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as diamond inclusions	 388–390, 388f, 393
thermobarometry of diamond  

inclusions and	 382, 383f, 384
gas hydrates. See clathrate hydrates
GCE. See galactic chemical evolution
GD. See gramicidin D
gene transfer

in biofilms	 662
horizontal

parasitic elements and	 669
viruses and	 651t, 656f, 657–660,  

 	 659f, 663–664, 664t
lateral	 662
parasitic elements and	 669

gene transfer agents (GTA)	 657–658
generalized gradient approximation (GGA)	 48
generalized transduction	 656f, 657–658
genomics

Bay of Islands Ophiolite, Newfoundland and 
 	 583

of deep microbial communities	 634–635
of deep viral communities	 660, 662–665, 

 	  664t, 665f
defined	 651t
Lost City Hydrothermal Field and	 593
Richmond Mine and	 552

geochemical evolution. See evolution
GGA. See meta-generalized gradient 

approximation
GGM. See granodiorite-granite-monzogranite
Gibbs free energy, calculation of	 48, 118–122
Gibbs-Thomson equation	 522
Giggenbach bottle sampling	 326
glaciation	 93–94
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glasses
albite	 275, 275f
carbonate	 295–296, 295f, 297t
dacite	 275, 275f, 277f
jadeite	 275, 312
phonolite	 276
silicate	 269f, 270–274, 270f

glassy carbon	 439f
GOE. See Great Oxidation Event
goethite	 26
Gold, Thomas	 451–452, 458
GOO equilibrium. See garnet-olivine-

orthopyroxene equilibrium
gradients. See also pulsed field gradient NMR

biogeochemical cycles and	 632–633
deep gas theories and	 451
geothermal, diamond formation and 

 	 12, 359–360, 370f
hydrothermal circulation and	  

 	 596, 659f, 660, 666
hydrothermal vents and	 666
maintenance of	 548, 549f, 552
nanoscale X-ray diffraction and  

 	 436–437, 437f
origins of life and	 666, 668f, 669
pH and electrochemical	 591–592, 592f
redox	 88–93, 372, 633
subduction zones and	 86, 203
supercontinent breakup and	 209

gramicidin D (GD)	 626
Grand Tack model	 159, 163–165, 164f, 171
granitization	 81t
granitoids	 112
granodiorite-granite-monzogranite (GGM)	 84
graphene	 8, 9t, 10, 50f, 52, 54
graphite

compression of	 52–54, 53f
diamond vs.	 12, 49
in fluids of crust and mantle	 110, 111,  

 	 136–137, 136f
growth of diamonds from	 368
high-pressure X-ray Raman spectroscopic 

analysis of	 439f
hydrocarbon formation from	 453
mineral evolution and	 81t, 83
overview of mineralogy of	 8, 9t, 10, 10f, 12f
phase transitions in	 49–50
structure, bonding, and mineralogy of	 50f

graphite-to-diamond transition	 51
graphite-to-lonsdaleite transition	 51
Great Oxidation Event (GOE), evolution of 

biosphere and	 81t, 89–91
gregoryite	 30
Gruppo di Voltri, Italy	 578–579, 581t
GTA. See gene transfer agents

HAADF STEM. See high-angle annular dark-field 
STEM

Hadean Eon, inefficient subduction of  
carbon in 	 204f, 205–208

Hall, Tracy	 13
Halley comet	 153t, 155
hallmark genes	 667
Halobacterium spp.	 638
harzburgitic garnet	 367
Hawley equation	 617
haxonite	 82
HCTE method. See high-temperature 

configuration-space exploration method
heap leach operations	 560
helium	 166, 457
helium burning	 151
herringbone calcite	 91–93, 92f
heterotrophs	 558, 562, 590–591
high-angle annular dark-field (HAADF) 

STEM 	 429, 429f
high-resolution transmission electron  

microscopy (HRTEM)	 429
high-temperature configuration-space exploration 

(HTCE) method	 516–517
highly-siderophile elements (HSEs)	 163
HIMU-EM1	 305, 306f
homeostasis	 591
homogenization, viruses and	 655–657, 656f
HorA	 631
horizontal gene transfer

parasitic elements and	 669
viruses and	 651t, 656f, 657–660,  

 	 659f, 663–664, 664t
hot springs	 654
Hoyle, Fred	 451
HRTEM. See high-resolution transmission 

electron microscopy
HSEs. See highly-siderophile elements
huanghoite	 31
huntite	 29–30, 30f
hydrates, methane. See methane hydrates
hydrocarbons. See also Specific hydrocarbons

abiotic
in crust	 474–494
in upper mantle	 468–474

abiotic origins of	 451–454, 594–595,  
 	 597–598

biogenic origins of	 449–451, 597–599
carboxylic acid decarboxylation and	  

 	 134–136, 134f
chemical evidence for source of	 454–457
experimental synthesis of	 453–455
at fluid-rock interfaces

adsorption-desorption behavior of 
	 497, 499–506
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dynamic behavior of	 497, 506–515
overview of	 495–497

geological evidence for source of	 457–458
from hydrothermal vents	 454
microbial modification of	 560–561
in minerals	 454
in Mountsorrel, United Kingdom	 458–459
NMR analysis of	 498
in Songliao Basin, China	 459
in space	 453
types of	 449–450
unresolved questions in origins of	 459–460

hydrogen burning	 150–151
hydromagnesite	 20f, 31
hydrotalcite	 31
hydrothermal circulation

ingassing in modern Earth and	 211
measurements of carbon dioxide  

fluxes from  	 339t, 341t, 342
precipitation of atmospheric carbon  

dioxide through	 173
as source of carbon in crust and  

mantle fluids  	 111
hydrothermal conditions, Fischer-Tropsch-type 

synthesis and	 476–487
hydrothermal vents

abiotic hydrocarbons from	 454
biosphere and	 549, 549f, 633
catalysts and	 596
origins of life and	 666–669
phage populations in	 557
serpentinization and	 582
viruses and	 658–660, 659f,  

	 664, 666–667
hydrous carbonates	 23t
hydroxyapatite	 597
hyperspectral radiometry	 328–329

IDPs. See interplanetary dust particles
igneous rocks. See also carbonatites

evolution of	 81t, 83–84
exotic carbonate minerals  

associated with	 30–31
hydrocarbon origins and	 454, 457–458

ikaite	 31–32
impact diamonds	 359
impact shock metamorphism, mineral  

evolution and	 82–83
in situ flow cells	 551
in situ mining	 560
infectivity paradox	 662
infrared spectroscopy

for carbon speciation in silicate melts 
 	 266–269, 267f, 267t,  
 	 268f, 268t, 269f, 270f, 271t

of carbonate glasses	 295, 296f, 297t
for measurement of volcanic carbon  

dioxide emissions	 326–327
for solubility of carbon dioxide in  

silicate melts	 252–253
ingassing	 194–196, 195f
insoluble organic matter (IOM)	 158
integrases	 663–664, 664t
Integrated Ocean Drilling Program (IODP) 

	 554, 580–581, 590
intermediate ocean, evolution of  

biosphere and 	 81t, 91–93
internal pressure, diamond inclusions and	 385
International Mineralogical  

Association (IMA)	 8
interplanetary dust particles (IDPs) 

	 152, 155–156, 
	  158, 170–171

interstellar medium (ISM)	 152, 158
IODP. See Integrated Ocean Drilling Program
IOM. See insoluble organic matter
ionic liquids, carbonate melts as	 292, 293f
iridium anomalies	 93
IRMS. See isotope ratio mass spectroscopy
iron

carbon storage in deep upper to  
lower mantle and	 216–219, 217f

core composition and	 231–232
density and phase diagram constraints  

on core carbon content and 
	 238–243, 239f

disruption of hydration by CO2 in high  
P-T fluids	 127

Fe-C phase diagram	 238–239, 239f
Fe7C3	 241, 243
as inclusion in diamond	 56, 374–375
isotope fractionation and	 236–237

iron carbides. See also cohenite	 55–57, 57f,  
 	 57t, 239–241

iron-carbon alloy/graphite fractionation	 236
iron carbonates, mineral evolution and	 87
iron silicides, mossainite and	 17
iron sulfide bubbles	 596, 669
ISM. See interstellar medium
isotope ratio mass spectroscopy (IRMS)	 364
isotopic fractionation, during  

Fischer-Tropsch-type synthesis	 483–486,  
 	 484f, 485f, 490

isotopic signatures
carbon

abiogenesis vs. biogenesis and 
	 598–599, 599f

core carbon content and	 233–237, 246
hydrocarbon origins and	 455–456, 456f

of carbonatites	 305–308
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deep biosphere and	 552
diamond and	 364, 367, 376–381,  

 	 377f, 394–396
rhenium-osmium	 395

isovite	 19
Isua Greenstone Belt, Greenland	 487–488, 594

jadeite glass	 275, 312
Japan Trench	 633
Josephine ophiolite, United States	 577
Jouravskite	 20f
Jupiter	 153, 159, 164–165
Jurassic Period	 95
Jwaneng, Botswana	 364

Kaapvaal craton	 339–370, 399,  
 	 399f, 400f

Kairei Field	 578t, 582
Katmai-Novarupta volcano emission	 344
keels	 360, 360f
Kerguelen Archipelago	 300, 309
kerogen, formation of	 450–451
keystone taxa	 565
Kilauea volcano, Hawaii	 344
Kimberley block	 399
kimberlites

carbonatites and	 311
coated diamond formation and	 358
as diamond carriers	 12, 358, 360–361,  

 	 403–404
diamonds, carbonatite and	 367, 403–404
exotic carbides associated with	 19
Group I vs. Group III, diamonds in	 358

Kokchetav massif, Kazakhstan	 359
komatiite	 377f, 482, 594
Krakatua volcano emission	 344
kratochvilite	 96
Kuhmo greenstone belt, Finland	 594
kutnohorite	 22t, 26, 27

LA-ICPMS. See laser ablation inductively-
coupled plasma mass spectrometry

Lactobacillus plantarum	 631
Lactococcus lactis	 631
Lake District, United Kingdom	 110
lakes, volcanic	 332, 340
Lambert Beer law	 268–269
lamellar lipids	 623–628, 623f
lamproites	 358
lamprophyres	 358
lanthanite group	 31
laser ablation inductively-coupled  

plasma mass spectrometry (LA-ICPMS) 
	 364, 366–367, 366f

Late Veneer	 163, 169, 196–198, 197f

latent redox systems	 564
lateral flagellum gene cluster (LF)	 635
lateral gene transfer	 662
lawsonite	 402
LCHF. See Lost City Hydrothermal Field
LDA. See local density approximation approaches
LF. See lateral flagellum gene cluster
libraries, DNA	 555–556
life, origins of	 86–89, 594–595,  

 	 666–669, 668f
light elements, in core	 231, 239, 247
light rare earth elements (LREE),  

in carbonatites	 302, 303
lignin	 131–134, 132f
lignite	 133, 133f
limestone	 110
lipids	 622–632, 623f, 624f, 627f
lithium burning	 150
lithoautotrophs	 558, 562
lithosphere

diamond texture in	 368–369
formation of diamond in	 359, 369–375
modern, carbon and carbonates in	  

 	 215–216, 215f
timing of diamond formation in	 401

lixiviant fluid	 560
LmrA	 631
local density approximation (LDA) approaches, 

overview of	 48
Logatchev vent field	 579t, 581–582, 583, 590
Lollar, Sherwood	 485–487
long-chain carboxylic acids	 131, 134–136
lonsdaleite	 8, 9t, 11–13, 11f, 51, 52
Lost City Hydrothermal Field (LCHF) 

 	 577, 579–581, 579t, 583,  
 	 585, 588–590, 589f, 592–593

Lost City Methosarcinales	 588, 589f
low-field NMR	 510–511
Luobusha ophiolite complex	 19
lysogenic viruses	 650, 650f, 651t,  

 	 658, 661
lytic viruses	 650f, 651t

M carbon	 54, 54f
magic angle spinning (MAS) method	 269
magma ocean

carbon cycle and
after core formation	 191–200
during core formation	 184–191, 185f
equilibrium fractionation of carbon  

between core and mantle and	 187f
overview of	 184

crystallization of and fate of carbon	 196
interaction with atmosphere and  

ingassing of carbon	 194–196, 195f
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Late Veneer addition of carbon to	 197f
storage capacity of carbon in	 191–194,  

 	 192f, 193f
magmas

carbon trapping in	 172–173
as diamond carriers	 358
original carbon dioxide content of	 343–344
related to carbonate melts	 310–311
as source of carbon in crust and  

mantle fluids 	 111–112
terrestrial carbon inventory and	 166–167

magnesite	 21, 24, 65–66, 65f
magnesium	 24, 365f, 366
magnesium/calcium ratio, skeletal  

biomineralization and	 95
magnesium carbonate	 21, 24, 65–66, 65f
magnetite	 478, 479, 480–482, 594
majorite	 376, 385, 402
malachite	 31, 90, 90f
manasseite	 31
manganese carbonate	 20f, 21, 24–26
mantle

abiotic hydrocarbon formation in	 468–474
chemical and physical properties of  

 	 468, 468f,  469f
constraints on diamond growth in 

 	 369–376, 370f
convection in	 199–200
deep upper to lower, storage in	216–219, 217f
depleted	 166–167
equilibrium fractionation of carbon  

between core and	 185–189
estimated carbon content of	 166–167
excess mantle carbon paradox and 

 	 188–191, 198–199
geology of carbon from  

diamonds of	 396–406
inefficient core formation and deep  

carbon storage and	 198–199
inefficient subduction of carbon in  

Archean and Proterozoic and	 203–209
locations of diamonds in	 358–360, 363f
mineral evolution of	 83–86
outgassing in ancient Earth and	 201–203
overview of aqueous fluids of	 109–110, 138
oxidized carbon in aqueous fluids  

at high P and T	 112–128
reduced carbon in aqueous fluids  

at high P and T	 128–138
siderophile elements in, carbon  

in core and	 243–245, 245f, 246f
sources of carbon in aqueous fluids of 

 	 110–112
mantle keels	 360, 360f

Marianas Forearc	 578t, 582, 591, 593
Mars	 159, 163–165, 164f,  

 	 234–235, 235f, 237, 582
mass angle spinning (MAS) NMR 

 	 498–499, 510,  510f, 
	 512–514, 513f, 514f

mass spectrometry	 327
Mbuji Mayi, Zaire	 364
MCFC (molten carbon fuel cells)	 294
melanophlogite	 33
melt inclusion measurements	 343
melting	 200, 201–203, 201f, 624
melts. See also carbonate melts; silicate melts

albite	 312
basalt	 253, 255f, 263f
C-O-H fluid/melt	 356, 373–374,  

 	 405f, 468–473, 469f,  
 	 470f, 498–499

rhyolite	 253, 255f, 262, 262f, 263f
membranes	 622–632
Mendeleev, Dmitri	 451
Mengyin kimberlite field	 19
Mesoproterozoic Era	 91, 92f
Mesozoic Era	 96
meta-generalized gradient approximation	 48
metabolism

in serpentinite-hosted ecosystems	 583–591, 
 	  595–596

in subsurface biosphere	 560, 564,  
 	 636–637, 636f

metadynamics, evolutionary	 49
metagenomic analysis

Bay of Islands Ophiolite,  
Newfoundland and 	 583

of deep microbial communities	 634–635
of deep viral communities	 660, 662–665,  

 	 664t, 665f
defined	 651t
Lost City Hydrothermal Field and	 593
Richmond Mine and	 552

metal-silicate fractionation
core carbon, siderophile elements in  

 mantle and	 232, 243–247
during core formation	 185–191,  

 	 187f, 190f
metamorphism

burial	 131–136
carbon-bearing minerals and	 110
impact shock	 82–83
ingassing in modern Earth and	 211
retrograde	 4
as source of carbon in crust and  

mantle fluids	 111
metasomatism, carbonate melts and	 309–310
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metastability
of carbonate phases in carbonate melts	 292
of organic compounds in fluids of  

crust and mantle	 129–131
overview of	 51f, 52–54, 53f, 54f

metastable oxidants	 564
meteorites. See also achondrites; chondrites; 

micrometeorites
in accretion stage of evolution	 81–83, 81t
CI chondrites	 153–154, 153t
cohenite and	 18
composition of	 2, 156–158, 157t
diamond, lonsdaleite and	 13
mossainite and	 17
organic matter in	 158
planet formation and	 162–163
primitive	 150

methane
abiogenic vs. biogenic  

formation of	 597–599
clathrate hydrates and	 449–450
cycling of in serpentinite settings	  

 	 588–590, 589f
deep microbial communities and	 561–562
in deeper fluids of crust and mantle	 137–138
diamond formation from	 379
equilibrium speciation in upper mantle	  

 	 468–473, 469f, 470f
Fischer-Tropsch-type synthesis and	 476, 

 	  482–483, 486
hydrocarbon formation from	 453
kinetic inhibition of formation of	 129–131
magma ocean-atmosphere interaction and 

 	 194–196
models for alkenes and	 533–534
origins of deep hydrocarbons and	 451
polymerization of in crust	 487
in silicate glasses	 274
in solar nebula	 159–160
solubility in water	 128–129, 128f
source of in clathrate hydrates	 459–460
as source of inorganic carbon in  

serpentinization zones	 592
storage in clay minerals in sediments 

 	 527–528
structure, bonding, and mineralogy of	 61–63
volcanic emissions of	 325

methane hydrates (methane ice)
deep microbial communities and	 561–562
deposition of, mineral evolution and	 87
overview of	 34, 34f, 450
questions about	 459–460

Methanococcales	 585t, 590
methanogens	 565, 657
Methanopyrus kandleri	 590

methanotrophs	 633
MFI. See mordenite framework inverted
microbial zombies	 560
microdiamonds	 376
micrometeorites	 170–171
microorganisms. See also bacteria; Specific 

microorganisms
burial metamorphism and	 131, 134–136
pressure, biogeochemical cycles and	  

 	 632–637, 633f
microRaman spectroscopy	 385
Mid-Atlantic Ridge	 579t, 582
Mid-Cayman Rise	 582
mid-ocean ridge basalt (MORB)	 166, 168
mid-ocean ridges (MOR)	 331–332, 340,  

 	 341t, 579f, 581–582
Milnesium tardigradum	 638, 639f
Mimivirus	 652
mineral evolution

accretion stage of	 81–83, 81t
biosphere development in	 81t, 86–96
crust and mantle processing era in	 81t, 83–86
overview of	 79–81, 81t
plate tectonics and	 85–86
unanswered questions about	 96–97

mining, in situ	 560
minrecordite	 22t, 26
miscibility, of CO2-H2O	 123–126
mixing, of CO2-H2O	 123–126
models

chronditic Earth	 150
constant-diversity	 655–657, 656f
for fluid-rock interfaces	 497, 515–534
Grand Tack	 159, 163–165,  

 	 164f, 171
Murad-Gubbins	 533
Nice	 159
oscillator	 515–516
Preliminary Earth Reference (PREM)	 241
solubility	 256–259, 260–263, 262f
Tse-Klein-McDonald	 533
VOLCALPUFF	 325

Moissan, Frederick-Henri	 13, 14
moissanite	 13, 14–18, 14t,  

 	 15t, 17f, 199
molar-tooth crystal structure	 92f, 93
molar volume	 280
molecular biomarkers	 455–457, 558, 599
molecular clouds	 80, 152
molecular dynamics studies

for carbon dioxide diffusivity in  
silicate melts	 282

dynamics of hydrocarbons in nanopores and 
 	 508–509, 526–530, 529f

or carbonate melts	 296
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overview of	 531–534
for solubility of carbon dioxide  

in silicate melts	 256, 258f, 276, 279f
molybdenum	 169, 243–245,  

 	 245f, 246f, 247
monocrystalline diamonds	 357f, 358, 394
monohydrocalcite	 31
Moon	 163, 232
MORB. See mid-ocean ridge basalt
mordenite framework inverted (MFI)	 508–509
Moritella spp.	 634
Mountain Pass, California	 31
Mountsorrel, United Kingdom	 458–459
Mponeng Mine	 556
Mt. Pinatubo eruption	 344
mud volcanoes	 582
MultiGas approach to carbon efflux  

measurement	 326
Murad-Gubbins model	 533
muramic acid concentrations	 558
Myoviridae	 651t, 652, 653f

nanodiamonds	 157
nanopores. See fluid-rock interfaces
nanoscale samples

ex situ methods for analysis of
electron diffraction	 430
electron energy loss spectroscopy 

	 431–435, 432f, 434f
high-angle annular dark-field  

STEM	 429, 429f
high-resolution transmission electron  

microscopy	 429
near-edge structures	 431–432, 432f
scanning transmission electron 

microscopy	 429
scanning transmission X-ray  

microscopy	 433–435, 434f
transmission electron microscopy 

	 428–430, 429f
X-ray energy dispersive spectroscopy 

	 430–431
sample preparation with FIB-SEM and 

 	 426–428, 427f, 428f
sample synthesis at high temperature and 

pressure and	 423–426
in situ methods for analysis of

X-ray computed tomography	 440–444,  
 	 441f,  442f, 444f

X-ray diffraction analysis	  
 	 436–438, 437f, 438f

X-ray Raman spectroscopy 
 	 438–440, 439f

nanotubes, structure, bonding, and  
mineralogy of 	 50f, 52

nanoXCT. See X-ray computed tomography
natrocarbonatite	 302–303, 302t,  

 	 306, 306t, 311
NBO/T parameter (degree of polymerization) 

	 272–273, 279f
near-edge structures (ELNES)	 431–432, 432f
Neiva River	 19
nematodes	 556
Neoarchean Era	 89
neon	 154
neutron scattering

for analysis of C-O-H behavior	 498
dynamics of hydrocarbons in  nanopores and   

	 506–509, 509f, 514–515
for validation of simulation predictions	 534

Nice model	 159
NiFe-alloys	 480, 482, 486, 487, 597
nifH genes	 593–594
niobium	 304
niobocarbide	 19
nitrogen

depletion in bulk silicate earth	 169, 170f
in diamond	 362–364, 368,  

 	 380–381, 381f, 403
nitrogenase genes	 590
niveolanite	 85
NMR. See nuclear magnetic resonance
noble gases, mantle composition and	 166–167
North Pacific Gyre	 634
nuclear magnetic resonance (NMR)	 269, 272f,  

 	 498–499, 506, 509–515
nuclear waste storage	 561
nucleation	 252, 594
nucleosynthesis, in stars	 150–152, 150t
Nussusuaq peninsula	 18
nutrient sources, in serpentinite settings 

	 593–594
nyerereite	 30

Ocean Drilling Program (ODP)	 548, 554
oceans

intermediate	 81t, 91–93
magma	 184–200, 185f, 187f

OCO. See Orbiting Carbon Observatory
OCS, volcanic emissions of	 325
ODP. See Ocean Drilling Program
Oldoinyo Lengai, Tanzania	 30, 83,  

 	 290f, 305, 306t
oligarchic growth	 160–161
olivines	 367, 382, 385–386,  

 	 386f, 482–483
ophiolites	 14, 19, 577–579,  

 	 580–581t, 588–590
optical activity, hydrocarbon origins and	 455
orbital migration	 161
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Orbiting Carbon Observatory (OCO)	 329
organic molecules. See also hydrocarbons

acids, in mantle and crust	 135–136
burial metamorphism of	 131–136
carbon minerals incorporating	 32–34, 33t
in chondrites	 158
mineral evolution and	 96
overview of	 32–34, 33t

organosulfur pathways for abiotic hydrocarbon 
formation in crust	 488–489

origins of life	 86–89, 594–595,  
 	 666–669, 668f

orthopyroxene	 382, 383f, 384, 384f
oscillator model theory	 515–516
outgassing. See also volcanic emissions 

	 201–203, 214–219
Outokumpu borehole, Finland	 584
oxalates	 33t, 96
oxidation. See also Great Oxidation Event	  

 	 112–128, 199–200
oxidation states. See also redox systems

abiotic hydrocarbon formation in  
crust and	 474

carbonate melt stability and	 289
diamond formation and	 369
hydrocarbon origins and	 458
overview of	 8

oxygen	 89–90, 91, 94
oxygen fugacities

in cratonic mantle, diamond formation and 
 	 369–371, 370f, 401f

depth vs.	 202–203
in sub-lithospheric mantle, diamond  

formation and	 375, 401f
of upper mantle	 468

oxygen isotopes, diamond inclusions and	 396

PAH. See polycyclic aromatic hydrocarbons
palladium/silver ratio, of silicate Earth 

	 233, 235
Pangea, impacts of break-up of	 213
panspermia	 639
parasites	 31, 667–669, 668f
partition function	 48–49
PCR. See polymerase chain reaction
pegmatites	 81t, 85, 112
pelagic marine microorganisms	 552
pentlandite	 482
peptides	 598, 626–628
percolative fractionation	 393
peridotic melts	 282
peridotites

as diamond carriers	 358, 385
as diamond inclusions	 388–390, 389t,  

 	 391t, 393

fibrous diamonds and	 366
isotopic composition of diamonds with	  

 	 377f, 379–380,  
 	 379f, 381f

oxygen fugacity and diamond formation in 
 	 371–372

serpentinization and	 577
syngenesis and	 367

permafrost thawing	 549
permeability, effect of loading on	 531
perovskite	 376
PF. See polar flagellum cluster
PFG-NMR. See pulsed field gradient NMR
phages	 557, 652, 657–658
Phalaborwa carbonatite	 300
Phanerozoic Eon	 96, 208, 213
phase transitions

constraints on core carbon content and	  
 	 238–239, 246–247

of hydrocarbons in nanopores	 519–524, 521f,  
 	 522–524, 524f

lipids and	 623–626, 625f,  
 	 627f,  628f, 629f

protein unfolding and	 616–620
phases of carbon

fullerenes	 54–55
metastable	 51f, 52–54, 53f, 54f
stable	 49–52, 50f, 51f, 52f
ultrahigh-pressure	 55

phenotype switching	 662
phonolite glass	 276
phosphate pumps	 594
phosphates	 596
phosphatidylcholines	 623, 624, 625f
phosphides	 16t
phosphorous	 594, 597
photoautotrophs, evolution of	 87–88
Photobacterium spp.	 631, 634–635
photosynthesis	 89–91, 658
piezophilic bacteria	 632–635
Pilbara Craton	 208
planetary cycles, annual	 565
planetary embryos	 160–161
planetesimals	 81–82, 160–161,  

 	 163, 170–171
planets, formation of	 160–162
plate tectonics. See also tectonics

and carbon cycling in subduction zones	 4–5
in crust and mantle evolution	 81t, 85–86
diamond formation and	 361, 396–401, 401f
hydrocarbon origins and	 457
interaction of subducted water and  

metallic core and	 212
mantle differentiation and	 200–219
subsurface microbes and	 565
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plumes, volcanic
airborne measurements of	 328–329
constraints on measuring carbon  

dioxide in	 324–325
ground-based measurements of	 325–327
space-based measurements of	 329
submarine measurements of	 331–332

PMF. See proton motive force
pmoA genes	 588
Podoviridae	 651t, 652, 653f
polar flagellum cluster (PF)	 635
polycrystalline diamonds	 356–358, 357f,  

 	 368, 376, 377f
polycyclic aromatic hydrocarbons (PAH) 

	 159–160
polymerase chain reaction (PCR)	 555
polymerization	 272–273, 279f,  

 	 472–473, 487
polypeptides. See also proteins	 608–609
polyunsaturated fatty acids (PUFA)	 635
Popigai impact crater	 359
pores. See fluid-rock interfaces
Precambrian Era	 208–209
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Rudiviridae	 653f, 662
Russian-Ukrainian School	 451
ruthenium	 169
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 	  251–266, 254t

carbon speciation in	 266–277
overview of	 251, 282
physical properties of	 277–282
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predictions	 534
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serpentinization and	 582
as source of carbon in crust and  

mantle fluids  	 110
sulfate, in serpentinite settings	 585–586

sulfate reducers	 585–586, 633, 634
sulfides

abiotic hydrocarbon formation in  
crust and  	 488–489

diamond dating and	 394–395
diamond formation and	 374
diamond inclusions and	 390, 397f,  

 	 398–399
Sulfolobus spp.	 654
sulfur

in core	 233
cycling of in serpentinite settings	 585–586
isotopes	 396
partitioning of W and Mo between mantle 

and core and	 245, 245f, 246f, 247
sulfur dioxide, measurement of geological  

carbon efflux and	 325–327
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serpentinization and	 582
as source of carbon in crust and  

mantle fluids 	 111–112

W carbon	 54f
Wächtershäuser, Gunther	 488
waste repositories	 550, 553–554,  

 	 560–561
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