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PROBLEMS

1.

Sketch the structure of the following:

(a) Citric acid: HOC(CH,CO,H),CO,H
(b) Tartaric acid: HO,CCH(OH)CH(OH)CO,H (2,3,-dihydroxybutanedioic acid).

. Write the chemical formula and sketch the structure of 2-hydroxy-propanoic acid (lactic

acid).

. Suppose you could follow the pathway of individual atoms during photosynthesis. While

this is not possible, something similar can be done by isotopic labelling of water and CO.,.
If ®O-labelled water is added to a suspension of photosynthesizing chloroplasts, which
of the following compounds will first show enrichment in '*O: ATP, NADPH, O,, or
3-phosphoglycerate? If you repeat the experiment with *H-labelled water and *C-labelled
CO,, which of these molecules will first show enrichment in these isotopes?

The first and second acidity constants of oxalic acid ((COOH),) are pK,; = 1.23 and
pK,, = 4.19. What is the pH of a solution formed by dissolving 1 mole of oxalic acid in
1kg of water?

If the 1 M oxalic acid solution of Problem 4 is titrated with 1 M NaOH, how will pH change
as a function of the amount of base added? Make a plot of pH versus amount of base added.

The rate of bond cleavage during the thermal maturation of kerogen approximately doubles
for every 10°C rise in temperature. Thermal maturation reaches a peak at ~100°C. Based
on this and assuming that these reaction rates show an Arrhenius temperature dependence
(equation 5.22), estimate the activation energy for these reactions.

Astrophysicist Thomas Gold suggested that most petroleum deposits are formed by abio-
genic organic carbon (mainly in the form of methane) diffusing out of the mantle. There are
few, if any, geochemists that agree. Describe at least three geochemical observations that
support the “conventional” theory that petroleum is formed from sedimentary kerogen,
which in turn is derived from the remains of once-living organisms.

Bartschat et al. (1992) modeled the metal-complexing behavior of humic acid as that of two
ligands: a bidentate carboxylic ligand (e.g., malonate) and a bidentate phenol one (e.g., cat-
echol), and that the effective concentrations of these are 10~ mol/g humate and § x 10™*mol/g
humate respectively. Using the following apparent stability constants, calculate the fraction
of copper complexed if the humate concentration is 10 mg/l, the pH 8, and the total copper
concentration is 10 M. Assume that copper and humate are the only species present.
Apparent stability constants:

“Malonate”: H,L f,=8.7

HL Bl = 5.7

CUL BCu =15.7
“Catechol”: H,L f,=09.1

HL P, =12.4

Cul PBe,=13.4



634 GEOCHEMISTRY

9. Repeat the calculation in Problem 8, but for pH 5.5.

Kow Kowm
Acetophenone 38.90 42.66
Benzene 128.82 83.18
Tetrachloroethylene 398.11 208.93
Napthalene 2290.87 1288.25
Parathion 6456.54 1148.15
Pyrene 151356.12 83176.38
Chlorobenzene 512.86 389.05
DDT 1548816.62 138038.43
2,4,5,2',4",5’-PCB 5248074.60 218776.16

10. The above table lists organic solid/water (Koy) and octanol/water (Koc) partition coefficients
for some non-polar compounds. Are these data consistent with eqn 12.15? What values do

11.

you determine for constants a and b? (HINT: Use linear regression.)

Sediment from a highly eutropic lake was found to have an organic carbon fraction of 5.8%.
Using the adsorption partition coefficient for DDT listed in Problem 10, predict the concen-
tration of DDT in the sediment if the lake water has a DDT concentration of 3 ug/l and the

sediment contains 5.8% organic matter.



Appendix

PHYSICAL AND CHEMICAL CONSTANTS

Speed of light (c)

Planck’s Constant (h)
Boltzmann’s Constant (k)
Gravitational constant (G)
Avagadro’s Number (N,)
Gas constant (R)

Electron charge (e)

Faraday Constant (F)
Permittivity in vacuum (€)
Dielectric constant of water

THE EARTH

Mass of the Earth (Mg)
Mantle
Core
Continental Crust
Oceans
Atmosphere

Mean radius

Radius of core

Radius of orbit

THE SUN

Mass
Radius

2.998 x 10%m/s

6.626 x 107°*]J/Hz

1.380 x 102 J/K

6.672 x 107" N-m?/kg
6.022 x 10% mol™!

8.314 J/mol-K

(1.987 cal/mol-K)

1.602 x 10" coulombs (C)
96.485 C/mole = k]/V-eq.
8.85 x 102C%/J-m
78.54

5.97 x 10**kg
4.0 x 10**kg
1.94 x 10**kg
2.2 x 102kg
1.4 x 10*'kg
5.1 x 10'*kg
6.37 x 10°m
3.47 x 10°m
1.49 x 10"'m

1.99 x 10°°kg
6.96 x 10°m
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SI UNITS AND CONVERSIONS

In the SI system, fundamental units are the kilogram, meter, and second. Consequently, preferred
units of volume, pressure, and energy are m’, pascals, and joules, respectively.

Mass Kilogram (kg)

Pound

u (unified atomic mass unit; also Dalton

11b = 0.4535 kg
(1kg = 2.2051b)
1u = one twelfth mass of *C atom

(Da)) lu=1.66 x 10* kg
1u = 931.49MeV/c?
Distance Meter (m)
inch lin = 0.0254m
angstrom 1A=10"m
mile (US) 1mi = 1609 m

astronomical unit (AU)

1AU=1.49 x 10" m
1parsec = 3.084 x 10"*m

parsec
=2.07 x 105 AU
light-year =3.26ly
lly =6.35 x 10*AU
Force Newton (N)
1N = 1kg-m/s*
1 dyne = 10°N
1 dyne = 1 gm-cm/sec?
Energy Joule (J)
1] = 1kg-m?*/s*
erg lerg=107]
lerg = 1 gm-cm?/sec?
calorie 1 calorie = 4.184]

liter-atmosphere
liter-Pascal
electron-volt

1l-atm = 101.29]
11-Pa =99.98 x 107°]
1eV =1.602 x 107"]

u (Dalton) 1u=29.315 x 10*MeV
volt 1 volt-coloumb = 1]
kilowatt-hour 1kWh = 3.6 x 10°]
Pressure Pascal (Pa)
pascal 1Pa = 1 N/m?* = 1kg/m-s*
bar 1 bar = 10°Pa (= 0.1 MPa)
atmosphere 1 atm = 1.013 x 10°Pa
Volume Liter (1)
11=10°cm
11=10"°m’
US gallon 1gal = 3.7851
Concentration
molarity moles/l (M)
molality moles/kg (m)
1uM (micromole) = 10°M
1nM (nanomole) = 10°M
1pM (picomole) = 1072 M
1fM (femtomole) = 107° M
Radioactivity Becquerel (Bq)
1Bq = 1 decay per second
curie (Ci) 3.7 x 10" Bq

(1 curie is the activity of 1g of ***Ra)
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Note: Page numbers in italic refer to figures; those in bold to tables; those followed by ‘n’ relate to
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absolute zero, 26-7
Acapulcoites, 452
accretion, 556
acetic acid, 568, 581, 586
acetylene, 567n
achondrites, 333, 3635, 442,
4524, 479
age of, 457-8
basaltic, 453, 458, 463
compositional relationships
of, 453
primitive, 452-3
acid-base reactions, 217-31
acid-base properties of organic
molecules, 569, 589
acidity, 225
acids, 218
aquo-complexes as, 233
diprotonic, 219
dissociation constant of, 218
organic, 568-70, 572,
580-9, 598-9
activated complex, 173
activation energy, 165
of catalyzed reactions, 200
for dissolution, 206
and enthalpy, 173
activity, 75-8, 82, 128
calcium ion, 87
daughter/parent radio-
activity, 351
in high ionic strength
solutions, 148-53
of ideal solutions, 88-9
mean ionic, 146, 149

and molality, 83
and mole fraction, 76
in non-ideal solid solutions,
116-19
of a salt, 147-8
units of, 350-1
of uranium, 352
activity coefficients, 77, 84,
141
alternative expressions for,
152-3
in brine, 153
mean ionic, 145-6, 150,
151, 152
single ion, 146
and solvation, 149, 150
activity diagram, 105
adakites, 553
Adams-Williamson equation,
496, 510
adatom, 191
adenosine diphosphate (ADP),
572
adenosine triphosphate (ATP),
572,573,578
adiabat, 304
adsorption, 197-9, 253-8,
595-9
and concentration, 198-9
effect of surface potential
on, 262-4
on goethite, 258
hydrophobic, 253, 258,
595-7, 597
of lead on ferric oxide, 264

of manganese on clay, 217
multidentate, 255
octanol/water, 596
and pH, 598, 598
soil/water, 596
and weathering, 598-9
advection, 179, 179, 182, 309
aegirine, 89
affinity of reaction, 176
Agassiz, Louis, 396n
age, concordant, 545
alanine, 572
albedo, 623, 626
of ice, 400
albite, 18, 67-9, 88, 901,
116, 119-20, 124
in binary system, 127-8
dissolution of, 203-4, 205
structure of, 203
alcohols, 568
algae, 389, 391
haptophyte, 616
algaenans, 603
alkadiene, 567
alkaline earths, 11, 274-5
alkalinity, 225-8
determination of, 227-8
of spring water, 229
alkalis, 10-11, 235, 274-5
alkanes, 565-6, 566, 608
in crude oils, 612
in water, 583
alkanols, 574
alkene, 567
alkenones, 624
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alkyls, 566
d-alloisoleucine, 171
alpha decay, 327
alumina, 46
aluminum, 218
dissolution of oxide, 201-2,
202
in equilibrium with gibbsite,
247-8, 247-8
in equilibrium with
kaolinite, 247-8, 248
in equilibrium with
pyrophyllite, 247-8,
248
hydrolyzation of, 246
isopleths of, 130
radionuclides, 459-60,
460
solubility in pyroxene, 130
amines, 589
amino acids, 569, 572, 572
in humic substances, 584-5
in meteorites, 444
racemization of, 171
in water, 582
amino group, 569
ammonia, 273-4, 391
ammonium
isotope fractionation, 392,
392
oxidation of, 109
amoeboidal olivine segregates
(AOAs), 452, 478
amphiboles, 18, 48, 412, 412,
536, 539
amphibolite, 536, 539
Lewisian, 542
amphoteric compounds, 218
anaerobes
facultative, 578
obligate, 579
andalusite, 64, 129-30
andesite model, 542
andesites, 138, 548
crystallization in, 314
magmatic, 552, 556
angrites, 454, 460
animals, carbon/nitrogen
deviations in, 394-35,
394
anions, 11
binding of, 256
anisotropy, seismic, 498n
annite, 88
anorthite, 18, 55-6, 61, 67-9,
88, 90-1, 122-3, 123,
124, 124, 130
in binary system, 127-8
dissolution of, 203

in meteorites, 451-2
weathering of, 161
anorthosite, lunar, 483-5
anoxicity, 601
anthracite, 614
anti-matter, 434
anti-protons, 434
antimony, 281
apatite, 280
in bone, 394
apparent molar volume, 83
aquo-complexes, 231, 233,
233,237
aragonite, 62, 123
and oxygen isotopes, 380
aragonite-calcite transition,
174-5
archaeology, isotopes in,
395-6
archeobacteria, 564-5
argon, isotopes of, 359-60
aromatic compounds, 567
Arrhenius coefficient, 173

Arrhenius relation, 164-5,
173, 176

Arrhenius, Svante August,
165n, 218, 617, 626

asphaltenes, 607-8, 611

assimilation, and
crystallization (AFC),

416-17, 417
assimilatory sulfate reduction,
393

asteroid belt, 463
asteroids, 443, 475-6, 497
1 Ceres, 454, 463, 475
4 Vesta, 453-4, 454, 463,
463, 482
16 Psyche, 463
21 Lutetia, 463
asthenosphere, 16, 16, 520
asymmetric solution model,
118
asymptotic giant branch
(AGB) stars, 462, 465
ataxites, 455
atmophile elements, 270, 271,
271, 272
atmosphere
in equilibrium with water,
222-3
helium escape from, 356
neon escape from, 358-9
atmospheric nitrogen (ATM),
373
atomic mass unit (amu), 323n
atomic motion, 186-7
atomic number, 7, 323

atomic weight, 7
atoms, 6-135, 434
mass of, 8n
decrement in, 323-4
nominal weight of, 323
attraction, dipole—dipole,
13-14
aubrites, 454, 462
augite
aegerine, 89
in meteorites, 454
autodissociation, 82
autotrophs, 389, 564-5, 575,
601
carbon/nitrogen deviations
in, 394, 394
Avagadro’s Number, 25, 44
awaruite, in meteorites, 451

bacteria, 389, 565, 5767,
608
carbohydrate assimilation
by, 582
chemosynthetic, 393
energy changes for
reactions, 602
methanogenic, 582
role in cycling, 600, 600
sulfur-reducing, 393
symbiotic, 391
bacteriochlorophyll, 576
barite, 96, 409
log of solubility constant,
96
barium, 281, 345
basalts, 494-5, 548
boron in, 419
crystallization in, 314
enriched mantle (EM),
523-4
flood, 556
high uranium/lead (HIMU),
523-4
island arc, 549-50, 550
isotope ratios in, 345, 527,
527
lunar, 453, 484-5
and melting, 315
mid-ocean ridge (MORB),
276, 337, 339-40, 517,
518, 519, 519, 520
argon in, 359
boron in, 420
carbon in, 412-13
composition of, 530-1
element variations in,
531-2, 532
helium in, 356
hydrogen in, 411-12, 412



incompatible enrichment
of, 548
lead isotope ratios in, 551
lithium in, 423
neon in, 358-9
osmium in, 343
oxide concentrations of,
531, 532
oxygen in, 410
sulfur in, 415
titanium in, 549
trace elements in, 550
mineral-melt partition
coefficients for, 293
oceanic, 517-20, 517, 530
oceanic island (OIB), 344,
358, 420, 423, 517,
518, 519, 519, 520,
523
titanium in, 549
trace elements in, 550
oxygen in, 410-11, 411
potassium-rare earth
element—phosphorus
(KREEP), 485, 505
quartz dissolving in, 186,
186
rare earths in, 519-20, 520
base, 218, 236
organic, 569, 589, 598
basic equation of radioactive
decay, 326
Becquerel (Bq), 350, 351n
Becquerel, Henri, 321, 351n
Benioff zone, 548
Benson—Calvin Cycle see
Calvin Cycle
benzene ring, 567, 567
benzoic acid, 568, 581
Berner, R.A., 621, 623
beryllium ('°Be)
in meteorites, 461-2
in subduction studies,
362-3, 552
beta decay, 327-8
Bethe, Hans, 294
bicarbonate, equivalence point,
225
bidentate compounds, 590
Big Bang, 431-5, 441
Bigeleisen, J., 371
binary systems
albite—anorthite, 127-8
phase diagrams for, 124-8
binding energy, 324
calculation of, 329
binomial distribution, 33
biochemical processes,
575-80

biodegradation, of petroleum,
611
biologic pump, 619
biomarkers, 575, 608-9
biomolecules, 580
biota, terrestrial, 623
biotite, 18, 88-9, 250-1
bioturbation, 209, 601
Birch-Murnaghan equation,
143
bismuth, alpha decay of, 327
bitumen, 605, 607-8, 611
black holes, 441
blue giants, 437
boehmite, 63
Bohr, Niels, 324
boiling, 123
Boltwood, Bertram, 321
Boltzmann Distribution Law,
42-4, 44,163, 188,
194, 375
Boltzmann, Ludwig, 35n, 43n
Boltzmann’s constant, 13, 25,
35, 163, 189, 375
bonds, 11
chemical, 12-15
covalent, 11-13, 258
hydrogen, 13-15, 14
ionic, 11-13
metal, 12-13
borate, 279
boron, 279-80
in crystalline rocks, 419
isotope ratios, 373
isotopes of, 417-22, 624
and paleo-pH, 420-2, 422
proton and neutron
occupation levels of,
328
bosons, 328
Boyle, Robert, 24n
Brachinites, 453
bridging oxygens, 17, 140
brine, 181
activity coefficients in, 153
brown dwarfs, 478
brucite, 76-7, 249-50
precipitation of, 240
stability of, 242, 242
structure of, 250
buffer intensity, 228-31, 229
calculation of, 230
buffers, magnetite-hematite,
137
bulk modulus, 286
bulk silicate Earth composition
(BSE), 494
butane, 565, 566
butyric acid, 581
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Ca-perovskite, 501
calcite, 19, 62, 97, 123, 178,
196, 619-21
dissolution of, 92, 207
equilibration with pore
water, 183—4, 222-3
equilibrium with calcium
ions, 239-40, 239
and oxygen isotopes, 380
precipitation of, 160
solubility in a closed system,
240-1
solubility product, 239
stability of, 242, 242
transition from aragonite,
174-5
calcium
carbonate, 174-5
in ground and surface
waters, 239-40
hydrolysis of, 219
oxygen isotope
fractionation, 397
chloride, 97, 151
mean ionic parameters of,
147
ion concentration, 239, 239
isotopes of, 359-60
radionuclides of, 460
sulfate, 87, 151
calcium-aluminum inclusions
(CAIs), 451-2, 478-9
age of, 456-7, 459-62
formation of, 481-2, 488,
497
calorimeter, 39
Calvin Cycle, 389, 391, 568,
576-7, 577
Canyon Diablo iron meteorite
(CDT) standard, 373
carbohydrates, 568, 5701,
581
assimilation by bacteria,
582
in humic substances, 584-5
in seawater, 582, 582
in water, 582, 582
carbon, 100
bacterial cycling of, 600,
600
burning stars, 435-7
cosmogenic nuclide (**C),
361
dissolved inorganic (DIC),
390-1, 391
dissolved organic (DOC),
563, 580, 580, 584
isotope fractionation,
389-91
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carbon (cont’d)

1sotope ratios, 373

isotopes of, 412-13, 413

isotopic composition of, 465

organic, 563

in river water, 581

particulate organic (POC),
580, 580

proton and neutron
occupation levels of,
328

suspended organic (SOC),
580

total organic (TOC), 580,
580

valence states of, 100

volatile organic (VOC), 580

carbon cycle, 4, 563, 617-29,
618

and climate, 623-6

deep, 620-2, 621

and evolutionary changes,
622-3

exogenous, 618-20

carbon dioxide, 97, 563

aqueous, 220-5

atmospheric concentration
of, 616-18, 616,
622-3, 623, 626-7, 627

dissociation of, 220

in equilibrium with water,
98

equivalence point, 225

fugacity coefficients, 75

and glaciation, 619-20, 619

hydration of, 166-7

infrared absorption by,
617-18

in oceans, 618-19

carbon monoxide, 466

isotopic fractionation,
378-9

carbonate, 19

alkalinity, 225-8
equilibrium, 99-100
equivalence point, 225
and oxygen isotopes, 380,
397
paleosol nodules, 402, 402
system, 220-5
equilibrium constants for,
221

carboxylation, 389
bacterial, 390
phosphoenolpyruvate
carboxylase (PEP), 390
ribulose biphosphate

(RuBP), 389
carboxylic acid, 581, 586,
588-9
group, 568

Carnot, Sadi, 30n
catagenesis, 608-11
catalysis, 199-201
catalyst, definition of, 199
cation bridging, 598
cation ion exchange, 598
cations, 11
solvation in aqueous
solution, 81
Cavendish, Henry, 495
cellulose, 571
cerium, decay system, 345
chalcophile elements, 236,
271, 271, 271, 272
Chandrasekhar limit, 437
Chandrasekhar mass, 438
change of state, and enthalpy
changes, 50-1
charge balance, 220
equation, 98, 222, 227
model, 89-90
chelates, 590, 590
chelation, 590
agents for, 236
chemical bonding, 6-15, 254
chemical constants, 635
chemical diffusion, 183-4
multicomponent, 186
chemical energy, 23
chemical potential, 68-71
definition of, 69
and distribution coefficient,
282
and equilibrium, 70
and ideal solutions, 71-2
of individual components,
141
properties of, 69-70
and real solutions, 74-5, 74
chemoautotrophs, 577

chemosynthesis, 391, 564, 575

in Archean, 414
chitin, 571

chloroform, 583
chlorophyll, 575, 576
chloroplasts, 564
cholesterol, 575
chondrites, 276, 276, 336,
442-52, 443, 511
age of, 457-8, 462
classes and composition of,
444-50, 445, 479, 502
components of, 450-2, 478,
579-80
formation of, 480
matrix of, 452, 479-80
neodynium in, 505, 507
petrographic classification
of, 449-50, 449
tungsten isotope ratios, 487
chondritic (CHUR) model age,
337
chondrules, 442, 450-1, 473,
478-9, 481
age of, 457-8, 460
chromites, 279
in meteorites, 450
chromium
binding energy of, 329
radionuclides, 459-60, 459
chronometer, uranium-lead,
456, 456
chrysotile, 95
citrate, 593-5
citric acid, 586, 590, 599
cycle see Krebs Cycle
Clapeyron equation, 65-7,
123, 304, 306
Clapeyron slope, 66, 306, 501,
525
Clarke, Frank Wigglesworth,
534n
Class one objects, 469
Clausius, Rudolf, 30n, 42n
Clausius-Clapeyron equation
see Clayperon
equation
clays, 18, 249-53, 403, 418
1:1, 250

2:1, 250-1

2:2,251-2

double layer surrounding,
261-2, 262

glacial, 535
ion-exchange properties of,

and pH, 221 chlorine (*°Cl) 252-3
species activities in, 224 in Dead Sea system, 362, mineralogy of, 249-52
carbonatites, 274 362 climate, 4, 563, 617-29

carbonic acid, 221, 620
dissociation of, 93, 217, 220

carbonyl group, 568

carboxyl group, 589, 597

in hydrology, 361-2
chlorite, 251-2, 554

in meteorites, 452

structure of, 252

and carbon cycle, 623-6
record in glacial ice, 400-1
climate change, anthropogenic,

626-9



clinopyroxenes, 18, 61-2, 89,
122
jadeite in, 287
oxygen isotope ratios in,
410, 410
partition coefficients, 284,
287
compositional dependency
of, 288-93
CNO cycle, 435-6, 465
coal, 604
bituminous, 614
boghead, 612
brown, 613
cannel, 612
chemical evolution of,
613
compositional evolution of,
612-14
formation of, 599-614
humic, 612-13
sapropelic, 612-13
coalification, 613
cobalt, in meteorites, 455,
455
coefficient of thermal
expansion, 24-6, 48
of water, 80
collagen, 572
collective model, 326
collinite, 607
collisional erosion, 365, 506
collisions, planetary, 497
colloidal suspensions, 262
comets, 475-6
complete solutions, albite—
anorthite, 127-8
complexation, 217, 231-8
equilibrium constants for,
232, 591, 592
in fresh waters, 236-8
of organic molecules,
589-95
and pH, 590
reactions, 258
of trace elements, 592-3
complexes, 231
and element classification,
235-6, 235
formation of, 231, 255
inner sphere surface, 258
organic, 237
water-related, 232-4
components, 62-4, 226
choice of, 97
composition
and isotopic fractionation,
380
and reaction rates, 162-3

compounds
aromatic, 567
hydrophilic, 597
organic, 563, 565-75
simple, 580-3
compressibility, 25
concentration
and adsorption, 198-9
profiles, 181
units, 82
condensates, 610
gas, 610
condensation, 37, 382, 568n
nebular sequence of, 4714,
474
conservation equations (see
also mass balance),
220, 222
conservative ions, 225
continental drift, 529
continental rifts, 556
continents
age of, 544-5
origin of, 547-56
convection, 16
conversion factors, 636
copper
complexation of, 233-4,
235
electron exchange, 101
salicylate, 590
speciation of, 594-5
stability constants of, 594
corals, dating of, 353
core, 15-16, 493, 510-16
accretion, 482
composition of, 512
cosmochemical constraints,
S11-12
experimental constraints,
512-16
geophysical constraints,
510-11
core—mantle boundary, 501
corundum, 51, 63-4
cosmic background radiation,
434
cosmic rays, 360, 462
exposure ages, 462-3, 462
of meteorites, 363, 363
cosmochemistry, 430-1
constraints from, 494,
496-497
cracking, 609
Craig, Harmon, 404
crassulacean acid metabolism
(CAM), 390
cresol, 581
Croll, J., 399n
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cross-differentiation identity
see reciprocity relation
crude oil see oil, crude
crust, 4, 15-17, 335, 337,
347,493, 529-56
continental, 533-44
age of, 544-7, 545
anomalies in, 542, 544
composition of, 541-4,
543
growth of, 544-7
incompatible elements in,
541, 544
middle and lower,
536-41, 540
rare earth patterns in,
541, 544
refining of, 556
upper, 534-6, 535, 537
evolution of, 322
loss of, 506
modeling isotope evolution
of, 340
nitrogen in, 414
oceanic, 529-33
accreted, 556
age of, 544
composition of, 530-3,
530-1
incompatible elements in,
544
rare earth patterns in, 544
recycling model of, 525,
525
structure of, 529-30, 529
crustal floundering, 547, 556
crustal residence time, 337,
546, 546
Cryogenian period, 625
crystal growth, 193-7
diffusion and heat-flow
limited, 197
crystal radius, and free energy,
193
crystal structure, and oxygen
isotopes, 380
crystal-field splitting
parameter, 2967
crystal-field theory, 294-35,
298-9
crystallization
and assimilation (AFC),
416-17, 417
equilibrium, 310, 313, 415
fractional, 310-12, 312,
314, 314, 316, 415-17
in situ, 311-13, 312, 316
in open system magma
chambers, 313-15
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crystallization (cont’d)
trace element distribution
during, 310-15, 311
trace element variation
during, 315-16
crystallization ages, 545
of granite, 546
crystals
diffusion in, 183
dissolution rates of, 204
mean lifetimes of, 204
metamict, 545n
curie (Ci), 351n
Curie, Marie, 351n
Curie, Pierre, 351n
cutin, 574
cyanobacteria, 393-4
cycloalkanes, 608

dacites, crystallization in, 314
Dalton (Da), 323n, 636
Daniell cell, 101
electrode reactions in, 101
dating, potassium-argon, 334
Davies equation, 85-6, 87, 88,
88, 153
Debye frequency, 46
Debye parameter (length),
261-2
Debye, Peter, 46n
Debye temperature, 46
Debye-Hiickel
effective radii, 86
equations, 85-8, 87-8, 148,
149, 150, 153
solvent parameters, 85
theory, 84-5, 85, 145, 261
limitations to, 86—8
decarboxylation, 574n
decay systems see radioactive
decay, long-lived
systems of
deforestation, 627-8
degassing
and element loss, 411
of sulfur, 415
degrees of freedom, 64
delamination, 5235, 547, 556
4 notation, 372-3
denitrification, 565
density, 23
deoxyribonucleic acid (DNA),
564, 572-3
depleted mantle model age,
337
depth, and pressure, 303
desorption, 198, 200, 217
deviations per mil (3), 372
dew formation, 196

diagenesis, 207-11, 309, 609
of aquatic sediments, 604-5
changes due to, 605
of marine sediments, 601-4
steady-state, 208
diagenetic equation, 210, 309
diamictites, 624
diamonds, 22, 45-6, 65-6,
412-13, 465
and carbon isotopes, 380
inclusions in, 527
in meteorites, 452-3
nitrogen in, 413-14
sulfur in, 415
dicarboxylic acids, 581
1,4-dichlorobenzene, 597
dielectric constant, 81
dielectric substances, 81
diet, and isotopes, 393-6
diffusion, 177-91, 182
and crystal growth, 197
extrinsic, 189, 189
intrinsic, 188-9, 189
in liquids, 189-91
of lithium, 423
in multicomponent systems,
182-7

in solids, 187-9, 188

diffusion coefficient, 179,

182-7

matrix, 186

for garnet, 187

in solids, 189

temperature dependence of,
187-9, 189

diffusion flux, 179-82, 185

diffusion rate equation, 188

dihedral angle, 307-8, 308

dihydrogen sulfide,

dissociation of, 219

dimers, 140, 140

diogenites, 453, 455, 463

diopside, 55-7, 61, 64, 1224,

123-4, 133
in meteorites, 450, 452
nucleation of, 195
substitution in, 285

diorite, 542

dioxane, 67, 68

dipole moment, 13-14

disaccharides, 571

disequilibrium, uranium—

thorium, 353
displaced equilibria, 129-32
dissimilatory sulfate reduction,
393

dissociation

of carbonic acid, 93, 217,
220

complete, 87
of dihydrogen sulfide, 219
of nitric acid, 219
of organic acid, 98
dissociation constant
of an acid, 218
for water, 217
dissolution, 239-49
activation energies for,
206
of calcite, 92, 207
of calcium chloride, 97
of gypsum, 206
of halite, 206
incongruent, 203
of kaolinite, 205
kinetics of, 201-7
of magnetite, 107-8
and organic acids, 599
of orthoclase, 217
and pH, 204-5, 205
rate of, 599, 599
reactions, 177
of silica, 245
of silicates, 203-7, 247-9
of sodium chloride, 94
and temperature, 206-7
dissolved inorganic carbon
(DIC), 390-1
depth profile of, 391
distribution coefficient, 94,
252, 281
and chemical potential,
282
divariant systems, 125, 126
djerfisherite, 515
dolomite, 178
precipitation of, 162, 240
solubility of, 242
stability of, 242, 242
Dulong-Petit limit, 45
dunite, 279, 498
lunar, 484
dust balls, 481
dynamic states, 21

e-chondrites, see enstatite
chondrites
e-process, 437
early enriched reservoir (EER),
365, 505, 509
Earth, 1-2, 15-19, 15, 482-3,
635
age of, 486-9
composition of, 485, 485
bulk silicate, 502-10,
503, 508
core of see core
crust of see crust



degassing of, 359, 364
density of, 495
formation of, 486
geochemistry of, 493
geodynamo of, 515
initial isotopic composition
of, 347
internal heat of, 16
mantle of see mantle
materials of, 17-19
moment of inertia, 496
precession of, 496
shells of, 494
structures of, 15
tungsten deviation, 488
earthquakes, 17
eccentricity, 399
eclogite, 498-9, 525-6, 528,
553
effective radius, 85
Einstein, Albert, 46n
Ekman transport, 620
electric double layer, 258-64,
262
electrical neutrality, 97-8, 182
electrical potential, variation
in, 261
electrochemical energy, 103
electrode potential, 101
electrolyte equilibrium,
practical approach to,
96-100
electrolyte solutions, 80-8,
145-53
electrolytes
activities in, 84-8
fully dissociated, 147
natural, 88
weak, 151
electronegativity, 10, 11, 12,
100
electrons, 323, 434
acceptors, 100
affinity, 10
availability of, 100
capture, 328-9
collisions between, 162-3,
163
donors, 100
high- and low-spin
configuration of, 296
orbitals, 294
energies of, 9
orbits of, 8-9
organization of, 8
electrophoretic mobility, 258
electrostatic interactions,
253-4
electrostriction, 81-2, 84

electroweak, 328
elements, 6-15

abundance of, 17, 270, 441,
447,448
in bulk silicate earth, 510
alkali and alkaline earth,
274-5
atmophile, 270, 271, 271,
272
behavior of, 270-81
chalcophile, 236, 271, 271,
271,272
chemical properties of, 9-12
compatible, 279, 282-3,
315, 342
complex formation by,
235-6, 235
electropositive, 11
first series transition metals,
278
Goldschmidt’s classification
of, 270-2, 271, 271
high field strength (HFS),
278
incompatible, 274-5, 278-9,
282, 315-16, 315, 506,
521
in crust, 541, 548
ionic radii of, 11, 12
lithophile, 271, 271, 271,
272, 506
large-ion (LIL), 274
in loess, 535
in mantle, 502-5
Martian, 477
noble metal see noble metals
non-condensable, 446n
platinum group (PGEs), 279
rare earth, 275-8, 519-20,
520
refractory, 446, 448-9
lithophile, 504-5
semi-volatile, 274
siderophile, 236, 271, 271,
271, 272, 342, 502,
511
in the solar system, 433
trace see trace elements
in upper crust, 535
used in isotope
geochemistry, 371-2
volatile, 272-4, 446, 448-9,
503, 511

Emiliani, Cesare, 397
Emiliania huxleyi, 616
energy, 23

activation, 165, 165, 173
associated with volume,
41-2
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barrier, 162-5, 173
binding, 324, 329
characteristic variables of,
38
distribution of, 32-5, 37
in solids, 45-7
and first law of
thermodynamics,
27-30
free, 51-8
interfacial, 307-8
internal, 23, 44
kinetic, 380
law of conservation of, 27
of quantum oscillator, 376
strain, 285
surface, 191-2
thermal, 23
transfer of, 28
translational, 163, 377
enstatite, 47, 55-7, 61, 130-1,
133
in meteorites, 444, 450,
452, 454, 474
enstatite chondrites, 444, 462,
467
enterobactin, 590
enthalpy, 38-9
and activation energy, 173
calculating changes in,
48-51, 53
and changes of state, 50-1
excess, 78
of formation, standard state,
50
and ideal solutions, 72-3
of reaction, 173
and reactions, 50-1
entropy, 30-8, 30-2, 232
absolute, 47-8
calculating changes in,
48-51, 53
configurational, 48
excess, 78
and ideal solutions, 72-3
microscopic perspective of,
31-8
and pressure, 47-51, 304
of reaction, 51
in reversible and irreversible
reactions, 37
and temperature, 47-51,
304
total specific, 304
and volume, 36, 47
enzymes, 578n
equations of state, 24-6
for non-gases, 26
for real gases, 25-6
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equilibrium, 21-4, 160-1
between mineral grain and
pore water, 183-4
of carbonate, 99-100
and chemical potential,
70-1
condensation, 382
constants, 89-96
criterion for recognizing, 54
crystallization, 310, 415
electrolyte, 96-100
of fractionation factor, 373
isotopic, 334
local, 22-3
phase, 62-7
of phase distribution, 282
radioactive, 351
and steady state, 170-2
and surface free energy, 192
systems at, 20, 22
equilibrium constants, 128-9,
176, 255-6, 375, 377,
472
apparent, 94
for carbonate system, 221
for clays, 252
for complexation, 232, 591,
592
expressions, 98—100
and pressure, 96
and temperature, 95-6
equilibrium isotope
fractionations, 374-80
prediction from statistical
mechanics, 375-7
quantum mechanical origin
of, 374-5
equiline, 354
equipoint, 354
equivalence points, 224-5
equivalent, 226n
Eratosthenes, 495
erosion, 547, 556
error function, 182
Escherichia coli, 565
esters, 568
ethane, 565
ethanol, 68, 69, 72
ethylene bromide, 67
eubacteria, 564
eucrites, 453, 463
eukaryotes, 564, 564
europium, 275
anomaly, 277, 539
eutectic, 126
evaporation, 37, 381
exact differentials, 29, 38
excess functions, 78
excess volume, 116

exchange reactions, 133-7
exinite, 606, 607, 613
exogene (exogene), 618, 621,
624

exoplanets, 478
exsolution, 116

phenomena, 120-2
extended rare earth plot, 523
extensive properties, 23
extrinsic diffusion, 189, 189
exudates, 586
Eyring equation, 1734
Eyring, Henry, 174n

faint young sun paradox,
622
Faraday constant, 103
fatty acids, 568, 573, 581
fayalite, 18, 110, 133, 472
feldspars, 18-19, 48, 91
alkali, 118-21
solid solutions,
118-19
dissolution of, 203
in meteorites, 450
and oxygen isotopes, 380
structure of, 203
fermentation, 578, 602
Fermi, Enrico, 328n
ferric oxide
adsorption of lead on,
256-7
surface speciation of,
263-4
ferripericlase, 500
ferrosilite, 133
Fick, Adolf, 179n
Fick-Onsager Law, 185
Fick’s Laws, 179-83
First Law, 179-80, 186-7
Second Law, 180-2, 180,
209
fission
spontaneous, 329-30
track dating, 330
flocculation, 262
flow, 182
fluorite, 94
flux
diffusion, 179-82
melting, 555
in sediments, 209-10, 209
foraminifera, 421-2, 422
formic acid, 568, 581, 586
forsterite, 18, 55-7, 61, 64,
9§, 130, 130, 133, 178
condensation of, 472
in crust, 531
in melts, 142

in meteorites, 451-2
phase diagram, 299
structure of, 203
fossil fuels, 626-9
fossil radionuclides, 363-5
fossils, isotopic, 396
Fourier analysis, 399
Fourier, Joseph, 617
Fourier Transform Infrared
Spectrometry (FTIR),
555
fractional crystallization,
416-17, 531
fractionation, 294n
during subduction, 553-4,
553
isotopic, 371-372, 371n
factor, 373
temperature dependence
of, 377-80, 378
mass-dependent, 358,
382-3
mass-independent, 382-3,
383
in methane generation,
615
prediction of, 378-9
free energy, 51-8
and complexation, 232
and crystal radius, 193
and crystallization, 193
excess, 78
and ideal solutions, 72-3
of mixing, 73
fremdlinge, 451, 473
frequency factor, 165, 173
Freundlich isotherm, 198-9,
254
fructose, 571, 571
FU Orionis outbursts, 470-1
fugacity, 75-6
coefficients, 75, 75
of oxygen, 108-10, 135-6,
136, 137
fulvic acid, 583-9, 592, 599,
606
composition of, 588
functional groups in, 585
generation of, 586, 587
structure of, 585
in water, 584
functional groups, 568-9, 569
functions
excess see excess functions
maximum values of, 35
fundamental frequency, 173

G-X plots, 120, 120, 122-3,
125, 127



gabbros, 279, 530
anorthositic, 484
galaxies, elements in, 432-3
gallium, 281, 512
in meteorites, 455, 455
partition coefficient, 515
gamma decay, 326-7
gamma rays, 326
garnet, 89-90, 130-2, 144,
282, 309, 528
diffusion coefficient matrix
for, 187
isotope ratios in, 527, 527
lherzolite, 132
in mantle, 499
and RRE abundance, 315
gas
constant, 24, 35
zones, 610
gases
atmospheric, 617
condensation sequence of,
473
ideal see ideal gases
migration of, 611
solubilities of, and Henry’s
Law, 94-5
Van der Waals constants for,
25
Gast, Paul, 331, 509
Gay-Lussac, Joseph, 24n
Gellibrand, Henry, 510
geobarometers, 128-37
orthopyroxene-garnet, 130
GEOCARB model, 621, 623
geochemistry
definition of, 1-2
stable isotope, 371-2, 397
Geochron, 347-9
geochronology, 331-4
geodynamo, of Earth, 515

geothermometers, 128-37, 372

iron-titanium oxide, 135-6,
136
isotope, 384-7
olivine-liquid, 133-5
germanium, 281, 511
Ghiorso’s regular solution
model, 141-5
giant impact hypothesis, 486
Gibbs adsorption density, 198
Gibbs free energy, 22, 54-6,
89, 91-2, 282, 285
equation for, 69, 192
of ideal solutions, 72
for many components,
141-2
of a mechanical mixture, 73
of melting, 123

of reaction, 103
stability of, 323
Gibbs, J. Williard, 64n
Gibbs phase rule, 64-5, 125
derivation of, 71
Gibbs-Duhem relation, 70-1
gibbsite, 19, 51, 63-4, 161,
249-50
in equilibrium with
aluminum, 247-9,
247-8
solubility of, 246-7
structure of, 250
gigayears (giga-annum; Ga), 2,
334

Gilbert, William, 510
glacial ice, climatic record in,
400-1
glaciation, 397, 624-6
and carbon dioxide
variation, 619-20,
619
and oxygen deviations,
397-8, 398
glasses, 139
silicate, 140, 140
volcanic, 160
glaucophane, 18
glucose, 571, 571
glutamic acid, 590
glycerides, 574
glycerol, 573
glycine, 572, 593-5
glycolic acid, 581
glycolipids, 574
glycolysis, 578
goethite, 256, 258
solubility of, 247, 247

surface charge determination

of, 260
gold, 406
in meteorites, 455, 455
Goldschmidt, Victor, 270n,
534
Goldschmidt’s rules of
substitution, 284-5
Golgi apparatus, 564
Gouy layer, 261-2, 262
Gouy-Chapman theory, 261,
261n
granites, 545
crystallization age of, 546
gneiss, 386
granodiorite, 534-5, 545
granulite, 536
Lewisian, 542
graphite, 65-6, 465
and carbon isotopes, 380
in meteorites, 452-3
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graphite—diamond transition,
129
gravity, 481-2
Great Oxidation Event (GOE),
624-5
greenhouse energy balance,
617-18
greenhouse gases, 617-18
greenstones, 546
groundwater, 222
pH of, 224
Guggenheim equation, 152
gypsum, 19
dissolution of, 206

Haas-Fisher heat capacity
formulation, 47
hadrons, 323
hafnium
Lu-Hf decay system, 340-2,
4867, 547
isotope ratios, 341, 341,
508-9, 547
2HE 363, 458, 461, 481-2,
487-489
half-cell reactions, 101-2,
102
half-life, 330, 347
of uranium and thorium,
349, 350
halite, 12
dissolution of, 206
halogens, 11
harzburgite, 526
Hatch-Slack Cycle, 390, 577
heat, 23, 30
capacity, 39-47
constant pressure, 40-1
constant volume, 40
isobaric, 48
of silicates, 47
of solids, 42-7
of formation, 39, 50
of melting (fusion), 50, 123
of reaction, 39
of solution, 39
of vaporization, 50
heat-flow, and crystal growth,
197
hedenbergite, 133
helium, 7, 433-4
burning, 436
in stars, 432, 435-7
cosmogenic, 357
isotope ratios, 356, 356
isotopes of, 323, 355-7
on Jupiter, 476
in lavas, 552-3
nucleus of, 327
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helium (cont’d)
in oceanic basalts, 519, 519
in seawater, 357, 357
Helmbholtz free energy, 51-4
Helmholtz, Herman von, 261n
Helmholtz layer, 261n
Helmbholtz planes, 261
hematite, 100, 106-10, 135-6,
136, 138, 624
stability regions for, 107
hemicellulose, 571
Henderson-Hasselback
equation, 589
Henry, William, 68n
Henry’s Law, 3, 67-8, 68,
74-5,78, 82, 118, 252
and electrolyte solutions,
147, 148
and gas solubilities, 94-5
and trace elements, 270,
282
Hertzsprung-Russell diagram,
431, 431, 471
Hess, Harry, 529
Hess’s Law, 50-1, 54, 104,
107
heteroatoms, 569
heterophase fluctuations, 194
heterotrophs, 389, 564-5
hexahedrites, 454
3-n-hexene, 570
hibonite, in meteorites, 451,
465
Holmes, Arthur, 321
hornblende, 18
howardites, 453
humic acid, 583-9, 592, 599,
606
adsorption of, 598
composition of, 588
functional groups in, 585
generation of, 586, 587
structure of, 588
titration curve of, 590
in water, 584
humic substances, 580, 583-6
amino acids in, 584-5
carbohydrates in, 584-5
origin of, 585-6
and pH, 585
in water, 584
humin, 587
humus, 586, 606
origin of, 588
hydrated ionic radius, 85
hydration, 203
of carbon dioxide, 166-7
hydro-magnesite, precipitation
of, 240

hydrocarbons, 565-7, 566-7
acyclic, 565
aliphatic, 565
aromatic, 567
cyclic, 567
functional groups in, 568-9,
568
generation of, 610
halogenated, 583
isotopic composition of,
614-17
migration of, 611
polyaromatic, 567
saturated, 567
unsaturated, 567
in water, 582-3
hydrochloric acid, 218-19,
227,228
hydrogen, 433-4
bonding, 13-15, 14, 81,
598
burning, in stars, 432,
435-7
chloride, 13-14, 88
combustion of, 169
electrode cell, 101
energy-level diagram for,
374
isotope fractionation,
392-3, 393
isotope ratios, 373
isotopes of, 411-12
scale potential, 101-3, 102
sulfide, 218
hydrologic cycle, 15-17
hydrology
chlorine in, 361-2
and isotopic fractionation,
387-8
hydrolysis, 204
of aluminum, 246
of calcium carbonate, 219
of mercury, 217
hydronium, 82
hydrophilic acids, 580, 5834,
586
hydrophobic effect, 595-7
hydrophobic molecules, of
adsorption, 597
hydrothermal systems, 404-9,
404
hydroxides, 19
solubility of, 246-7
hydroxo-complexes, 233, 233
hydroxo-oxo-complexes, 233,
233
hydroxy acids, 568, 581
hydroxy-acetic acid, 581
hydroxyl group, 568

hydroxyl ion, 82
hypersthene, in meteorites,
450, 453

ice, 78-80, 93
albedo (reflectance) of, 400
glacial, 400-1
hydrogen deviations in, 401,
401
oxygen deviations in, 401,
402
ideal gas constant see gas
constant
ideal gas law, 24-5
ideal gases, 24-5, 71
ideal solutions, 67, 71-3
and chemical potential,
71-2
in crystalline solids, 88-9
and enthalpy, 72-3
and entropy, 72-3
and free energy, 72-3
and volume, 72-3
igneous petrology, 137-9
illite, 251
structure of, 251
ilmenite, 19, 136, 136, 137,
549
in mantle, 500
Margules parameters for,
137
stability of, 554
Imbrie’s gain and phase model,
400, 400
incompatible elements, 274-5
incongruent dissolution, 203
incongruent solution, 247
induction, 13
inertite, 606, 606, 607
inexact differentials, 38
infrared radiation, absorption
of, 617
initial ratios, 458-9, 459
inner sphere complexes see
complexes
inner sphere ion pair, 151
insolation, 397, 400
increase in, 622
integrating factors, 38
intensive properties, 23
interaction parameters, 117
for Ghiorso regular solution
model, 143
interdiffusion coefficient, 185
interface processes, 191-201
interfaces, 191-201
internal pressure, 40
interstellar grains, 465
intrinsic diffusion, 188-9, 189



intrinsic free energy, 262
intrinsic surface charge, 259
iodine-129
half life of, 458
radionuclides, 363-4
ion association

and activity coefficient, 152

effects of, 150-2
ion exchange, 203, 252-3
capacity, 252, 252
ion microprobes, 465n
ion pairs, 87, 231, 231
formation of, 150-1, 150,
231
outer sphere complex,
150-1
ionic bonds, 11-13
ionic charge
and partition coefficients,
283-7
quantitative treatment of,
285-7
vs. ionic radius, 284
ionic potential, mean, 146
ionic radius, 11, 12, 274
of lanthanide rare earth
elements, 275, 275
and partition coefficients,
283-7
quantitative treatment of,
285-7
vs. ionic charge, 284
ionic size see ionic radius
ionic strength, 85, 88, 151
ionization potential, 10, 10
ions, 11, 63, 85
charge-separated, 151
conservative and non-
conservative, 225
coordination of, 11
hydroxyl, 82
metal, 235
transition metal, 294-5
iridium, 180
iron, 110
in Earth’s core, 510-11
equilibrium constants,
247
experimental difficulties
with, 132
in galaxies, 433
hydrolysis of aqueous
species, 106
hydroxide, 243-4
in meteorites, 444, 446
oxidation of, 168, 624-5
oxide, 256
pe—pH diagram, 105
reduction of, 101

solid phases, 106
valence states of, 100
iron-titanium oxide
geothermometer, 135-6
irreversible processes, 22
Irving-Williams series, 236,
236
island arc volcanics (IAV),
357, 419, 424, 548-9
alkali-alkaline earth
enrichment of, 551
lead isotope ratios in, 551
titanium in, 549
trace elements in, 550, 550
isobars, 327, 442
isochrons, 332
lead—lead, 346-7
mantle, 347-8
rubidium-strontium, 332,
333
strontium-strontium, 333
thorium—uranium, 355
isoelectric point, 259
l-isoleucine, 171
Isoplot, 334
isoprenoids, 575, 608
acyclic, 574
in water, 583
isothermal bulk modulus, 25
isotherms
Freundlich, 198-9, 2085, 254
Langmuir, 198-9, 2534
isotones, 327
isotope evolution
diagram, 334, 336, 337
model of, 340
isotope geochemistry, 397
definition of, 331
isotope geothermometry,
384-7
oxygen, 386, 397
sulfur, 385, 407
isotope ratios, 337, 339, 339,
341, 345
for boron, 373
for carbon, 373
for helium, 356, 356
for hydrogen, 373
for lead, 346, 346, 348
for lithium, 373, 422
of magmas, 415
for nitrogen, 373
for oxygen, 372
for petroleum, 615-17
for stable isotopes, 373
for sulfur, 373
isotopes, 3, 7-8, 327
abundance of, 441
in archaeology, 395-6, 396
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of boron, 417-22
of carbon, 412-13, 413
cosmogenic, 360-5
and diet, 393-6, 396
fossil, 360-5
heavy/light, 381
of hafnium, 340-2
of helium, 323, 355-7
of hydrogen, 411-12
of lanthanum, 345
of lead, 345-9
of lithium, 417-18, 4224,
423
mantle anomalies in, 526,
526
mass number of, 7n
and mineral exploration,
405-6
of neodymium, 336-40,
364,
of neon, 357-8
of nitrogen, 413-14
of osmium, 342-345
of oxygen, 372, 382-3,
410-11, 416
production by r-, s- and
p-processes, 440
stable, 3, 371
in crystallizing magmas,
415-16
in mantle, 409-15
of strontium, 334-6
of sulfur, 382-3, 406-8,
414-15
of tungsten, 486-9
isotopic analysis, compound-
specific, 615-17
isotopic clumping, 384
isotopic composition
of hydrocarbons, 614-17
initial, 347
of methane, 615
isotopic equilibrium, 334
of sulfur, 407
isotopic fossils, 396
isotopic fractionation
in biological systems,
388-96
of carbon, 389-91
coefficients for oxygen, 385
coefficients for sulfur, 386
composition and pressure
dependence of, 380
and condensation, 382
during diagenesis, 614-15
and glaciation, 397
of hydrogen, 392-3, 393
in the hydrologic system,
387-8
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isotopic fractionation (cont’d)
kinetic, 380-2
of nitrogen, 391-2
of oxygen, 392-3
photosynthetic, 389-91
prediction of, 375-9
quantum mechanical origin
of, 374-5
of sulfur, 408-9, 409
and temperature, 416
isotopic provinces, 546
isotopologues, 384

jadeite, 18, 287
Jahn-Teller theorem, 297
joins, 63

Joliot-Curie, Iréne, 351n
Jolly, John, 321

Joule, James, 27n
Jupiter, 475-6, 478

kamacite, in meteorites,
450-1, 454-5
kaolinite, 18, 161, 250, 403,
403
dissolution of, 205
in equilibrium with
aluminum, 247-9, 248
line, 403
structure of, 206, 250
Keeling, Charles, 627
Kelvin effect, 192
Kelvin, Lord William, 27n,
30n, 321
Kelvin scale, 27
Keplerian velocity, 481
keratin, 572
kerogen, 605-9, 615
classification of, 607, 607,
611
humic, 606
sapropelic, 606
keto acids, 568, 581
kimberlites, 495, 527
kinetics, 3, 20, 160
of dissolution, 201-7
of isotopic fractionation,
380-2
of leaching, 201-7
reaction, 161-72
and thermodynamics,
172-7
kink, 191
komatiites, 279, 343, 365
Krebs Cycle, 568, 578, 579
krypton, isotopic composition,
464
Kuiper belt, 475
kyanite, 64, 129-30

lactic acid, 568, 579n, 581
Langmuir, Irving, 199n
Langmuir isotherm, 198-9,
253-4
lanthanum, 302, 314-15, 314
decay system, 345
large-ion lithophile (LIL)
elements, 274
late accretion veneer, 516
lattice imperfections, 258
lattice site preference, 295
lattice strain energy theory,
285, 287
lattice vacancies, 188
laurite, 343
lavas
basaltic, 494-5
calc-alkaline, 549, 549
from Cameroon Line, 144,
144
helium in, 552-3
island arc, 548
thorium—uranium isochron
of, 354-5, 355
Lavoisier, Antoine, 80n
Law of Mass Action, 93
Le Chatelier’s principle, 93
leaching, 204
kinetics of, 201-7
lead, 280
adsorption on ferric oxide,
256-7, 264
complexation of, 234
decay system, 345-9
deposits, 407
isotope ratios, 346, 346,
348, 551
in oceanic basalts, 518, 519
paradox, 349
primordial, 347
sulfide, 407
least squares (regression),
142n, 332-3
Leedy meteorite, 276
Lehmann, Inga, 510
lherzolites, 498-9
life, evolution of, 622-3
ligands, 231, 294-5
binding of, 256
exchange of, 597
multi-dentate, 236
organic speciation, 593
orientation of, 295-6
lignin, 575, 586
lignite, chemical evolution of,
613
limestone, 97
linear regression, 332
linoleic acid, 581

lipids, 5735
liptinite, 606, 607
liquid-drop model, 324-5
liquids
diffusion in, 189-91
immiscible, 121
lithium, 434
isotope ratios, 373
isotopes of, 417-18, 422-4,
423
lithophile elements, 271, 271,
271, 272
lithosphere, 16, 16, 17, 538
subcontinental, 343-4, 344
local charge balance model,
89-91
local equilibrium, 22-3
lodranites, 452
loess, elements in, 535, 535
London dispersion, 13-14
lower crustal floundering, 525
luminosity, and temperature of
stars, 431, 431
lutetium, decay system, 340-2,
547
lysine, 572

macerals, 606
compositional differences in,
606
Maclnnes Convention, 145n
Maclaurin series see power
series
magic numbers, 235, 326,
439-40
magma chambers
open-system, 313-15
refilled, tapped and
fractionated (RTF),
313, 313
magma solution models,
140-5
magmas, 160, 303
andesitic, 552
calc-alkaline, 549, 549
composition of, 556
crystallizing, isotopes in,
415-16
genesis in subduction zones,
552-6, 554
isotopic composition of,
550-2
major element composition
of, 548-50
oxygen isotopes in, 416
solidification zone of,
311-13, 312
thermodynamic models of,
137-45



tholeiitic, 549, 549
trace element composition
of, 550
magmatic systems, redox in,
108-10
magmatism, 547-8
magnesiowdstite, 18, 500-1
magnesite
precipitation of, 240
stability of, 242, 242
magnesium, 185
chloride, 84
mean ionic activity
coefficients in, 153
oxide, 314-15, 314
radionuclides, 459-60, 460
solubility of, 240-5
sulfate, molar volume of, 83
magnetite, 19, 100, 110, 136,
136, 138, 386
dissolution of, 107-8
in meteorites, 452
oxidation of, 106-9
and oxygen isotopes, 380
stability regions for, 107
Maier-Kelley heat capacity
formulation, 46-7, 56
majorite, 499-500
maltenes, 607-8
manganese
adsorption on clay, 217
diffusion flux for, 187
distorted coordination
polyhedra in, 297-8,
297
nodule growth rate, 353-4
radionuclides, 459-60, 459
mantle, 4, 15-17, 55, 57, 335,
337, 493-502
argon in, 360
array, 337
carbon in, 412-13
composition of, 268,
502-10, 503
cosmochemical constraints
on, 496-7
geophysical constraints
on, 495-6
observational constraints
on, 497-9
crystallization in, 144
D” layer, 501-2
degassed, 359-60
depleted MORB (DMM),
520-3
geochemical reservoirs of,
516-29
hydrogen in, 411-12
infertile, 344

isochrons, 347-8
lower, 500-2
major elements in, 502-5
mineralogy of, 499-502
modeling isotope evolution
of, 340
neodynium in, 505-7
nitrogen in, 413-14, 414
osmium in, 516
oxygen in, 410-11
permeability of, 307-9
phase transitions of,
499-502
plumes, 17, 506-7, 523-6
distribution of, 526, 526
pressure—temperature
relationship of, 531-3,
533
primitive composition, 494,
502
realistic melting models of,
309-10
silicon depletion of, 503
660 km seismic
discontinuity, 500-1,
506
stable isotopes in, 409-15
structure of, 495-6
subcontinental lithosphere,
526-9
sulfur in, 414-15
temperature of, 531
transition zone of, 500-1
upper, 303, 498-9
mineral assemblages in,
499
phase changes, 499
phase diagram for, 499
wedge, 552
xenoliths, Mg/Si variation
in, 504
Margules equations, 116-19,
141
Margules, Max, 116n
marine sediments see
sediments, marine
Mariotte, Edme, 24n
Mars, 476-7, 482, 486, 622
element chemistry of, 477
meteorites from, 454
neodynium in, 506
mass balance, 97, 220, 224,
521-2
mass fraction, of depleted
mantle, 522
mass number, 323
mass-dependent fractionation,
358, 382
line (MDFL), 467

INDEX 649

mass—energy equivalence, 323
mass-independent
fractionation, 382-3,
466-7, 408-9, 624
master variable, 97, 217
Masuda-Coryell plot, 275
Mathematica program, 347
matlab program, 347
matter, 434
Maxwell, James Clerk, 42,
58n
Maxwell Relations, 58
Maxwell-Boltzmann Law,
164
Mayer, M.G., 371
mean ion activity coefficient,
145, 149, 151
of calcium chloride, 152
of magnesium chloride, 153
mean ionic activity, 146
mean ionic molality, 146
mean ionic potential, 146
mean ionic quantities, 145-8
megacrysts, 144, 144
melilite, in meteorites, 451-2
melt
acidic, 311n
distribution, 307-9
and dihedral angle, 307
fraction
and pressure, 303-7
and temperature, 303-7
Ghiorso’s regular solution
model of, 141-5
lens, 530
three-dimensional network
of, 308
withdrawal, 307-9
melting
of ascending mantle, 304,
305, 531-2
average degree of, 309
continuous, 301-3, 303
curves, calculation of, 124
decompression, 309
equilibrium (batch), 300,
307
fractional, 300-1, 303, 307
of mantle, 531-2
model constraints, 303-10
non-modal, 301
partial, modeling of, 302
of peridotite, 306, 552-4
point, depression of, 78-80
realistic mantle models of,
309-10
silicic, 556
and temperature, 306
thermodynamics of, 123-4
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melting (cont’d)
trace element variation
during, 315-16
under mid-ocean ridge, 310
variation of liquid
enrichment, 300
and water, 554-5
MELTS model, 141-5, 531
Mendeleyev, Dmitri Ivanovich,
6n
Mercury, 474-5, 478, 483
hydrolysis of, 217
mesosiderites, 455, 463
metagenesis, 608-11
metal bonds, 12-13
metal ions, 254
classification of, 235
metals, 46
A- and B-type, 235-6
noble, 12, 278-9
abundances of, 280
oxides of, 254
solubility of, 233
transition, 12, 235-6, 278
metamorphism, 17, 207,
620-1
and rubidium-strontium
ages, 545
metasomatism, 526, 528
metastable states, 22
metazoans, 564
meteorites, 1, 4, 442-56
achondritic see achondrites
ages of, 456-62
Antarctic, 443
chondritic see chondrites
cosmic-ray exposure ages of,
363, 363, 462-3, 462
differentiated, 442-3, 452-6
elements in, 432
falls, 443
finds, 443
HED, 453, 454, 482
irons, 442-3, 454-5, 455,
462, 511
isotopic composition of, 479
anomalies in, 463-7
lunar, 454
Martian, 454
neodynium in, 364-5, 364
neon in, 358
osmium from, 345
parent bodies, 462-3
primitive, 442-3
relative abundance of, 443
SNC, 454, 477
stones, 442, 462
stony-irons, 442, 455-6
strontium-strontium ratio,
335

methane, 81, 211, 563, 565,
566
atmospheric concentration
of, 627, 628
clathrate, 603, 603, 604,
625
phase diagram for, 604
infrared absorption by,
617-18, 625
isotopic composition of, 615
in water, 582-3, 583
methanoic acid, 568
Mg-number, 503
Mg-perovskite, 18, 500n, 501
structure of, 500
micas, 18, 251
microbes, 565
Milankovitch cycles, 397-400,
399, 619, 621, 624
Milankovitch, Milutin, 399
mineral assemblages, upper
mantle, 499
mineralization, 405-6
minerals
equilibration with pore
water, 183-4
parent concentration by,
334
standard state data for, 52
surface of, 191
interaction with solutions,
253-64
ions on, 254
miscibility gap,
orthopyroxene—
clinopyroxene, 132
mitochondria, 564
mixing-on-site model, 88-9
calculating activities with,
90
model ages, 337
calculation of neodynium,
338-9
samarium-neodynium, 337
molality, 82, 83
and activity, 83
mean ionic, 146
of a salt, 147-8
molar free energy, 73, 192
molar surface area, 192
molar volume, 24, 191-2
standard, 83
molarity, 82
mole balance, 97
mole fraction, 82, 128
and activity, 76
garnet, 132
molecules
amphipatic, 597
diatomic, motion of, 375

dipole, 13-14
forces between, 25
hydrophobic, 597
polar, 13
polyatomic, 376n
water, 14, 80-1,14, 80
moles per volume/area, 166
molybdenum, 281
moment of inertia, of Earth,
496
monazite, 280, 346
monera, 564
monomers, 140, 140
monosaccharides, 571
monticellite, in meteorites,
451
montmorillonites, 251, 403
Moon, 482-3
bombardment of, 485
chronology of, 485
composition of, 485, 485
formation of, 486
geology of, 483-5, 484, 484
history of, 483-5
Mare, 483-4
neodynium in, 506
regolith, 483-4
tungsten deviation, 488
tungsten isotope ratios, 487
motion
of diatomic molecules, 375
rotational, 376
vibrational, 374, 376-7
multicomponent diffusion,
185-6
multidentate adsorption, 255
multidentate compounds, 590
muscovite, 18, 249-51, 386
structure of, 251
mycorrhiza, 599

naphthenes, 608
nebula (presolar), 4434,
450-1, 466, 483, 497
disk, 481, 483
minimum mass, 482
neodynium
calculating model ages of,
338-9
conundrum, 505-7
decay system, 336-40, 546
isotope ratios, 337, 339,
339, 341, 341, 521-2,
527,527
isotopes of, 322
modeling isotope evolution,
340
in oceanic basalts, 518, 519,
519
radionuclides, 364-5, 364





