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508-509, 526-530, 529f

or carbonate melts 296



690

Index — Carbon in Earth

overview of 531-534
for solubility of carbon dioxide

in silicate melts 256, 258, 276, 279f

molybdenum 169, 243-245,

245f, 246f, 247

monocrystalline diamonds 3571, 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
electron energy loss spectroscopy
431-435, 432f, 434f
high-angle annular dark-field

430

STEM 429, 429f
high-resolution transmission electron
Mmicroscopy 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
430431
sample preparation with FIB-SEM and
426-428, 4271, 428f
sample synthesis at high temperature and

pressure and 423-426
in situ methods for analysis of
X-ray computed tomography 440444,

4411, 442f, 444f
X-ray diffraction analysis
436-438, 4371, 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, 482483
ophiolites 14,19, 577-579,

580-581t, 588-590
optical activity, hydrocarbon origins and 455
orbital migration 161



Index — Carbon in Earth 691
Orbiting Carbon Observatory (OCO) 329 fibrous diamonds and 366
organic molecules. See also hydrocarbons isotopic composition of diamonds with
acids, in mantle and crust 135-136 3771, 379-380,
burial metamorphism of 131-136 3791, 381f
carbon minerals incorporating 32-34, 33t oxygen fugacity and diamond formation in
in chondrites 158 371-372
mineral evolution and 96 serpentinization and 577
overview of 32-34, 33t syngenesis and 367
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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
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hydrocarbon formation and 453-454

lipids and cell membranes and
622-632, 624f

metastability and 52
microbiology, biogeochemical cycles and
632-637
nucleic acids and 620-622
proteins and polypeptides and 608-620
ultrahigh, carbon phases at 55
pressure-temperature stability fields 12
primary carbonatites 296-297
primary igneous carbonatite 305, 307t
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482483, 486487
biological consequences in ecosystems with
challenges of high pH 591

limitations to carbon fixation ~ 591-593
metabolic strategies 583-591
microbe-mineral interactions 594
nutrient sources 593-594
biosphere and 549f

ingassing in modern Earth and 211

locations of occurrence 577-583,

578-579t, 580-581t
mineral evolution and 84
origins of life and 594-597

physical and chemical consequences of
575-576, 576f
zones of 3
SeSe kimberlite, Zimbabwe 395
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SFG. See sum-frequency generation

shale 454-455
shale gas 460, 495
Shewanella spp. 634, 635, 637-638
shock conditions 639
shock metamorphism 82-83

SiC. See iron silicides
siderite-ankerite deposition 87
siderites 21, 26, 84, 87, 487488
siderophile elements
carbon addition by Late Veneer and
196-198, 197f
fractionation of between mantle and core
232, 243-247
fractionation of between mantle and core

during core formation 185-191,

1871, 190f

Sierra Leone 364
Siilinjarvi, Finland 300

silica
silica aerogels
silica-based pores
silicate carbonates
silicate glasses
silicate melts

carbon solubility in

127-128, 232-233
501-502, 502f, 504
528-531

66-69, 69f

2691, 270f, 272, 274

192-194, 192f, 193f,
251-266, 254t

carbon speciation in 266-277
overview of 251,282
physical properties of 277-282
silicates 185-191, 1871,
190f, 507

silicon carbide 13, 14-18, 14t,
15t, 17£, 199

Siljiin Ring Complex, Sweden 458
silver 233,235

SIMS. See secondary ion mass spectroscopy
simulations 515-534, 553
single-crystal X-ray diffraction analysis,

diamond inclusions and 368, 385
single-stranded DNA (ssDNA) viruses 652
Siphoviridae 651t, 652, 653f
Slave Craton, Canada 311, 378

small-angle neutron scattering (SANS)
504-505, 504f, 535

smectites 527
smithsonite 21,26
snow line 159, 160, 170-171

snowball Earth
sodium chloride
dependence of carbonate solubility on
116-118,117f
dependence of CO,-H,0 miscibility on
124-126

81t, 93-94

dependence of of CO,-H,0 miscibility on

124f, 125f

solubility of methane and carbon monoxide in

water and 129

solar system 2, 152, 159-165, 168, 452

solar wind 153, 154, 168

solid-ordered phase 623
solubility

of C-O-H fluids under reduced conditions in
silicate melts 263-266, 265f, 266f
of carbon dioxide in anhydrous silicate melts
251-259
of carbon dioxide in hydrous silicate melts
259-263, 261f, 262f
of carbon in silicate melts 254t
of carbon in silicate melts at core-forming
conditions 192-194, 192f, 193f
of graphite in crust and mantle 110, 111,
136-167, 136f
of methane and carbon monoxide in water
128-129, 128f

of minerals in CO,-H,O fluids 126-128

modeling 256-263, 262f
of oxidized carbon in dilute aqueous solutions
118-122

soluble organic matter (SOM) 158
Songliao Basin, China 459
soot line 160, 170-171
sorption 497, 499-506, 519-522
Soufriére Hill volcano, Montserrat 344
sound velocity measurements 241-243, 242f
Southwest Indian Ridge 582, 590
specialized transduction 657658

speciation. See also equilibrium speciation
118-119, 266-277, 325
spectroscopic analysis
carbon K-edge 438
of carbon speciation in
silicate melts 266-270
of carbonate glasses 295, 296f, 297t
Fourier transform infrared (FTIR)
for carbon dioxide diffusivity
in silicate melts 280-282, 281t
for carbon speciation in silicate melts
276, 2771, 278f, 279f
for measurement of volcanic carbon
dioxide emissions 326-327
for solubility of carbon dioxide in silicate

melts 252-253
for validation of simulation
predictions 534

infrared
for carbon speciation in silicate melts
266-269, 267f, 267t, 268f,
268t, 269f, 2701, 271t
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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

isotope ratio mass (IRMS) 364
microRaman 385
NMR 269, 272f
secondary ion (SIMS) 252-253, 364

for validation of simulation predictions 534
X-ray energy dispersive (XEDS) 430-431
X-ray Raman (XRS) 424, 438440, 439f
spontaneous polymerization 472473
spores 558
Sputnik virus 652

ssDNA viruses. See single-stranded DNA viruses

Staphylococcus spp. 661, 662
Star of South Africa diamond 12
Stardust mission 154-155, 158
stars 80, 150-152
Steelmaking data sourcebook 243-244
stellar envelopes 13
STEM. See scanning transmission electron
microscopy
Stichtite 20f
strain birefringence analysis 385
stromatolites 89
Stromboli volcano 344
Strong, Herbert 13
strontianite 27,28
STXM. See scanning transmission X-ray
microscopy
sub-lithospheric diamonds. See superdeep
diamonds
subduction

balancing with volcanic emissions
324f, 342-343
biosphere and 549
carbon flux into Earth’s mantle through 2, 4
diamond formation and 396401, 401f, 403
inefficient, in Archean and Proterozoic
203-209, 204f
mineral evolution and 86-87
precipitation of atmospheric carbon
dioxide through 173
subduction zones
carbon dioxide emissions in
ingassing in modern

331-332

Earth and 209-212, 210f
plate tectonics and carbon cycling in 4-5
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, 3971,
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
sum-frequency generation (SFG) 534
Sun, composition of 152-154, 153t, 154f
SUPCRT92 program 119-120, 122
supercontinent formation 208-209

superdeep (sub-lithospheric) diamonds
dating of 395
deep carbon cycling with mantle

convection and 402403
distribution of 359
formation of 375-381, 3771,

379f, 381f
isotopic composition of 377t
mineral inclusions in 390, 391t
nano-inclusions in 368
texture of 369
superhard graphite 54
Suzuki, Keizo 611
syenite-granite (SG) 84-85
synchysite 31
Synechococcus spp. 658
syngenetic inclusions 386-388, 387f
syntrophy 651t
Tablelands Complex, Newfoundland 583, 593
Tambora volcano eruption 344
Tanco pegmatite 85
tantalocarbide 19
tar line 160
tectonics. See also plate tectonics
diffusive degassing of deep carbon
dioxide and 330-331

inefficient subduction of carbon in Archean
and Proterozoic and 203-209, 204f
measurements of carbon dioxide fluxes and
332, 339, 342
Tekirova ophiolites, Turkey 578, 581t
TEM. See transmission electron microscopy
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temperature. See also phase transitions
carbon dioxide solubility in
silicate melts and 255
carbon speciation in silicate melts and
274-276, 275f, 279f

diamond inclusions and 382-386
lipid volume and 624f
lipids and 623-624, 629
metastability and 52-53
protein unfolding and 611-612
sample synthesis in diamond
anvil cells and 424-425
ternary diagrams 136-137, 136f
terrestrial carbon inventory 149, 165-168
tetracarbonates 312
tetrahedral coordination 47,53-54,
54f, 64-66
Thaumarchaea 633
thermal decomposition 487-488
thermobarometry 382-385, 383f, 384f
thermodynamics

abiogenesis and 597-598
for calculation of hydrocarbon stability
456-457
of carbon dioxide solubility in anhydrous
silicate melts 253-254
of oxidized carbon in dilute aqueous solutions

118-122

of protein folding ~ 609-610, 614-618, 614f

subsurface microbes and 564-565
Thiomicrospira crunogena 586t, 588
tholeiites 193
tidal forces 565
Titan 96
tonalite-trondhjemite-granodiorite (TTG) 84
tongbaite 19
ToxR 631
trace elements 303, 390-394, 392f
tracer gases 327
transduction 651t, 656f, 657-658
transition state ensemble (TSE) 615
transition zone

boundary with lower mantle 47

diamonds from 403

364, 375-378, 377,
381, 385, 391t,
402403
microorganisms of 585
modern carbon storage and ~ 214-220, 218f
silicate melts and 252
transmission electron microscopy (TEM)
367-368, 428-430, 429f
transposases 663-664, 664t
trapping 172-173
travertine, serpentinization and 577

diamonds in

47, 63-64
94-95, 95f

trigonal coordination

trilobites, phacopid

TSE. See transition state ensemble

Tse-Klein-McDonald model 533

TTG. See tonalite-trondhjemite-granodiorite

tungsten, partitioning of 243-245, 245¢,
246f, 247

type 2 migration 161

UAV. See unmanned aerial vehicles
UHPM (ultra-high-pressure metamorphic)

diamonds 359-360, 361
universe, overview of carbon in 150-159, 150f
unmanned aerial vehicles (UAV) 329
ur-minerals 80, 81t
Ural Mountains, Russia 19
Uranium-lead dating 395
uranyl carbonates 31
ureilites 156
uricite 96
valeric acid 135
Vanuatu island chain 341
vapor-liquid equilibria 519-522, 521f
vaterite 29, 29f
Venetia kimberlite 394-395
Vesta 234-235, 235¢f, 237
Vibrio cholerae 631, 658
viral shunt 655, 656f
virus first hypothesis 667
virus-like RNA molecules 667-669
viruses

in deep biosphere 556-557

deep subsurface biosphere and

deep sediments 660-661

hydrologically active regions
658-660, 659f
metagenomic analysis of
662-665, 664t, 665f

surface-attached communities  661-662
genetic diversity of 654
hydrothermal vents and 666-667

impacts on host ecology and evolution
654-658, 656f

life cycles of 650-652,

650f, 651t

origins of life and 667-609, 668f

overview of 649-650,

669-670

sizes and morphologies of 652-653, 653f

terminology of 651t

viscosity 277-280
volatile elements

cosmic dust as source of 170-171

in cosmochemical ancestors 150, 154-155
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formation of solar system and 159-165 plate tectonics, mineral evolution and 85
isotopic and elemental constraints of 168—169 as sink for geological carbon 323,324
nature of Earth’s building blocks and as source of carbon in crust and
169-170, 170f mantle fluids 111
timing of delivery and retention of websterites 388-390, 389t
171-172,172f  weddellite 32
VOLCALPUFF model 325  Wentorf, Robert 13
volcanic emissions Western Gneiss terrane, Norway 359
balancing with weathering and subduction white dwarfs 151
342-343  Wild 2 comet 154
comparisons to previous estimates of Wilson Cycle 200-219, 396
subaerial carbon dioxide flux 342,342t  witherite 27,28
diamond eruption and 359  Witwatersrand Basin 556
global deep carbon emission rates and WM buffer. See wustite- magnetite buffer
340-342, 341t  Wohler synthesis 452
magnitude of 344-345  Wolf-Rayet (WR) stars 151-152
methods for measuring geological carbon Wood-Ljungdahl pathway 596
dioxide fluxes and 325-332  wiistite 374-375
overview of 345-346  wustite- magnetite (WM) buffer 468-470
reported measurements of deep carbon fluxes
from 332-340, 333-336t, X carbon 54, 54f

337t, 338t, 339, 341t
role of in geological carbon cycle
323-325, 324f

subaerial 324-325, 332-340, 342
submarine 340, 341t
volcanic lakes 332, 340
volcanism
arc 207-208, 324, 324f,
331-332, 340
biosphere and 549, 549f
plumes
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
role of deep carbon in 343-344
serpentinization and 582
as source of carbon in crust and
mantle fluids 111-112
W carbon 54f
‘Wichtershduser, Gunther 488
waste repositories 550, 553-554,
560-561
water, subducted, interaction of
metallic core and 212
water maximum 372
‘Wawa, Ontario 358

weathering
balancing with volcanic emissions
3241, 342-343

X-ray computed tomography (XCT)
440-444, 4411, 442f, 444f
X-ray crystallography 622
X-ray diffraction (XRD) studies
424, 436-438, 4371, 438f

X-ray energy dispersive spectroscopy
(XEDS)
X-ray Raman spectroscopy (XRS)
424, 438-440, 439f
XCT. See X-ray computed tomography
XEDS. See X-ray energy dispersive

430-431

spectroscopy
xenon 171
Xenon-HL 157
xenon paradox 169

XRS. See X-ray Raman spectroscopy

Y carbon 54, 54f
yarlongite 19
yimengite 395
Z carbon 54, 54f
zabuyelite 85
Zambales ophiolite, Philippines 578, 581t
zemkorite 30
zeolites
alkanes in silica-based porous
materials and 528-531

dynamics of hydrocarbons in nanopores and
507-508, 507f, 508t,
512,515, 516-517, 517
hydrocarbons in nanopores and 505-506
Zimbabwe craton 399, 399f, 400f
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zircon 84, 395
ZoBell, Claude 548
zombies, microbial 560

Zygosaccharomyces bailii 639



