings/lpsc2014/pdf/1796.pdf
http://www.hou.usra.edu/meetings/lpsc2014/pdf/1796.pdf


Geysers & Liquid Water Seas Geysers & Liquid Water Seas 

on Saturn’s Moon Enceladuson Saturn’s Moon Enceladus  

  

  

 
 

 

 

 

 

 

 
 

Cassini Mission Finds Water Ice Geysers  

Tiger Stripes near South Pole of Enceladus 

Temperature of Tiger Stripes ~ 273 KTemperature of Tiger Stripes ~ 273 K 
 

Cassini Gravity Data indicates vast Regional 

Subsurface Sea of  Liquid  Water at Depth 

of  30 to 40 km up to 50o  S Latitude 
Less at al. “The Gravity Field and Interior Structure of 

Enceladus” Science 344, 78-80, (2014)  
 

Molecular O2 in Atmospheres of Europa, 

Enceladus & Rhea Interpreted as from Ice 

Decomposition by Magnetospheric Plasma— 

but could be from Photosynthetic Microbes 

 



Liquid Water, Ice & Jets on Nucleus of Liquid Water, Ice & Jets on Nucleus of 

Comet 9P/Temple 1Comet 9P/Temple 1  
Sunshine et al.Sunshine et al.  Exposed Water Ice Deposits on the Surface of Comet 9P/Exposed Water Ice Deposits on the Surface of Comet 9P/TempelTempel  1 Science 311, 1453 20061 Science 311, 1453 2006 

Deep Impact Thermal Map Shows Water on Nucleus of 

Comet 9P/Temple1 & Flaring at Orbit of Mars – Possibly 

Ejecting Ice, Cosmic Dust, Diatoms &Cyanobacterial Cells 



OO22  & Jets of Water Ice on Comet & Jets of Water Ice on Comet 

67P/67P/CheryumovCheryumov--GerasimenkoGerasimenko  

  

  

 
 

 

 

 

 

 

 
 

Smooth Blue Ice & Jets on Comet 

67P/Cheryumov-

Gerasimenko  

 

Molecular Oxygen detected 

in Comet Coma & Color 

images showing Red, Pink, 

Green and Blue-Green areas 

Support Hypothesis  of Active 

Growth of Cyanobacteria 
 

Photos Credit: ESA OSIRIS 

Camera Team 

 

http://astronomynow.com/wp-content/uploads/2015/03/67P_neck_colour_water_ice_620x622.jpg


Life in Polar Caps & Ice CavesLife in Polar Caps & Ice Caves  

Suggest Life Possible in Comets Suggest Life Possible in Comets   
  

Diatoms from 2827 M Vostok Ice Core & Motile Bacteria Diatoms from 2827 M Vostok Ice Core & Motile Bacteria 

from from KverkfjöllKverkfjöll  Ice Cave, Ice Cave, VatnajökullVatnajökull  Ice Cap, Iceland.Ice Cap, Iceland.  

 

 

 

 

 

 

 

 

 

 



Water/Organics on Outer Planets Water/Organics on Outer Planets 

Uranus and Neptune/TritonUranus and Neptune/Triton  

  

  

 
 

 

 

 

 

 

 
 

Uranus 20 AU T 40K-4000K 

Density 1.27 g/cm3  

Neptune & Triton  30 AU 

Credit: NASA/Hubble/Voyager 
 

Neptune 30 AU; Core T < 800K 

Pressure < 20 kbar   
 

Triton Diameter 2,705 km; 

Density ~ 2.066 g/cm3  
 

Triton Surface Water Ice, 

Nitrogen & Methane 
 

Subcrustal Liquid Water 

Oceans Indicated 



DAWN DISCOVERS DAWN DISCOVERS   

Water Ocean/Organics on Pluto/Water Ocean/Organics on Pluto/CharonCharon  

  

  

 
 

 

 

 

 

 

 
 New Mountains, Polygons & Ice Flows on Pluto indicate Oceans 

Red&Orange colors from Tholins or Pigments. Sub-Ice Oceans and 

Cryovolcanism on Charon Credit: NASA/GSFC;JHUAPL;SwRI 

http://astronomynow.com/wp-content/uploads/2015/07/nh_04_mckinnon_03c_1054x647.jpg


  CARBONACEOUS METEORITESCARBONACEOUS METEORITES 
  

Primitive Chondrites (Only 8 Known Groups) with Primitive Chondrites (Only 8 Known Groups) with 
Elemental Abundances ~ Solar PhotosphereElemental Abundances ~ Solar Photosphere  

CI & CM ~  3%CI & CM ~  3%--22% Deuterium Enriched Water22% Deuterium Enriched Water  

and  ~  4 Wt% Extraterrestrial Carbonand  ~  4 Wt% Extraterrestrial Carbon  
Volatiles & Organics Indicate Heating < 200 C;  Organic Volatiles & Organics Indicate Heating < 200 C;  Organic 

Grains in Matrix similar to Kerogen or CoalGrains in Matrix similar to Kerogen or Coal  
  

Have Extraterrestrial Nucleobases & Biomolecules Have Extraterrestrial Nucleobases & Biomolecules   
    (Murchison: (Murchison: UracilUracil    δδ1313C = +44.5‰; C = +44.5‰; XanthineXanthine  = +37.7‰)= +37.7‰)  
  

Aqueous Alteration of Minerals & D/H Ratio Prove Aqueous Alteration of Minerals & D/H Ratio Prove 
Liquid Water on CI&CM MeteoritesLiquid Water on CI&CM Meteorites  

  

Parent Body Probable CIParent Body Probable CI--Asteroids or CometsAsteroids or Comets  



PHOTOSYNTHETIC PIGMENTSPHOTOSYNTHETIC PIGMENTS  

Chlorophylls, Carotenoids & Chlorophylls, Carotenoids & PhycobilinPhycobilin  Pigments Pigments 
of Photosynthetic Organisms Have Never Been of Photosynthetic Organisms Have Never Been 
Detected in Carbonaceous MeteoritesDetected in Carbonaceous Meteorites  

  

Porphyrins, Pristane & Phytane (C19 & C20): Porphyrins, Pristane & Phytane (C19 & C20): 
Diagenetic Breakdown Products of Chlorophyll Diagenetic Breakdown Products of Chlorophyll 
Phytol Chain Found in CI and CM Meteorites Phytol Chain Found in CI and CM Meteorites   

Isoprenoid Hydrocarbons With No Known Abiotic Isoprenoid Hydrocarbons With No Known Abiotic 
Production MechanismsProduction Mechanisms  

  

Biomolecular Evidence for Indigenous Photosynthetic Biomolecular Evidence for Indigenous Photosynthetic 
Microbes on Parent Body Long before Arrival on EarthMicrobes on Parent Body Long before Arrival on Earth  



METEORITE CONTAMINATIONMETEORITE CONTAMINATION 

 
 
 
 
 
 
 

Paradigm Invalidated: All Carbonaceous 

Meteorites Contaminated by Earth Microbes  

Carbonaceous Meteorites Are Missing: 
12 of 20 Life-Critical Protein Amino Acids 

RNA & DNA Sugars: Ribose & Deoxyribose 

2 Unstable Life-Critical Nucleobases Absent: 
CytosineUracil: Half-Life 17,000 Years 

ThymineXanthine: Half-Life 1.3 Ma @ 0 C; pH 7 
 

Contamination  by Modern Microorganisms 

Must Also Introduce These Biomolecules 

 



Microfossils in Carbonaceous Microfossils in Carbonaceous 

Meteorites: Evidence of LifeMeteorites: Evidence of Life 
Yellow: Microfossils Found at MSFC;  Yellow: Microfossils Found at MSFC;  Red: NOT FoundRed: NOT Found  

  

•• CI1: CI1: AlaisAlais, , IvunaIvuna, , OrgueilOrgueil    

•• C2 Ungrouped: C2 Ungrouped: TagishTagish  LakeLake    

•• CM2: CM2: Murchison, Murchison, MigheiMighei, Murray, , Murray, Nogoya,ColdNogoya,Cold  BokkeveldBokkeveld, Bells, Bells  

•• CR3: CR3: AcferAcfer  324324            

•• CK4:CK4:  KaroondaKaroonda  

•• CO3: CO3: Rainbow, Dar al Rainbow, Dar al GaniGani  ((DaGDaG) 749, ) 749, KainsazKainsaz    

•• CV3: CV3: EfremovkaEfremovka, , AllendeAllende  

•• C: Carbonaceous C: Carbonaceous UnGroupedUnGrouped: : PollonaruwaPollonaruwa, Sutter’s Mill, Sutter’s Mill  

Stony Chondrites, Stony Chondrites, AchondritesAchondrites  and Iron Meteoritesand Iron Meteorites  
••   L4: L4: NikolskoyeNikolskoye,,  BarrattaBarratta; ;   L/LL6: L/LL6: HolbrookHolbrook  

••   Diogenite:Diogenite:TatahouhineTatahouhine    

••   Iron: Iron: HenburyHenbury; ; ThielThiel  Mountains, Antarctica (TIL 99001Mountains, Antarctica (TIL 99001--99018)99018)  



Microfossils in Carbonaceous Microfossils in Carbonaceous 

MeteoritesMeteorites 
Contamination Control & DetectionContamination Control & Detection  

  

•• Study only Uncoated, Freshly Fractured Interior Study only Uncoated, Freshly Fractured Interior 
Surfaces; Stones Stored at Surfaces; Stones Stored at --80 80 ooCC  when not in Usewhen not in Use  

  

•• Fusion Crust and Old Fractures in Stones AvoidedFusion Crust and Old Fractures in Stones Avoided  
  

•• All Containers, SEM Mounts & Tools Flame Sterilized All Containers, SEM Mounts & Tools Flame Sterilized   
  

•• Null Controls Null Controls --Silicon Wafers & Apollo Lunar SamplesSilicon Wafers & Apollo Lunar Samples  
  

•• NASA FESEM Energy Dispersive XNASA FESEM Energy Dispersive X--Ray Spectrometer Ray Spectrometer 
Calibrated Using Element and Mineral StandardsCalibrated Using Element and Mineral Standards  
  

Nitrogen & Beam Damage Used to Detect ContaminantsNitrogen & Beam Damage Used to Detect Contaminants  
  

  



Nitrogen & Beam Damage Distinguish Living Nitrogen & Beam Damage Distinguish Living 

LyngbyaLyngbya  wolleiwollei  CellsCells  from Ancient Fossilsfrom Ancient Fossils   

N in Modern Cells~(2-20%);C/O =2.6; Beam Damage  

C: 64.3% 

O: 25.0% 

N:   6.5% 

P:  1.11% 

S:    0.6% 

Mg: 0.6% 

Si:   0.5% 
 

C/O = 2.6 



Nitrogen & Beam Damage in Siberian Nitrogen & Beam Damage in Siberian 

Pleistocene Mammoth Guard HairPleistocene Mammoth Guard Hair 

  

  

Distinct EDS Nitrogen Peak in 32,000 Yr Old 

Mammoth Hair    N = 11.6% Atomic 

 

 

C: 73.4% 

O: 13.6% 

N:  11.6% 

S:  1.16% 

Ca: 0.10% 

Mg: .02% 
 

C/O = 5.4 

 



Nitrogen for Distinguishing Recent BioNitrogen for Distinguishing Recent Bio--

Contaminants from Indigenous MicrofossilsContaminants from Indigenous Microfossils 
Nitrogen is present in every DNA & RNA Molecule and in All Amino Nitrogen is present in every DNA & RNA Molecule and in All Amino 

Acids of every Protein & Enzyme in Every Living CellAcids of every Protein & Enzyme in Every Living Cell  

  

  

  

  

  

  

  

  

  

  

Cells of All Living or Pleistocene Microorganisms Typically Contain  Cells of All Living or Pleistocene Microorganisms Typically Contain    

  (~2 to 20%) Nitrogen. NASA  EDS Detects N at 0.5% Level or Less (~2 to 20%) Nitrogen. NASA  EDS Detects N at 0.5% Level or Less   

  



  EARLY DISCOVERIES EARLY DISCOVERIES   
Organics & Microfossils in Organics & Microfossils in AlaisAlais  & Orgueil& Orgueil 

15/03/1806 - Alais; 14/05/1864 - Orgueil (Only 9 CI1)  

1834-Berzelius Finds Water & 

Organic Chemical in Alais & 

Suggests Extraterrestrial Life 
 

1864-Pisani  & Cloëz find  Carbon, 

water & Organics ~ Coal; Orgueil 

Find Stones Disintegrates in Water 
 

1962 - Nagy Organized Elements  
 

   1963- Palik Finds Cyanobacteria 
 

 1963-Palynologist Timofejev finds 

Extinct Acritarchs in Mighei CM2 
 

 1997 - Rozanov & Hoover Detect 

Cyanobacteria & Acritarchs in 

Orgueil CI1 and Murchison CM2  

Alais CI1          Orgueil CI1 



  RECENT DISCOVERIES RECENT DISCOVERIES   
Microfossils in Carbonaceous MeteoritesMicrofossils in Carbonaceous Meteorites 
• Sept. 18, 1969, 10:59 A. M.  – CM2 Carbonaceous Meteorite Falls 

in Murchison, Australia  (>100 kg;  Sargeant-Comet 15P/Finlay)  

Murchison Contains Large Uniseriate & Multiseriate Trichomic Filaments with 

Hormogonia, Calyptrate Apical Cells & Sheaths with Cross-Wall Constrictions  ~ 

Phormidium tenue, Nostoc sp. and Microcoleus chthonoplastes  



Microfossils in Carbonaceous MeteoritesMicrofossils in Carbonaceous Meteorites    

        Murchison  Meteorite        Cambrian Khubsugul Phosphorite    

  MicrocoleusMicrocoleus, , PhormidiumPhormidium  & & NostocNostoc  sp. sp. in Murchisonin Murchison  ~ ~ AcademicanAcademican  
Rozanov’ Rozanov’ SiphonophycusSiphonophycus  in in KhubsugulKhubsugul  Cambrian Cambrian PhosphoritePhosphorite  



Mineralized Nostocacean Cyanobacteria 

Filament in Murchison CM2 Meteorite 

Embedded Filament Hollow Sheath, Emergent Trichomes & Coiling Embedded Filament Hollow Sheath, Emergent Trichomes & Coiling 
HormogoniaHormogonia  (H) with Cross(H) with Cross--Wall Constrictions (C) and Wall Constrictions (C) and AkinetesAkinetes  



EVIDENCE OF EVIDENCE OF OscillatoriaceanOscillatoriacean  MOTILITY IN MOTILITY IN 

FILAMENT REMAINS IN VOSTOK ICE & ORGUEIL FILAMENT REMAINS IN VOSTOK ICE & ORGUEIL   

Hollow Spiral, Flattened, Carbonized Sheath in Deep Hollow Spiral, Flattened, Carbonized Sheath in Deep 

(3611 M) Vostok Ice and Orgueil CI1 Meteorite (3611 M) Vostok Ice and Orgueil CI1 Meteorite   



RECENT DISCOVERIESRECENT DISCOVERIES  
Specialized Nitrogen Fixation Cells In Orgueil Specialized Nitrogen Fixation Cells In Orgueil   

  

  

Apical, Intercalary and Basal Apical, Intercalary and Basal HeterocystsHeterocysts    

  

Heterocysts Perform Nitrogen FixationHeterocysts Perform Nitrogen Fixation  
  

Conversion of DiConversion of Di--Nitrogen Gas NNitrogen Gas N22  Molecules Molecules 

from Atmosphere into organic nitrogen (NHfrom Atmosphere into organic nitrogen (NH33  

or NOor NO22) molecules usable by cells.) molecules usable by cells.  

  

  Nitrogen Cycle Essential to all Life on EarthNitrogen Cycle Essential to all Life on Earth  
  



Heterocystous Calothrix in Orgueil  

Living Living CalothrixCalothrix  sp. (sp. (Little White River) with Heterocyst. Little White River) with Heterocyst. 
& Tapered filaments in Orgueil with Basal Heterocysts& Tapered filaments in Orgueil with Basal Heterocysts  



Cyanobacteria w/ Apical & Intercalary Heterocysts 

in Orgueil (cf. Nostoc sp. & Cylindrospermum sp.) 



Filaments, Akinetes & Acritarchs in Orgueil   

Tapered polarized filaments in Orgueil with funnel shaped apices and bulbous Tapered polarized filaments in Orgueil with funnel shaped apices and bulbous 
basal heterocysts, akinete and mineralized acritarch basal heterocysts, akinete and mineralized acritarch Leiospheridia sp.      



Nitrogen Absent in Embedded Carbonized 

Filament With Apical Cell in Orgueil 



FIMBRIAE OF CYANOBACTERIA IN ORGUEIL CI1 

CARBONACEOUS METEORITE 

  LophotrichousLophotrichous  tufts (20tufts (20--40 nm) helical 40 nm) helical fimbriaefimbriae    @ 80kX in Orgueil @ 80kX in Orgueil 
--Motility in Many GMotility in Many G++  Bacteria & Bacteria & OscillatoriaceanOscillatoriacean  cyanobacteriacyanobacteria  



EDS Data of Sheath and Filament in Orgueil 

Epsomite infilled Cyanobacterial Filament (O/C=0.2) with Emergent Epsomite infilled Cyanobacterial Filament (O/C=0.2) with Emergent 
Trichomes and Kerogenous Sheath (N< 0.3%; O/C=0.1) Trichomes and Kerogenous Sheath (N< 0.3%; O/C=0.1)   



Polonnaruwa Meteorite Polonnaruwa Meteorite  
  

  

  

Yellow  Green Fireball Seen: NE - SW Trajectory  

Polonnaruwa, Sri Lanka: 29/12/2012 at 6:30 P.M. 

(13:00 GMT). Low Density (0.6 g/cc) Black Stones  

Enhanced in Iridium & Deuterium Fell in Rice 

Fields, Aralaganwila (N 7o 52’ 59.5”;  E 81o 9’ 15.7”) 

Polonnaruwa Stones Unlike Earth Rocks 

& Known Meteorites - May Represent  

New Group of Carbonaceous Meteorites 



Polonnaruwa Meteorite: 

Mineralogy & Petrology 

Highly porous Highly porous poikiliticpoikilitic  textures of  isotropic Silicatextures of  isotropic Silica--rich rich 

PlagioclasePlagioclase--like hosts with Shock Fractured Inclusions like hosts with Shock Fractured Inclusions 

of: of: IlmeniteIlmenite  FeFe2+2+TiOTiO33, , FayaliticFayalitic  Olivine Olivine FeFe22
2+2+SiOSiO44, , 

Quartz Quartz SiOSiO22, and Zircon , and Zircon ZrSioZrSio44  

  

Bulk  minerals include  accessory  Bulk  minerals include  accessory  Cristobalite,  Cristobalite,  HercyniteHercynite, , 

Anorthite,  Anorthite,  WuestiteWuestite,  ,  AlbiteAlbite, , and and AnorthoclaseAnorthoclase.  .    

High  pressure  High  pressure  OlivineOlivine    polymorph  polymorph  WadsleyiteWadsleyite  (Mg,Fe(Mg,Fe22
2+2+) ) 

2(2(SiOSiO  44) ) Implies Extraterrestrial Shock Pressure of ~20 Implies Extraterrestrial Shock Pressure of ~20 

GPaGPa  ––  Stable in Earth Upper Mantle @ 425 km Stable in Earth Upper Mantle @ 425 km   



Oxygen Isotopes of Polonnaruwa StonesOxygen Isotopes of Polonnaruwa Stones 

Independent Laser Fluorination Measurements of 
Triple Oxygen Isotopes by  Prof. Dr. Andreas 

Pack University of GöttingenUniversity of Göttingen and  

Prof. Eizo Nakamura Okayama University 

 Produced Consistent Results 

with D17O Far Away from 

Terrestrial Fractionation Line 
  

  
  

  

  
  

  



Oxygen Isotopes of Polonnaruwa StonesOxygen Isotopes of Polonnaruwa Stones 

 
  

  
  

  

  
  

  



Shocked Grains & High Pressure MineralsShocked Grains & High Pressure Minerals 

 
  

  
  

  

  
  

  

 Shock Fractured Zircon & Quartz Grains.  FTIR 

Absorption at 778 cm-1 & 797 cm-1  of Maskelynite 



Polonnaruwa Polonnaruwa ThTh//SmSm  & & ThTh/Al/Al22OO33  DataData 

 
  

  
  

  

  
  

  

ICP-OES Ratios ~ CI Meteorites & KREEP 



Bulk Chemistry at Cardiff  by Inductively Bulk Chemistry at Cardiff  by Inductively 

Coupled Plasma Coupled Plasma --  Optical Emission Spectroscopy Optical Emission Spectroscopy 

ICPICP--OESOES 
  

      

  

  

  

  

  

  

  

  

  

  

REE Patterns ~ High K & High Al Glasses in Lunar and 4 REE Patterns ~ High K & High Al Glasses in Lunar and 4 VestaVesta  --  

Europium Europium ––  0.7 to 0.9 0.7 to 0.9 ppmppm  (~Europium Anomaly Lunar Highlands)(~Europium Anomaly Lunar Highlands)  

Iridium  ~ 1Iridium  ~ 1--7 7 ppmppm    ( ~ 10( ~ 1044  times that of Terrestrial Crustal Rockstimes that of Terrestrial Crustal Rocks))  
  
  



Polonnaruwa Cardiff & JINR DataPolonnaruwa Cardiff & JINR Data 

 
  

  
  

  

  
  

  

Hf/La & REE Plots for Aralaganwila/Polonnaruwa, 

Lunar Basalts and Stannern Eucrite from Vesta 



Fossil Diatoms Fossil Diatoms   

 Taxonomy of Diatoms based entirely on Shell Morphology 

Centrics: Radial Symmetry  - Pennates: Bilateral Symmetry  

Richard B. Hoover – Those Marvelous Myriad Diatoms, National Geographic, June, 1979 
 



Marine Diatoms in Polonnaruwa Meteorite 

Complete Frustules of Complete Frustules of Hantzschia Hantzschia amphioxysamphioxys    and and 

Araphid  Marine Pennate Araphid  Marine Pennate --  ArdissoneaArdissonea  robustarobusta      



Marine Planktonic Diatoms in Polonnaruwa 

Embedded Embedded Aulacoseira ambigua Aulacoseira ambigua Filament in Filament in 

Polonnaruwa & Cells from Polar OceanPolonnaruwa & Cells from Polar Ocean  



Strange Diatom in Polonnaruwa Meteorite 

UNKNOWNUNKNOWN--Possible New Family of Diatoms   Possible New Family of Diatoms     



Acritarchs in Polonnaruwa Meteorite 

KerogenKerogen  --  cf. cf. LeiospheridiaLeiospheridia  sp. sp. C 84%; O 14%   C 84%; O 14%     



Extinct Hystrichosphere in Polannaruwa Meteorite 

C 

Al 



Silica Scaled Chrysophyte algae or Testate Amoeba 

Synurid 
Difflugia  

corona 



Globigerina sp. Foraminifera in Polonnaruwa 

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCNiHxNiBnMgCFYjOgAodYXwMgg&url=http%3A%2F%2Fwww.foraminifera.eu%2Fglobigerina-sp1-stirone.html&psig=AFQjCNHmIGVZUbO-waxvwcN21HpMzYEd2w&ust=1443608165543579


 Testate Amoebae cf. Difflugia sp. 



 Testate Amoeba Spines & Plates in Polonnaruwa 



 REE & Heavy Metals in Polonnaruwa 



Perspectives in Astrobiology:Perspectives in Astrobiology:  
Microfossils in Carbonaceous MeteoritesMicrofossils in Carbonaceous Meteorites 

CONCLUSIONS 
  

Requirements for Life (Water, Energy & Biogenic Requirements for Life (Water, Energy & Biogenic 
Elements) CoElements) Co--Exist on all Planets, Moons & CometsExist on all Planets, Moons & Comets  

  

Carbonaceous Meteorites Contain 8 of 20 Protein Amino Carbonaceous Meteorites Contain 8 of 20 Protein Amino 
Acids and 3 of 5 DNA Nucleobases & Indigenous Acids and 3 of 5 DNA Nucleobases & Indigenous 
MicrofossilsMicrofossils  

  

Absence of Biomolecules in Stones and Nitrogen in Absence of Biomolecules in Stones and Nitrogen in 
Filaments proves these Microfossils are Ancient and Filaments proves these Microfossils are Ancient and 
Indigenous Indigenous --  NOT MODERN BIONOT MODERN BIO--CONTAMINANTSCONTAMINANTS  

  

Conclusive Evidence for Extraterrestrial LifeConclusive Evidence for Extraterrestrial Life  
  

  



Perspectives in Astrobiology:Perspectives in Astrobiology:  
Microfossils in Carbonaceous MeteoritesMicrofossils in Carbonaceous Meteorites   

 

Future Research on Polonnaruwa Meteorite  

Radiochemical Neutron Activation Analysis for Radiochemical Neutron Activation Analysis for 
Precise Determination of Elements for Comparison Precise Determination of Elements for Comparison 
with Other Meteorites  and Classificationwith Other Meteorites  and Classification  

  

Study Fractionation of Isotopes of Study Fractionation of Isotopes of LithophilesLithophiles  
Lanthanides  and Heavy MetalsLanthanides  and Heavy Metals  

  

Measure Measure RadionuclidesRadionuclides  and Noble Gas to Determine and Noble Gas to Determine 
Cosmic Ray Exposure Age of Polonnaruwa StonesCosmic Ray Exposure Age of Polonnaruwa Stones  

  

Measure Age of  Zircons, Measure Age of  Zircons, SiCSiC  and Graphite Grains and Graphite Grains 
in Stones & Isotopes of C, Si & O in Fossilsin Stones & Isotopes of C, Si & O in Fossils  

Unravel the Mysteries of the Polonnaruwa StonesUnravel the Mysteries of the Polonnaruwa Stones  

  



  Perspectives in Astrobiology:Perspectives in Astrobiology:  
  Microfossils in Carbonaceous MeteoritesMicrofossils in Carbonaceous Meteorites 
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