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acetyl coenzyme A synthesis /77, 181-183, 182,
225,228,229
prebiotic precursor 229-230
acetylene, Titan 428-429
achondrites, basaltic 85
acidophiles 281
acritarchs
Proterozoic 315, 317, 318-319
extinction 340
adenine 103, 139
formation 146
in formation of adenosine 146
Murchison meteorite 162
synthesis 159, 160
adenosine, formation /45, 145-146
adenosine diphosphate see ADP
adenosine triphosphate see ATP
ADP 166-167
aerobes 225
aerosols
and mass extinction 346
Titan 429, 437
aether 10
Akilia, Greenland, evidence of earliest
life 254-255
alanine, synthesis 159, 160
albedo 92
and climate feedback 93, 93
Europa 392
algae
lichen symbiosis 216
Proterozoic 319

ALH84001 2, 51, 364, 365, 373-378
carbonate globules 374, 375-377, 376, 466
fossils 466467
magnetite crystals 375, 375-376, 466467
organic molecules 374-375

alkalithermophiles 278

Allen Telescope Array 531-532, 532

Allende meteorite 85

alpha ketoglutarate, synthesis 176-177

Alvarez hypothesis 336, 337, 338

Ames Research Center 49, 54, 55, 56-58

amide 158, 158

amino acids 137, 139
alternative 537-538
chirality 139, 190-191
enantiomeric enrichment 162, 163
extraterrestrial, formation 80
in meteorites 54, 80

Murchison meteorite 79-80, 85, 141, 160-164, 162, 162,

163,163
Murray meteorite 80
synthesis 157-160
simulations 164—166
see also Miller—Urey experiment

thioesters 197

ultraviolet radiation 80
amino alcohol 157, 158
aminonitrile 157, 158
amitochondriates 269, 270, 270, 271-272
ammonia 96-97

in amino acid synthesis 157, 158

nitrogen cycle 250-252

as substitute for water 463-464, 541

Titan 440441, 442
ammonification 251
ammonium 104

nitrogen cycle 251
amoebae, Proterozoic 318, 319
amphiphiles 140, 201, 201, 202, 202, 203
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anabolism 174, 175, 225 microorganisms 70, 223
anaerobes source of meteorites 160, 162
metabolism 228-229 astrobiology
O, toxicity 100, 106, 340 Ames Research Center 49, 56-58
anammox organism 251 comparison with biotechnology 485-488, 486
Anaximander of Miletus (611-547 BC), cosmogony 34 decision-making
Ancestor, Last Universal Common 267 expert 488-489
angiosperms 329-330, 331 public 489491
anhydride bonds 197-198 education
animalcules 35 the future 556-557
animals public 491-492
complex, and O, rise 100 University of Washington graduate program 550,
Proterozoic 319-321, 320 553-556, 554, 555
Anomalocaris 322 ethics 61-62, 493, 493
Antarctica 571-572, 572 history of ideas 9-10
Anthropic Principle 4 and ignorance 548-552
Antoniadi, Eugéne-Michel (1870-44), work on Mars 24 interdisciplinary nature 548-552
apeiron 34 international issues 490
Apex Basalt, Australia, microfossil biogenicity Mars exploration 488-493
243,243-244 a new discipline 5859, 547-548
Aquinas, St Thomas (1225-74) 11 nuclear issues 491-492, 492
Archaea 70 and popular culture 60, 60
eukaryote symbiosis 216 risk communication 491
extremophile 279, 280, 285 and society 60-62, 483-496
metabolic evolution 224 theological and philosophical issues 492-493
methanogenic 224 Astrobiology Institute, NASA 57, 57-58
acetyl coenzyme A metabolic pathway 181-182 Astrobiology Roadmap, NASA 56-60, 61-62, 483-484
in sea ice 306-307 astrometry, extrasolar planets 446447, 447, 456
Tree of Life 259, 267 astrophysics, nineteenth-century 17-18
Archaeoglobus 260 atmosphere
Archean Archean 110-111
environmental conditions 256-257 blackout, and mass extinction 346
excess hydrogen 110-111 composition, and life 91
life on land 257 and evolution 99101, 7100
metabolic evolution 223, 224 0O,, modelling 109-111
methane 96-98, 98, 110 prebiotic 101, 101-103
microfossils 240-244, 242, 255-256 0, 102
plankton 256-257 reducing 141-142
rock 238 atomism 10
as record of life 237-239 ATP 166-167
Greenland 254-261 pyrophosphate bonds 197-198
stromatolites 233-234, 244-247, 256, 257 synthesis 175, 175-176, 200, 226
Tree of Life 259-261 autotrophy 175, 225, 258-259
Archezoa 270 isotopic fractionation 247-249, 258-259
Arecibo radio telescope 517, 518, 577-578 see also chemoautotrophy; photoautotrophy
Aristotle (384-322 BC)
De Anima 119 Bacteria
De Celo 10-11 acetogenic, acetyl coenzyme A metabolic pathway 181-182
definition of life 119 Cambrian 323
spontaneous generation 34 complexity 137-138, 138
arthropods eukaryote symbiosis 216
Cambrian 322, 323 extremophile 279, 280, 285
Ordovician 324 in ice
asteroids abundance 302-305, 303
and mass extinction 344 activity 307-309, 308
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chemotaxis 304
concentration 303
diversity 305-307
lateral gene transfer 224
metabolic evolution 223-224
photosynthesis 231-232
Proterozoic 315-317
Tree of Life 259-260, 267
bacteriophage 217
banded iron formations 107
Barnard’s star 28, 51-52, 52, 337-338
basalt, reaction with hydrothermal fluids 183
see also flood basalt events
beacons, alien 521-522
Belcher Group, Proterozoic microfossils 240, 241
Big Bang, formation of H and He 77
Big Bang Hypothesis, eukaryote phylogeny 270, 271
bilayers 140, 140
lipid 201
encapsulation 203-205, 204
permeability 202-203, 203
biochemistry
alternative 276, 467-468, 537-543, 543
carbon 155, 463
biofilms
at hydrothermal vents 287-288, 288
possible space travelers 285-286
biogenicity 241-244
biology, synthetic 537
biomarkers 223-224
eukaryote 317-318
see also sterane
Mars 378-380
methane 113
molecular 252-254, 253
ozone 112-113
biomineralization, Cambrian 322
biopolymers, alternative architecture 542
biosignatures 4, 237, 477-478, 478, 479
black smokers 184, 286, 287
bombardment see impact events
bonds, organic molecules 155157
borate 170
and ribose stability /70, 170-171
boron 170
brine, freezing point depression 296298
Bruno, Giordano (1548-1600), On the Infinite Universe and
Worlds 12, 444
Buffon, George-Louis Leclerc, Comte de (1707-88)
36-37
Burgess Shale biota 322-323

Callisto 388-411, 389, 390
tidal heating 392
Calvin—Benson cycle 225

Cambrian
arthropods 322, 323
bacteria 323
‘explosion’ 4, 321-323, 340
changes 322-323
flora 323, 327
terrestrial 327-328
invertebrates 323
marine fauna 325
mass extinctions 340, 349
metazoans 323
plankton 323
sponges 322
trilobites 322
carbohydrates 137
carbon
basis of life 276, 463, 463
bonds 155
carbonaceous chondrites 87, 141
delivery to Earth 87-88
extraterrestrial 141
and habitability 73
isotopes see isotopes, carbon
Murchison meteorite 162
organic, burial 101, 109-110
redox state 166, 166
carbon cycle 94, 104
inorganic see carbonate-silicate cycle
organic 94
carbon dioxide
early Earth atmosphere 188-189
and greenhouse effect 92
and habitable zone 71, 72
Mars 28-29, 48, 365-366
Paleozoic 327-328
Permian/Triassic mass extinction 340-341
Venus 188-189
volcanic 95-96, 142
carbon fixation 176-177, 225, 229, 229
see also metabolism, anabolic; photosynthesis
carbonates
cap 99
globules 374, 375-377, 376, 466
metamorphism 95
precipitation 94-95
carbonate-silicate cycle 94-96, 95, 96
Carboniferous
burial of organic carbon 101
climate 327-328
terrestrial fauna 328
terrestrial flora 328
Cassini/Huygens mission 2, 172, 277, 430-433
Cassini Orbiter 430431, 431
experimental results 433-439
Huygens Probe 432, 432-433, 435, 437
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catabolism 174-175, 175, 225-228, 226, 227
energy yield 226-228
glucose 175
Stickland reaction 228
catalysis, energy-driven cycles 149-150
catastrophism 16, 336
cells
eukaryotic 137
first 200-202
membranes 193-194
chemiosmotic energy 195, 200
molecular level 138-140
prokaryotic 137-138
Cenozoic
evolution 330-333
marine fauna 330-331
terrestrial fauna 331-333
terrestrial flora 331
cerium 107
Chalmers, Thomas (1780-1847), A Series of Discourses on the
Christian Revelation 15
Chamberlin, Thomas Chrowder (1843-1928), planetesimals 26
chemistry
nebular 81-82
organic
extraterrestrial 141
interstellar 78—79
reactivity 155-157
chemoautotrophy 175, 176-177
chemotaxis 304
Chengjiang biota 322-323
chert
hydrothermal 240-241
kerogenous 255
microfossils 238, 240-241
‘chicken-or-egg’ problem 144
solution 144-145
Chicxulub Crater 346, 347
chirality
amino acids 139, 161-162, 190-191
evidence of biological origin 464465
Mars 379-380
chlorine 112
chlorofluorocarbons, and greenhouse effect 92
chlorophyll 226, 227
chondrites 85
carbonaceous 85
carbon and water content 87
organic molecules 160164
chondrules 85, 85
chrysophytes, Proterozoic 318, 319
Clausius—Clapeyron equation 297
clay see minerals, clay
climate
change, and mass extinction 344

effect of solar luminosity 94, 94
failure
Mars 96
Venus 96
feedback 92-93, 93
global 91-93
clouds, interstellar
diffuse, organic chemistry 78
giant molecular 75
organic chemistry 78-79
clusters, star 76
Cocconi, Giuseppe, SETI 31-32, 55
coevolution 216, 218-219
cold-trapping 102, 103
colemanite 170
see also borate, and ribose stability
comets
jovian 393
and mass extinction 344
as source of organic molecules 142, 193, 223
Stardust mission 171-172
Committee on Space Research (COSPAR) 489, 501
mission categories 501, 501-502
communities see mats, microbial
compounds, organic
early Earth 192-194, 193
in formation of Earth 78
role in ice inhibition 299-300
see also molecules, organic
compressions, carbonaceous, Proterozoic 315, 317, 318, 319
condensation reactions, energy sources 194, 196
condensation sequence, solar nebula 8§17, 81-82
conduction, Europa 401-403, 418-419
contamination 49, 62, 410, 489, 498-509
backward 487, 498, 499-500, 503, 503-505, 508, 509
Mars 503, 504, 509, 510
quarantine 487, 504
sample handling protocol 508-509, 509, 509, 510, 570
forward 498499
Europa 503, 507-508
Mars 502, 502, 505-507
microfossil 238-239, 242-243
spacecraft sterilization 505-508
contingency 3-4
convection, Europa 401-403, 419
Coonterunah Group, Australia
carbon isotopes 255
photoautotrophy 258
Copernican Principle 12, 13
Copernicus, Nicolaus (1473-1543), De Revolutionibus Orbium
Celestium 11-12
cosmic abundances 77
cosmic haystack 516-518
cosmic rays 78
cosmogony, early 34
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Cretaceous DNA 137, 139-140, 143, 214
angiosperms 329-330 alternative 538, 538-539
terrestrial fauna 330 central dogma 214
Cretaceous/Tertiary mass extinction 330-331, 338, 341, 342, lateral gene transfer 216-217
343, 349 sequence analysis 266-267
data 350-351 Doppler velocity, extrasolar planets 447, 447-449, 449, 450,
cryoprotectants 299-300 452,454,456
cryovolcanism Drake, Frank 3/
Europa 400-401 Intelligent Life in Space 32
Titan 436 Project Ozma 32-33, 55, 513
cyanobacteria 106 SETI 30-33
hopanoids 223-224 Drake Equation 55, 518-520
methane metabolism 258-259 drying, as energy source 194, 196
microbial mats 233, 233-234, 234 dust
photosynthesis 223-224, 231-232, 258, 259 atmospheric see aerosols
Proterozoic 315-317, 316, 317 circumstellar 52-53, 74, 74
61 Cygni 27, 337 interstellar 75
cytosine 139 element abundances 78
Dyson, Freeman 4
Darwin, Charles (1809-1882) Origins of Life 149, 178, 179
Down House 214, 573, 573-574
On the Origin of Species 18, 213 Earth
work on evolution 16, 18-19 age 17
Darwinism atmosphere 91, 97, 112, 141-142
definition of life 120-121 early 188-189
social 23-24 see also atmosphere
debris disks 52-53, 74, 74 contamination 487, 498, 499-500, 503—-505
definitions 121-123 sample handling protocol 508-509, 570
ideal 122-123 early
lexical 121 energy sources 194-200, 795, 196, 223
operational 122 environment 187-191, 222-223
ostensive 122 Europa as model 407
stipulative 122 fresh water 190
degassing, volcanic 101, 101 impact sterilization 188, 191, 222-223,
Deinococcus 305 339, 360
Deinococcus radiodurans 275, 285, 285, 392-393 metabolism 228-230
Democritus (c.460-¢.370 BC) 10 mineral surfaces 190-191, 198-199
denitrification 104, 251-252 ocean 188, 189-190, 191-192
deoxyribonucleic acid see DNA organic compounds 192, 193
Derham, William (1657-1735), Astro-Theology 15 records of life 237-261
Descartes, René (1596-1650) 35, 135 effective temperature 92
desiccation 282 energy balance 92
Antarctic snow 305 energy sources 462
deuterium/hydrogen ratio 88, 88 early 194-200, 195, 196, 223
Devonian extreme environments 275-289
invertebrates 324 formation 75, 188
mass extinctions 340, 349 delivery of carbon and water 87-88
terrestrial flora 327, 327, 328 life see life, terrestrial
vertebrates 324-325 liquid water see water, liquid
diamictite 98-99 mass extinction events 339-341
disk, nebular, surface density 86 properties 564
disk instability 83, 83-84 reduced organics, origin 141-142
diversity eccentricity 390, 397
and mass extinction 336, 336 ecogenomics 268, 272-273
microbial 265-266 ecology, microbial 267-268
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Ediacaran biota 319-321, 320 ESA Mars Express spacecraft 381, 383-384
extinction 340 ESA/NASA Cassini/Huygens mission 2, 172, 277, 430-433
education, public 491-492 escape, thermal 102
electron flow 225-228, 230 escape velocity 86-87
electron transport chain 230 Eschenmoser synthesis, 159-160, 161
electrons, covalent bonds 155-160 Escherichia coli
electrophiles 156, 156, 157-159, 168-169, 170 metabolic water 283
elements pressure tolerance 275
alternative 541-542 TCA ‘horseshoe’ 177, 177
interstellar medium, abundance 78 ethane, Titan 428-429
requirement for life 463 ethics, and astrobiology 61-62, 493, 493
solar, abundance 73, 77, 77-78 ETP (electron transport-coupled phosphorylation) 775,
embryos, planetary 87 175-176
Empedocles (c.450 BC) 34 eukaryotes 265-272
enantiomers 161-162 complexity 137, 137
enrichment in amino acids 162, 163 evolution 321
encapsulation, macromolecules 203-205, 204, 206 extremophile 280
Enceladus Proterozoic 317-321, 318
environment 277 symbiosis 216
liquid water 2 Tree of Life 259, 260-261, 267, 270
tidal heating 287 Europa 388-411, 389, 390
endosymbiosis 216, 219, 231 albedo 392
energy as analogue for early Earth 407
free 187—-188, 192 bands 399, 400
catabolic yield 226-228 biogenic compounds 404-405
Gibbs 226-227 chaotic terrain 399-400, 401
metabolic 194, 226-228 charged particle radiation 392-393, 393, 404, 406-407
requirement for life 462 chemical disequilibria 405, 406407
sources, alternative 276 conduction 401403, 418-419
early Earth 194-200, 795, 196, 223 contamination 503, 507-508
chemical 196-197 convection 401-403, 419
chemiosmotic 195, 200 cryovolcanic flows 400401
global 194-195 diapirs 398, 399-401
heating and drying 196 energy sources 277, 403-407, 404
local 194, 195 hydrothermal 277, 405-406
photochemical 194-195, 199-200 environment 277
polymerization 196 exploration 409-410
pyrophosphate bonds 197-198 preventing contamination 410
see also Mars, energy source geology 397401
stellar, and mass extinction 343 gravity measurement 396
utilization evidence 174 habitability 403—407
energy balance, planetary 92 ice 292, 296, 394-395, 396
enhancement factor, gravitational 86-87, 87 heat transport 401-403, 402
Entophysalis 241 impacts 393-394
entropy 140 craters 399, 401
environmental impact statements 490 gardening 394, 394
enzymes 139, 184 interior models 395-397
encapsulation 203-205, 204 lenticulae 400
Eocene life 500
climate 331 possible origin 407-409
terrestrial fauna 332 search for 409-410, 468-469, 470
Eoentophysalis 240, 241 lineaments 398-399
Epicurus (c.341-270 BC) 10, 444 liquid water 2, 51, 292
equilibria, thermodynamic 166-167 magnetic field measurement 396-397
¢ Eridani, SETI 32 orbital resonance 391, 391
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photosynthesis 405 longer-term effects 348-349
the ‘Puddle’ 401, 401 modern 341
ridges 398, 398-399, 399 Ordovician and Devonian 340, 349
sputtering 393 Permian/Triassic 340-341, 349
subsurface ocean 395-397, 398-400, 402 data 351-353
biomass production 406407 risk through time 349
detection 403 sequence of events 339
salinity 408-409 severity 349
surface composition 394-395 sources of error 337-338
tidal heating 287, 392, 402-403, 411-414 sudden 337
tidal squeezing 398 synoptic data sets 336-337
UV radiation 392, 393 Triassic/Jurassic 341
see also satellites, Galilean see also impact events
eutectic point 296-297 extremophiles 278-281, 279, 280
seawater 297, 298 and hydrothermal vents 286288
evaporites 170-171 organic solvents 282-283
evolution 213-220 radiation 284-285, 285
biological, and rise in O, 100-101 space travel 284-286
Cenozoic 330-333 temperature 283-284
coevolution 216, 218-219 water and desiccation 281-283
contemporary 225-228
convergent 215, 267 Fabricius, J. A. (1668-1736), Hydrotheologie 266-267
cosmic 46-47, 47, 134 fayalite 183
Darwinian systems 154-155, 218 feeding zones 8687
limits for Earth-life 219-220 fermentation 175, 226, 227
macroevolution 215 ATP synthesis 226
Mesozoic 328-330 lactic acid, energy yield 228
metabolism 222-235 Stickland reaction 228
microevolution 215 Fermi Paradox 3, 49
molecular level 214-215 films
Paleozoic 325-328 carbonaceous see compressions, carbonaceous
Phanerozoic 313, 374, 321-333 organic, as origin of life 198-199
Proterozoic 313-321, 314 water, premelting 300, 300
tidal, Galilean satellites 390-391 Firmicute bacteria 260
work of Charles Darwin 18-19, 213 Flammarion, Camille (1842-1925) 21-22
see also life, definitions, Darwinian flood basalt events 344
Evolution/Development (‘Evo-Devo’) 4, 215, 219 fluids
exobiology hydrothermal 286, 287
conceptual formation 47-58 and proto-metabolism 183-184
and cosmic evolution 4647 fluorine 112
NASA 46, 49-50, 54-55 focusing, gravitational 86-87, 87
and origin of life 54-55 Fontenelle, Bernard le Bovier de (1657-1757),
exopolymers, cryoprotectant 299-300 Conversations on the Plurality of Worlds 1215,
exploration, extraterrestrial 5, 473482 14, 498
extinction, mass 3, 335-353 formaldehyde
Cambrian 340, 349 and adenine formation 146
causes 341-345, 349 in amino acid synthesis 157, 158
Cretaceous/Tertiary 338, 341, 342, 343, 349 atmospheric synthesis 103
data 350-351 formose reaction 168169
and diversity 336, 336 synthesis, energy source 194-195
Earth events 339-341 formamide 171, 171
early impact events 339 formose reaction /68, 168-169, 170
frequency 348 Fortescue Group
gradual 337 microfossils 241-242
history of concept 335-336 stromatolites 244-246, 245, 256, 257
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fossils glaciation
macroscopic, and O, rise 100 Huronian 98-99
Mars 2, 51, 376, 377, 379 and mass extinction 340, 344
ALH84001 466467 Gliese 876, 454
and mass extinction 337-338 glucose, catabolism 175
Proterozoic 315 glyceraldehyde 168, 170
trace 315, 321 prebiotic chemical energy system 196197
fractionation 79 glycine 78, 80, 139
isotopic 224, 247-249, 248 interstellar medium 164
sulfur isotopes 708, 108-109, 249-250 synthesis 157159, 158
Fraunhofer, Joseph von (1787-1826), absorption lines 17 glycolaldehyde 168, 170
freezing point, depression, brines 296-298, 297 glycolysis 175
fungi glycoprotein, role in ice inhibition 299
lichen symbiosis 216 Gondwana 327, 329
Proterozoic 319 Gould, Stephen Jay (1941-2002), Wonderful Life 3
grains
Galapagos Islands 574, 574-575 detrital 107
Galileo mission 2 interstellar 84
europan geology 397 simulation 165-166
europan gravity measurement 396 graphite 167
europan magnetic field measurement 396-397 grasses 331
planetary protection policy 502 gravity
gamma ray bursts, and mass extinction 345 and interior models 417
Ganymede 388-392, 389, 390 and planetary formation 86-87
orbital resonance 391, 391 gravitational enhancement factor 86-87, 87
tidal heating 392 gravitational focusing 86-87, 87
gardening, impact 394, 394 Greece, ancient philosophy 10-11
Gardner, James 4 greenhouse effect 92
gas, interstellar 75 moist 71
element abundances 78 and solar luminosity 94
gas giants, formation 82-84 greenhouse warming
generation, spontaneous Mars 365-366
early ideas 34-35, 134-135 runaway 71, 344
nineteenth-century ideas 37-39, 135 Greenland, Archean rock, evidence of life 254-261, 575,
seventeenth- and eighteenth-century ideas 35-37 575-576
work of George Wald 132 Grypania spiralis 100, 240, 240, 317, 318
genes guanine 139
HOX 215 Murchison meteorite 162
lateral transfer 216-217, 218, 219, 224, 267 gymnosperms, Mesozoic 329
‘tool box’ 215
genetic code 139, 214 habitability
mutation 214-215 of planets 69-70
universal 213, 217-218 significant factors 72-73
genetics, work of Gregor Mendel 213-214 habitable zone 70-72
genomes Earth systems modeling 72, 72
compositional 148-149, 149 influence of giant planets 83
protist 266-267, 272 inner edge 71, 72
ergonomics 268, 272-273 outer limit 71, 72
Giardia lamblia project 272 width 71-72
geochemistry, as evidence for metabolic activity 224, 231 Haldane, John Burdon Sanderson (1892-1964) 41-42
geology, timescale 566-568, 567 Oparin—Haldane hypothesis 39-42, 54
Giardia 270 reductionist approach 42-43
Giardia lamblia 266 halophiles 281, 281, 298
genome project 272 Harvard optical SETI telescope 526528, 531
Gibbs free energy 226-227 Hawai’i 572, 573
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haze, photochemical see aerosols; tholin
heat transport, Europa 401403
heating
as energy source 196
radiogenic, Europa 402
tidal 287, 390-391, 411414
Callisto 392
Europa 392, 402-403, 411-414
Ganymede 392
Io 391-392
heavy elements
formation 73, 76-77
solar abundances 77-78
helium, in star formation 75, 77
helix, double 139-140, 143
Helmont, Jean-Baptiste van (1577-1644), spontaneous
generation 35
hematite, Mars 365, 365, 382-383
Henderson, Lawrence J. (1878-1942), cosmic evolution 47
Herschel, William (1738-1822) 16-17
heterotrophy 175, 225, 228
Homo sapiens, evolution 332
hopanes 253, 259
hopanoids 223-224
HOX genes 215
Huronian, glaciation 98-99
Hutton, James (1726-97) 16
hydration 296
hydrocarbons
cell membranes 193-194
haze 98, 98
polycyclic aromatic 78, 167
Mars 466
and ultraviolet radiation 78, 79, 80, 199
Titan 428-429, 430, 433434
hydrogen
Archean 110-111
escape to space 102-103, 703, 110, 167, 167
liquid, Jupiter 388
molecular 75
oxidation 230
prebiotic atmosphere 102-103
in star formation 75, 77
see also deuterium/hydrogen ratio; redox
hydrogen cyanide
and adenine formation 146
formation of formamide 171, 171
reactivity 159-160, 161
synthesis 103, 104
hydrogen peroxide, and photosynthesis 106
hydrogen sulfide, and mass extinction 345
hydrological cycle 95-96
hydrothermal vents see vents, hydrothermal
hydroxypropionate metabolic pathway 225
hyperthermophiles 277, 283-284, 571

ice 292-311
bacteria
abundance 302-305, 303
activity 307-309, 308
diversity 305-307
formations 292, 293
freshwater 301
bacteria 305-306
high pressure 296
inhibition 299-300
interstellar 78, 79, 80
microbial life 293, 293-295, 298, 301, 302-309
osmotic shock 298
phases 295, 295-296
presence of liquid water 292-295, 293
sea 292, 301-302, 310
Solar System 292
see also Europa, ice
ice giants 82, 82-84
icehouse conditions, and mass extinction 344
Iceland 569, 570
identity statements
theoretical 124-125, 129
general theory of life 125-126
imidoesters, nucleotides 197
imine 157, 158
impact events 223, 287
cratering, Titan 434-435, 435
Europa 393-394
and mass extinction 344, 345-348
Cretaceous/Tertiary 338, 341, 342, 343, 346-347
efficiency variables 347
Proterozoic 339
Triassic/Jurassic 341
see also comets; Mars, impact craters; meteorites;
sterilization, impact
impact frustration 188, 191
see also sterilization, impact
impact gardening, Europa 394, 394
impressions, Proterozoic 315, 319-320
infrared, excess 74
Vega 52-53
insects, flying, Carboniferous 325
instrumentation, extraterrestrial life detection 477,
478-481, 480
intelligence, extraterrestrial see SETI
Intelligent Design 132
interstellar medium 75
amino acids 80
element abundances 78
organic chemistry 78-79
simulations 165-166
as source of organic molecules 164, 165, 192-193
see also dust, interstellar; gas, interstellar
introns, protists 271
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invertebrates kaolinite see minerals, clay
Cambrian 323 Kauffman, Stuart, 4t Home in the Universe 134
Devonian 324 Kelvin, Lord (William Thomson) (1824-1907) 17
Ordovician 324 Kepler, Johannes (1571-1630), Somnium 12

To 388-392, 389, 390
orbital resonance 391, 391
volcanism 391-392
see also satellites, Galilean
ionic potential 200
iridium, evidence of impact event 338, 346
iron
banded iron formations 107, 254-255
burial 110
weathering 106-107
iron—sulfur world 150, 179-180
irons, meteoritic 85
isotopes
carbon
as evidence for metabolic activity 224, 247-249, 248
Australia 255
Greenland 254-255
Mars 378-379
Swaziland Supergroup 255
marine 107-108
nitrogen 250-252, 251
oxygen 257
sulfur 224, 231, 249-250, 250
marine /08, 108-109
isovaline 80
Isua, Greenland, evidence of earliest life 224, 255, 575,
575-576

Jeans, Sir James Hopwood (1877—-1946), tidal theory 27, 51

Jeffreys, Sir Harold (1891-1989), tidal theory 27, 51
Jupiter 388
atmosphere 388
effect on Solar System 83, 452-453
formation 82, 83-84
Galilean satellites 388-392, 389, 390
impacts 393-394
orbits 389-392, 390, 390, 391, 412-413
tidal heating 390-391, 411-414
see also Callisto; Europa; Ganymede; lo
magnetic field 417-418
magnetosphere 388
NASA Galileo mission 2
properties 564
Jurassic
mass extinctions 341
terrestrial fauna 330
terrestrial flora 329

K/P event see Cretaceous/Tertiary mass extinction
Kalbarria brimmellae 324
Kamp, Peter van de see Van de Kamp, Peter

Kepler mission 457
kerogen
biomarkers 238, 247-249, 252-254
Warrawoona Group 10-11
Kuhn, Thomas Samuel (1922-96), incommensurability of
scientific theories 128
Kuiper, Gerard (1905-73), work on Mars 28-29, 29, 48
Kuiper Belt 74

Lake Vostok 295, 301, 304, 571-572

Lamarck, Jean-Baptiste (1744-1829), work on evolution 213

land colonization, Paleozoic 323-325

land surface, early life 257

Langley, Samuel Pierpont (1834-1925), The New
Astronomy 18

Laplace, Pierre-Simon (1749-1827), Exposition du Systéme du

Monde 16-17
Laplace resonance 391, 391, 414417
Lasswitz, Kurd, Auf Zwei Planeten 19, 26
Laurasia 327
Le Chatelier’s Principle 166
Lederberg, Joshua 49
exobiology 29, 49
spaceship sterilization 49
Leeuwenhoek, Antony van (1632—-1723), animalcules 35
Leucippus (fifth century BC) 10
Lewis structure 155-156, 156
lichen 216
life
alternative lifeforms 5, 463464
alternative biochemistry 5, 537-543
animal-like, oxygen requirement 112
artificial, synthesis 205-206
carbon-based 4-5, 276, 463
limits 277
definitions 119-126, 461-462
Darwinian 120-121, 461-462
history 119-120
extrasolar, detection 112-113
extraterrestrial 5, 6, 2
backward contamination 498, 499-500
detection 112-113, 478
data collection 477-478
delivery platforms 481
exploration 473-482
instrumentation 477, 478-481, 480
site selection 481
Earth-like environments 277
guidelines for discovery 61-62
history of ideas 10-33
intelligent 468, 513-535
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guidelines for discovery 61-62, 494-495, 533-534
see also SETI
metabolism 465-466
microorganisms 465
movement 465-466
non-intelligent, guidelines for discovery 495, 495
origin 53-55, 59
Europa 407-409
oxygen requirement 112
searching 126
Europa 409-410, 468-469, 470
how to search 461471, 473-482
Mars 369-382, 466, 468470, 469, 470, 479-481
extreme 275-289
general requirements 359-360, 462, 462—463
general theory 125-126
interplanetary exchange 368-369
terrestrial
coevolution with O, 99-101, 100
complexity 136-137, 137, 137-138, 138
earliest records 237-261
evidence 254-261
microfossils 240-244
on land 257
limits 275-289
molecular level 138-140
origin 3-4, 33-43, 132-151, 359-360
Biblical-creationist 132
cosmic evolution 134
early ocean 189-190
early twenty-first-century approach 4243
effect of salinity 408-409
history of ideas 3343
hydrothermal vents 191, 191-192, 287, 288
improbable event 132-134
mineral surfaces 190-191, 198-199, 288
models 188
organic film 198-199
scale 191
sites 191, 191-192
source materials 160-166
spontaneous generation
early ideas 34-35, 134-135
nineteenth-century ideas 37-39, 135
seventeenth- and eighteenth-century ideas 35-37
see also metabolism-first theories; Miller—Urey experiment;
Oparin—Haldane hypothesis; replicator theories
requirements 275
uniqueness 3
understanding of 154
without evolution 218
light, as energy source 199-200
lightning, nitrogen fixation 104
lignin 327
Limulus Amebocyte Lysate 507

lineaments, Europa 398-399
lipids 137-138, 140, 150
bilayer 201
encapsulation 203-205, 204
permeability 202-203, 203
liposomes 201
lipozyme 150
lithotrophy 225
Locke, John (1632-1704), theory of meaning 127128
Lowell, Percival (1855-1916) 22, 22-24, 226
Lowell Observatory 23
work on Mars 22-24, 23, 369-370
Lucretius, (¢.99-55 BC) De Rerum Natura 10
luminosity, solar 93-94
Lyell, Sir Charles (1797-1875) 16

macroevolution 215
macromolecules, encapsulation 203-205, 204, 206
magnetic field, Jupiter 417418
magnetite crystals, ALH84001 375, 375-376, 466-467
magnetotaxis 376
Maillard reaction 148
mammals, Cenozoic 331-333
Manicouagan Crater 341
mantle, oxidation 101
Mars
and astrobiology 357
atmosphere 28-29, 48, 97, 112, 361-362
loss 365-366
methane 383-384
biogenic elements 367, 367
biomarkers 378-380
borate evaporites 170-171
‘canals’ 19, 20-25, 25
carbon isotopes 378-379
carbonate minerals 366
channels 362, 362-363
climate 359
change 365-367
failure 96
contamination 502, 502, 505-507
backward 503
sample handling protocol 508-509, 509, 510, 510
sample quarantine 504
energy source 277, 367-368
hydrothermal 277, 367-368
volcanism 367368, 368
weathering reactions 368, 368
environment 277
exploration 358, 380-381, 474476
Flammarion, Camille; work by 21-22
fossil life 2, 51, 376, 377, 379
greenhouse warming 365-366
gullies 363, 363
habitable zone 7071
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Mars (cont.)
hematite 365, 365, 382-383
ice 292
impact craters 359, 361, 361, 363-364, 365
life 19, 22-24, 48, 261, 500
absence of life 381-382
interplanetary exchange 368-369
potential for 360-369
searching 358, 378-382, 466, 468-470, 469, 470, 474-476
instrumentation 479-481
past searches 369-378
site selection 481
liquid water 2, 51,292, 358-359, 360-365, 361, 382-383, 469
loss of H, 167, 167
Lowell, Percival; work by 22-24, 23, 369-370
Meridiani Planum 2, 469, 500
meteorites 364-365
ALH84001 2, 51, 364, 365, 373-378
fossils 466467
methane 383-384
nineteenth-century ideas 17, 19
organic molecules 379-380
physical features 358, 358-359
properties 564
ribose 170-171
Schiaparelli, Giovanni, work by 19-21, 20, 21, 369
soil, experiments 474476
temperature 28, 70, 366
Tharsis bulge 358, 362
tilt 367
Valles Marinieris 358-359, 362, 363-364
vegetation 28-29, 48, 49
Viking mission 50, 50, 56, 120, 370-373, 466, 474-476
gas chromatograph/mass spectrometer experiment 372
gas exchange experiment 370, 371, 474
labeled release experiment 370, 371-372, 372, 474475
pyrolytic release experiment 370, 371, 475
spacecraft sterilization 505-507, 506
Mars Exploration Rovers (NASA) 2, 380-381, 382—383, 476,
476,477
Opportunity Ledge 383, 384
Mars Express spacecraft (ESA) 381, 383-384
Mars Global Surveyor (NASA) 380
Mars Odyssey (NASA) 380
Mars Phoenix mission 381
Mars Reconnaissance Orbiter 381
Mars Science Laboratory 381, 476
Martians 19, 21-24, 370
in fiction 19, 25-26
mats, microbial 232-234, 256
anoxygenic 234, 235
environmental conditions 256
meaning, theory of, contemporary 128-129
medicine, space 48—49
melting, effect on microorganisms 302-303

membranes
chemiosmotic energy 195, 200, 226
closed
encapsulation 203-205, 204
self-assembly 200-202, 203-205
construction 140
permeability 202-203, 203
Mendel, Gregor Johann (1822-84) work on
genetics 213-214
Mercury, properties 564
Mesozoic, evolution 328-330
marine fauna ‘revolution’ 328-329
terrestrial fauna 327, 330
terrestrial flora 327, 329-330
metabolism
aerobic 232
anabolic 174, 175, 225
catabolic 174-175, 175, 225-228, 226, 227
energy yield 226-228
cellular 174-176
evidence of life 465-466
evolution 222-235
early Earth 222-223, 228-230
evidence 223-224
see also proto-metabolism
first appearance 178181, 229
intermediary 174
metabolic pathways 225
energy 195
in geological record 257-259
metabolism-first theories 148—150, 179-181
metallicity, stellar, and extrasolar planets 455, 455
‘metals’ see heavy elements
metals, transition, in proto-metabolism 183-184
metamorphism, carbonate 95
metazoans
Cambrian 323
diversity 325, 325
meteorites 84
amino acids 80
basaltic achondrites 85

as carriers of organic compounds 78, 142, 160-164, 193,

202, 202

chondrites 85, 85

carbonaceous 85, 141, 193
differentiated 85
iron 85
martian 364-365

ALHS84001 2, 51, 364, 365, 373-378

fossils 466467

primitive 70, 85, 85

see also Murchison meteorite; Tagish Lake meteorite

methane
early biosphere 104
and greenhouse effect 92, 96-98, 98
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Mars 383-384 evolution 106
oxidation 106 in protists 271-272
prebiotic atmosphere 103 see also amitochondriates
and rise of 0, 99, 110 molecules 138-140
as spectroscopic biomarker 113 organic
Titan 2, 51, 428-429, 430, 437-439 biotic vs. abiotic 464, 464—465
methane thiol 182, 182 first appearance 192, 193
methanogenesis Mars 379-380
cyanobacteria 258-259 origin 141-142, 192-193
energy yield 227-228 comets 193
methanogens 97-98, 104, 224, 225 interstellar medium 164, 165, 192-193
earliest metabolism 229, 229 meteorites 160-164, 193
evolution 228-229 reactivity 155-157
Methanosarcina 467 synthesis 157-160, 193-194, 194
methanotrophy 106 energy sources 194-195, 196
micelle 140, 740 simulations 164—166
micro*scope web tool 268, 579-584 thermodynamic equilibria 166-167
microbes replicating 143
Archean see also replicator theories
environmental preferences 256257 molybdenum, in protometabolism 183
metabolic activity 257-259 monism 34
phylogenetic relationships 259-261, 266-267 monomers
physical characteristics 255-256 as catalysts 149
diversity 265-266 chemically activated 197, 197
ecology 267268 Moon
in ice 293-295, 298 formation 188
osmotic shock 298, 302-303 nineteenth-century ideas 17
non-Earth-like planets 69-70 properties 564
microbial mats see mats, microbial; stromatolites moons, giant planets 82-83
microevolution 215 Morella thermoaceticum 181
microfossils Morrison, Philip (1915-2005), SETI 31-32, 55
Archean 240-244, 255-256 Moulton, Forest Ray (1872-1952), planetesimals 26
biogenicity 239, 241-244, 467, 467 movement, evidence of life 465-466
contamination 238-239, 242-243 Murchison meteorite /61
Proterozoic 315 amino acids 79-80, 85, 141, 160-164, 162, 162,
syngenicity 241 163,163
microorganisms carbon 162
adaptability 2 composition 141
extraterrestrial 465 organic compounds 162, 193, 202, 202
radiation-resistant 284-285 Murray meteorite, amino acids 80, 163
microsporidia 270 mutation, genetic 214-215
Mill, John Stuart (1806-1873), 4 System of Logic 5
Miller—Urey experiment 42, 54, 136, 136, 141-142, NASA
143,164, 193 Ames Research Center 49, 54, 55, 56-58
millipedes, Ordovician 324 Astrobiology Institute 57, 57-58
mineralization, Proterozoic 315 Astrobiology Roadmap 5660, 61-62, 483—484
minerals Cassini/Huygens mission 2, 172, 277, 430-433
borate 170-171 and exobiology 46, 49-50, 54-55
clay, as source of life 142, 143, 171, 218, 542 extrasolar planets 52-53
in proto-metabolism 183-184 Galileo mission 2
surfaces, early Earth 190, 190—-191 Infrared Astronomical Satellite 52-53
as sources of energy 198-199 Mars Exploration Rovers 2, 380-381, 382-383, 476,
Miocene, terrestrial fauna 332 476, 477
mitochondria Opportunity Ledge 383, 384
complexity 137 Mars Global Surveyor 380
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NASA (cont.) Oparin, Aleksandr Ivanovich (1894-1980) 4041, 41, 54, 178,
Mars Odyssey 380 179, 226
planetary protection 489, 502—-504 Life in the Universe 54
Stardust mission 171-172 Proiskhozhdenie zhizny (Origin of Life) 40, 40, 228
Viking mission to Mars see Mars, Viking mission Oparin—Haldane hypothesis 39-42, 54, 135-136
see also SETI; Cassini/Huygens mission Ordovician
National Radio Astronomy Observatory, SETI 30-33, 31, 32, arthropods 324
55,228 invertebrates 324
natural kinds 123, 125 marine fauna 325-326
NEAR-Shoemaker mission 502 mass extinctions 340, 349
nebula see also gamma ray bursts
solar 27-28, 75, 336-337 millipedes 324
condensation sequence 87, 81-82 terrestrial flora 327
formation 75 organelles 137
processing 81-82 organic systems
as source of organic molecules 192-193 aqueous, Titan 441
spiral 26, 335-336 non-aqueous, Titan 441
nebular hypothesis 16-17, 18, 51 organotrophy, aerobic 225
Needham, John Turberville (1713-81), spontaneous Orion, clusters 76, 76
generation 36-37 Oro6—Orgel synthesis 159, 160, 164
Neptune osmotic shock 298, 302-303
accretion 82, 83 Outer Space Treaty, United Nations 489
properties 564 outgassing, volcanic 109-111, 142
Newton, Sir Isaac (1642—1727), Philosophiae Naturalis oxidation 225-226
Principia Mathematica 12 Earth 102-103, 110
Nichol, John (1804—1859), Views of the Architecture of the hydrogen 230
Heavens 17 see also redox
Nicholas of Cusa, Cardinal (1401-1464), On Learned oxygen
Ignorance 11 atmospheric, coevolution with life 99-101, /00
nitrification 104, 251 balance 109
Nitrobacter 251 and complex animals 100
nitrogen Earth’s early atmosphere 98-101, 7100
early Earth atmosphere 189 geological evidence 106-109
Titan 433-434, 439 mass extinction 340
nitrogen cycle 104-105, 250-252, 251 models 109-111
nitrogen fixation 104-105, 250-251 oases 106
nitrogen isotopes 250-252, 251 and glaciation 98-99
Nitrosomonas 251 isotopes 257
Nitrospira 260 photosynthesis 105-106
nitrous oxide, and greenhouse effect 92 prebiotic atmosphere 102
North Pole, Australia 576 requirement for advanced extraterrrestrial life 112
microfossils 242-243, 243 rise 109-110
stromatolites 246, 246-247 sinks 109
nucleic acids 137, 139-140 modern 110
nucleophiles 156, 156, 157-159, 168—169, 170 ozone
nucleosides, instability in water /69, 169-170 and greenhouse effect 92
nucleotides 137, 145 as spectroscopic biomarker 112-113, 468
imidoesters 197 ultraviolet shield
formation 111, 711
ocean, early 188 and mass extinction 344-345
composition 189, 189-190
frozen 192 p-RNA 147, 147
Oligocene, terrestrial flora 331 Paleocene, climate 331
oligotrophs 281 paleosols 106-107
Omnidirectional Sky Survey 533 paleotemperature 257
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Paleozoic
evolution 325-328
marine fauna 320, 325-327
terrestrial fauna 328
terrestrial flora 327, 327-328
land colonization 323-325
Pangaea 327, 328, 330
panspermia 39, 41, 54-55, 133, 139
extremophiles 284-286
philosophical issues 492-493
Paracelsus (1493-1541), spontaneous generation 34-35
parasitism 216
Pasteur, Louis (1822-1895), microorganism experiments 38,
38-39, 135
pathways
metabolic 225
earliest 229, 229
energy 195, 226-228
geologic record 257-259
51 Pegasi 27, 53, 53, 450, 450-452
Pelagibacter ubique 281
pelobionts 269
permafrost 301
bacteria 304-305, 306
permeability, membrane 202-203, 203
Permian
mass extinctions 337, 340-341, 349, 351, 351-353, 352
data 351-353
terrestrial fauna 328
terrestrial flora 328
Phanerozoic, evolution 313, 374, 321-333
Phillips, John (1800-74), recognition of mass extinctions
336, 336
philosophy
astrobiology 1-6
cosmic 23-24
defining life 119-131
Greek 10-11
medieval 11
natural theology 15-16
Roman 10
phosphate, early Earth 189-190
phospholipid 201
phosphorus, in meteorites 164
phosphorylation
electron transport /75, 175-176, 226
substrate level 175, 226
photoautotrophy 175, 258
photochemistry, Titan 428429, 438
photolysis 102
Titan 428-429
photosynthesis
anoxygenic 106, 231, 232
Europa 405
evolution 225, 231-232

oxygenic 94, 109, 192, 462
ATP synthesis 226
early evidence 258
electron flow 226, 227
energy yield 227
evolution 225, 232
first organisms 223-224, 232, 258
origin 105-106, 199-200
phototrophy 225
phylogeny 259-261, 266-267, 272
analysis 224, 224, 266-267
multi-gene 270
protists 269-270, 270, 272
see also Tree of Life
Picrophilus torridus 281
B Pictoris 53, 53
piezophiles 278
Pilbara Craton 576, 576
carbon isotopes 255
planetary mass, and habitability 72-73
Planetary Protection Office, NASA 489
planetary science 4851
planetesimals 26, 86-87
planets
earth-like 69
extrasolar 51-53, 52, 74, 444-457
claims 27-28, 336-337
classes 450454
51 Peg-like 450, 450452, 451
circular orbit 452453
eccentric 452, 452, 453
Jupiter-like 450-452
multiple 453454, 454
detection 446, 446-450, 456-457
astrometry 446447, 447, 456

Doppler velocity 447, 447449, 449, 450, 452, 454, 456

imaging and spectroscopy 457
of life 112-113
transits 449, 449-450, 450, 451, 456-457
mass 454-455, 455
habitable 69
Earth-like 70-72
habitable zone 70-72
non-Earth-like 69—70
protection 62, 498-509
policy 489, 500-504
see also contamination
solar 48-51
formation 74, 8288
giant 82-84
accretion 83
disk instability 83, 83-84
influence on habitable zone 83
properties 564
rocky, formation 82
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planets (cont.)
terrestrial
composition 88
formation 84, 8488
gravity 86-87
requirements for life 359—-360
plankton
Archean, environmental conditions 256-257
Cambrian 323
plants, Paleozoic 327328
plate tectonics
and the carbonate-silicate cycle 95
and habitability 72-73
Plato (c.428-¢.348 BC) 10
plenitude, principle of 10, 13
plurality of worlds 11
and natural philosophy 15-16
work of Bernard le Bovier de Fontenelle 12-15
Pluto
properties 564
status as planet 565
PNA 147, 148
polymerase 140
encapsulation 203-205, 204
polymerization 194
energy sources 196
polymers
abiotic 147-148, 299-300
organic, role in ice inhibition 299-300
polynucleotide phosphorylase 203-205, 204
polypeptide chains 139, 162
instability in water 169-170
polysaccharides 137
Pope, Alexander (1688—-1744), Essay on Man 15, 240
potassium, and habitability 72-73
Pouchet, Félix (1800-72), Hétérogénie, ou, Traité de la
Génération Spontanée 37-38
pre-RNA World 747, 147-148, 169
precipitation, carbonate 94-95
pre-existence theory 35
premelting 300, 300
primary production
autotrophs 225, 228
Cambrian 323
geochemical evidence 224
Project Argus 533
Project Cyclops 56, 514-515
Project Ozma 32, 32-33, 55, 228, 513
Project Phoenix 518, 526-528, 529
prokaryotes
biogenicity 241-244, 316, 317
complexity 137-138, 138
microfossils 240244
Proterozoic 315-317
TCA cycle 176-177

protein 137, 138-139
properties 139
synthesis 139-140, 205
in lipid vesicles 205
proteobacteria 260
Proterozoic
acritarchs 315, 317, 318-319
algae 319
amoebae 318, 319
animals 319-321, 320
bacteria 315-317
cyanobacteria 315-317, 316, 317
carbonaceous compressions 315, 317, 378, 319
chrysophytes 318, 319
eukaryotes 317-321, 318
evolution and diversification 313-321, 374
fossils 315
microfossils 315
trace 315, 321
fungi 319
impressions 315, 319-320
mineralized skeletons 315
prokaryotes 315-317, 316, 317
stromatolites 315, 316, 317, 317
protists 265
ecogenomics 268, 272-273
genomes 266267, 272
introns 271
mitochondria 271-272
morphology 268-269
origin 271
phylogeny 269-270, 270, 272
ultrastructure 268-269, 269
see also amitochondriates
proto-metabolism 181
and acetyl coenzyme A synthesis 181-183, 229, 229
and mineral catalysts 183-184
proton-motive force 176, 226, 230
protoplasm 136-137
protostar, formation 75
psychrophiles 278, 284, 293-295, 294, 298, 302-309
pulsars, planets 53
purine 80
Putnam, Hilary, Twin Earth thought experiment 128
pyrimidine 80
pyrite 107, 110-111
burial 110
organic films 198-199
sedimentary 249-250
pyrophosphate bonds 197-198

QB, RNA experiment 143
quarantine
Apollo missions 487, 504
martian samples 504
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quartz, shocked, evidence of impact event 338, 346
quintessence 10

radiation
electromagnetic
alien 514-515, 516-520, 518
search strategies 520525, 521
resistant microorganisms 284-285
ultraviolet
ablation 75, 76, 76, 84
ozone shield 111, 7111
radiator, blackbody 92
Rare Earth hypothesis 3
reactions,
autocatalytic 178, 179
endergonic 174
exergonic 174
in molecular clouds 78-79
reactivity
organic molecules 155-157
mechanisms 156-160, 157
and thermodynamics 166-167
red beds 107
Redi, Francesco (1626-1698), Generation of
Insects 35-36
redox 166, 166, 174
metabolic pathways 225-226
reduction/oxidation see redox
regolith 394
remote sensing, Titan 429-430
replicator theories 143-148, 178-179, 179, 180-181
advantages 143
protein enzyme problem 144
ribozyme 144-145
reptiles 328
resonance
orbital 391, 414417
extrasolar systems 454
respiration 225-226, 227
ATP synthesis 226
energy yield 227-228
hydrogen oxidation 230
sulfate 230-231
Rhynie Chert, Devonian invertebrates 324
ribonucleic acid see RNA
ribose 103, 169
complex with borate 170-171
formation 145-146
in formation of adenosine 146
formose reaction 768, 168-169, 170
synthesis 159-160, 161
ribosomes 139
ribozymes 144145, 178-179
encapsulation 204, 205, 206
Rio Scale 533-534

risk communication 491
RNA 103, 137, 139
enzyme 144-145, 178-179
messenger 139-140, 214
precursor 147-148
Qp 143
ribosomal 214, 267
protist phylogeny 269270, 270
synthesis 145-146, 178-179, 203-205, 204
transfer 139, 214
RNA World 103, 144-145, 178-179, 180181
pre-RNA World 747, 147-148
rock, Archean, as record of early Earth history 237-239,
254-261
Rome, ancient, philosophy 10
rotation, synchronous 389-390, 411-414
Russell, Henry Norris (1877-1957) 51

Sagan, Carl Edward (1934-1996) 2-3, 24-25, 29, 55
definition of life 119, 120
Intelligent Life in the Universe 55
salinity, and origin of life 408—409
Salisbury, Frank, Martian Biology 29, 30
samples
handling protocol 508-509, 509, 510
quarantine 504
satellites, Galilean 388-392, 390
impacts 393-394
orbits 389-392, 390, 390, 391, 412-413
tidal heating 390-391, 411-414
see also Callisto; Europa; Ganymede; lo
Saturn
Cassini/Huygens mission 2, 430-433
formation 82
properties 564
scale, origin of life 191
Schiaparelli, Giovanni (1835-1910), work on Mars 19-21,
20, 21, 369
scholasticism 11
science fiction 19, 25-26, 60, 60, 461, 500
sea ice 292, 301-302, 310
bacteria 306, 306-307
seawater
eutectic point 297, 298
temperature 297-298
selection, natural, work of Charles Darwin 18-19, 213
self-assembly process 187, 190
molecular systems 200-201, 201
closed-membrane vesicles 200-202, 203-205
SERENDIP 526-528, 529-530
serpentinization 183, 287
SETI (Search for ExtraTerrestrial Intelligence) 47, 55-56,
513-535
alien technologies 513-515, 518-520
beacons 521-522
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SETI (Search for ExtraTerrestrial Intelligence) (cont.)
electromagnetic radiation 514-515
detection 516-518, 520-525, 521
spacecraft 514
Allen Telescope Array 531-532, 532
beginnings 30-33, 55-56, 513
current searches 525-530, 526-528
ellipsoid 525, 525
future searches 531-533
Omnidirectional Sky Survey 533
optical 526-528, 531
post-detection protocol 494495, 533-534
Project Argus 526-528, 533
Project Phoenix 526-528, 529
Rio Scale 533-534
search strategies 520-525
frequencies 523, 523-525, 524
Square Kilometer Array 533
transmission to alien civilizations 530-531
SETI@home 526-528, 529-530
shale, microfossils 238, 240
Shapley, Harlow (1885-1972), cosmic evolution 47
Shark Bay, stromatolites 577, 577
Shklovskii, losef Samuilovich (1916-1985), Universe, Life,
Mind 55
Shoemaker—Levy 9 comet 393
siderite 107
silicon, as substitute for carbon 463-464, 541-542
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