WATER in NOMINALLY
ANHYDROUS MINERALS

62 Reviews in Mineralogy and Geochemistry 62

TABLE OF CONTENTS

1 Analytical Methods for Measuring Water
in Nominally Anhydrous Minerals

George R. Rossman

INTRODUCTION .....coiiiiiiieiicictrtececeseietessisas s ns s e sse st s s st s s sr s naes 1
ANALYTICAL METHODS.......
Early infrared studies......
Quantitative IR methods
Mineral specific calibrations ....
Thermogravimetric MEthodS ...
P05 Cell COUIOIMEITY ....oovervrreiieicrenitrcni e raeseratstet e sest st st sass bt s s se e nennas
Hydrogen extraction with uranium reduction methods
Nuclear methods for hydrogen determination........cocevvivicmrerencvciiieseicc s
Nuclear Magnetic TESONANCE...........cocuuicmcriiiiirmerist et s s sssene
Secondary ion mass spectrometry (SIMS)
PREVIOQUS REVIEWS OF METHODS
SURFACE WATER..........oomtiitrieiscineseeccnsisas et sens st ees s sns s sonssesenees
CURRENT STATUS OF CALIBRATIONS...
GLASSES

ACKNOWLEDGMENTS ...ttt ttee ettt s et sea s e et e sot e a st eeea s asr s
REFERENCES ...ttt ettt et sests e e basae st e s b ne st et sae st eeseaasesee e s ernens
2 The Structure of Hydrous Species in

Nominally Anhydrous Minerals:
Information from Polarized IR Spectroscopy

Eugen Libowitzky and Anton Beran

INTRODUCTION ..ottt st ssae e ea s e ssbas et e sbe s sanas 29
The importance of hydrous species in NAMS ........ccccccovviicmnnernrnneee e, 29
Why USe IR SPECITOSCOPY? ..counvimreierererrieeiereniaennsiete et sese st saesaeteresessene s abessennaeas 30

HiSIOTY o
CONCEPTS OF INFRARED SPECTROSCOPY
Introduction to IR spectroscopy
Sample requirements



Water in Nominally Anhydrous Minerals — Table of Contents

Experimental @QUIPIMENL ...........ccciiierremrirititeeeeseeereeserrstestssrecsessassesenererssensseseneane
QUANTITATIVE DATA FROM INFRARED SPECTROSCOPY ............occ.c...

The distance - frequency correlation of hydrogen bonds.....................

The spatial orientation of hydrous Species ........c.ccccevvecorcmiireiricciircsnirierens

Total absorbance: a first step towards quantitative water analysis ..............
CONCEPTS OF STRUCTURAL MODELS FROM INFRARED DATA

Charge balance and SUDSHIULION............ooeeeeneririerere s

Electrostatic considerations on defect SEOMELry ..........ccooovveemiinicrieinnencene

Space requirements: ideal and distorted models .........cccccoreeriininiinnennnnns

Influence on band energies from cation substitution.........c.ccccovveievivieiennene

Discrimination among hydrous defects............cccoeeevnninvmnninriiiecenens

DEULETALION ...ttt ettt s
EXAMPLES ...ttt ettt s bbb

Vesuvianite: orientation and hydrogen bonding of hydroxyl groups ...........ccoeveeievns 40

Hydrogarnet substitution - the (OH),* CIUSLET ....c.cccruerviciriiiniireci et 41

Water molecules in structural cavities: beryl and cordierite............ovvveereciirinnniniannes 43

OH SUDSHULION IN tOPAZ....cuvinvireirirrieieeeeeeeeriereeereree et sae st snsnss s seesacabnsisnaes 44

OH incorporation in diopside ..........eeeeeecrererinirinmteennne et 44

OH defects in perovskite

OH traces in COMUNAUI............oeeuieorceeereeree et csatsce et sebesabe s s sessssasasssass
ACKNOWLEDGMENTS........ccooinitniniitenterests st s nsaecsesesassosssissisenssasssssssssesssssansanasanss
REFERENCES ...ttt oo se e eaaes e seseas st sss st s e stee s snssssasases

3 Structural Studies of OH in
NominallyAnhydrous Minerals Using NMR

Simon C. Kohn

INTRODUGCTION ...ttt e se e tssestsas e s se e tassasesanssesnssesesserasssasssnsossonsies
PRINCIPLES OF SOLID STATENMR ......c.cccovviemieeeercnns
Positions of 'H MAS NMR resonances
Widths of 'H MAS NMR resonances..........cccceeeuennn...
Intensity of 'H MAS NMR resonances

APPLICATION OF 'H MAS NMR TO NOMINALLY ANHYDROUS MINERALS.......... 58
Attractive features of 'H MAS NMR for studies of NAMS ........cccoecvvrevecereenneessennees 58
Problems and difficulties in applying 'H MAS NMR to NAMS ......c.ccoovevnenvmsniencnns 58

'H MAS NMR studies of orthopyroxene
'H MAS NMR studies of clinopyroxene
'H MAS NMR studies of olivine
'H MAS NMR Studi€s Of ZAMMeK..............ooeveeeeeceeecreeeesiceseseseeassssessesaneeesenesnscnenss
'H MAS NMR studies of SiO; POLYIMOTPRS ...............ooveereeeemerssrsisnsseneesecsecsssssinsnes
'H MAS NMR studies of feldspars and other aluminosilicate framework minerals...61
'H MAS NMR studies of WadSIEyite.............eovermeeeeerrreseeseeseereeereeeone
NON-SPINNING 'H NMR EXPERIMENTS ...
STUDIES OF OTHER NUCLEIIN NAMS ......cooouimmmiererececeeesesseeeseesseessssmasssssrsasnsnns

PROSPECTS FOR FUTURE DEVELOPMENT OF NMR FOR STUDIES OF NAMS......65
ACKNOWLEDGMENTS............oooiemmecmmrmessesstnnees s ssasseseeessssessssesesssosessssmssssessnsses 65




Water in Nominally Anhydrous Minerals — Table of Contents

4 Atomistic Models of OH Defects
in Nominally Anhydrous Minerals

Kate Wright

INTRODUCGTION ....ooooiiiiesiiereseeeereeseresseetesseessessessseesaessssassssssserssesseesasesseasesnsesssennssseens
POINT DEFECTS IN MINERALS ...ttt etrecsrerne s earesvesssneesesesssesnesnssreesos
THEORETICAL BACKGROUND .......coiviiiiiierecerte et e et evesee s esass e s ssesnsecesnees
Quantum mechanical methods ...................
Classical methods............ccocoeeeereeevecveneeceieene
Treatment of defects
OH DEFECTS IN MANTLE SILICATES
The Mg,SiO, polymorphs........ccooeceeercnene
PYIOXene......coovoveeemecencriencrenineeeresesi e
GENERAL REMARKS AND FUTURE DIRECTIONS..........ccoovvveireeee
ACKNOWLEDGMENTS
REFERENCGES .......ooeiiiieieeeccttete et iesntssssetseseesas st sassaeeseevaessbsesaessesssaensansasssassensssennees

5 Hydrogen in High Pressure Silicate
and Oxide Mineral Structures

Joseph R. Smyth

INTRODUCGTION ..oooietritiorisireieeseesteesusectesseesseessessesssssssasessessssssessrsssessesessensssasssasnsesesesneas
GEOCHEMISTRY OF H
CRYSTAL CHEMISTRY OF H ..ottt eeete e eevtesesaeeenesrnessaeaevenenan 86
NOMINALLY HYDROUS HIGH-PRESSURE SILICATE PHASES ......ccovvoreereeeeienne 87
BIUCIEE ....cuvvveeveeeieeeeeeeseeeeccreeeseevtsessareesesesssesssesssseeessssessnesnssesssanessntenseerassaanseessraasnsen
Serpentine
TG ettt e ee st eee e e e et es e ate e seraneseeetnesreerateaeseaanesantrenes
True micas
Chlorite........coeevvmeereeeirennes
Amphiboles
Lawsonite ......ccceeeevevenveenns
EPidote.......cooniiriiimiineecencieenc e
HUINIEE ...ttt s e cetn e e e sesee s se s s s asrsiasesseeasan enssssenresseasssanoresnnns
Clinohumite
Chondrite




Water in Nominally Anhydrous Minerals — Table of Contents

NOMINALLY ANHYDROUS HIGH-PRESSURE SILICATE AND OXIDE PHASES ....99
Periclase-wiistite
COTUNAUIN .ottt erreere e e ssseressassseetessaesbesassasesesnernesassans 99
COBSILE ..verirericnirreenrerteeieste e i aeecresseossessesssesnsessassessassssseerssisseansaesssosseseesnnsasatassensas 101

PYTOXCNIES ...ceeviiciiisticererie e eeeccnecseecsseeereeserstessssestesnnsacnsasssnssstensasessassuasaseenrensassrasss 102
AKIMOOIE ......viireiieieerieiee it rrcereeer e rares e e esr e s e e s eesessaassesenersersasassssaseesnrrsareesnes 103

Wadsleyite
Wadsleyite 11
RINEWOOILE ....oeveeiireniriitieiecceteeenreseeae et et as e sraestsse s s esnaresnesesseseensanes
Anhydrous phase B
KYAMILE .-...oeoeiiieireieecceveetie sttt st see s e bessnesneersssvesnsensssassanssetansnssterssantenaenastsnnens
Perovskite
Post-perovskite
Zircon

6 Water in Nominally Anhydrous Crustal Minerals:
Speciation, Concentration, and Geologic Significance

Elizabeth A. Johnson

INTRODUCGTION .......ooitiieeeceeeecectese et ssseeeessreseseasenessensssesesanssessennssensassnsressrssssessnns 117
Importance of nominally anhydrous minerals in the Crust........c...ccccocovneriennirerencens 117
Scope and goals of this Chapter.............ccovriiverrrrie et senes
HYDROUS SPECIES AND CONCENTRATIONS IN CRUSTAL MINERALS................ 118
Quartz and coesite
Feldspars and nepheline ....
Pyroxenes

ALSiO; polymorphs ...................
Rutile and cassiterite
Zircon and tHANIE ......c.eevveuevereeeirireeeeeenas
Cordierite and beryl............co.ouvveveviececiieen.
UNDERSTANDING GEOLOGIC SYSTEMS
Thermodynamic properties
Physical properties ........cooecevvcneeenveennnnn..
The water budget of the Earth ....................
SUMMARY AND FUTURE POSSIBILITIES
ACKNOWLEDGMENTS

Studies of hydrogen I QUATEZ. ........o..oooveceeueeeeemeeeeeeeeeereeseee e ees o eeressereseesesessesesene 143

xii



Water in Nominally Anhydrous Minerals — Table of Contents

Geological studies of H,O and CO; in cordierite. .......ccocoovveniiecniniiinicicecnens 143
Hydrous species in feldSpars. ..........ccoooceieiiiiiiiieiencn et 144
Structural hydroxy! concentrations in crustal and mantle pyroxenes.........c.c..cco...... 146
Structural hydroxyl concentrations in crustal gamnets. ...........cococcovecniniiiciiincnnnenes 148
Structural hydroxyl concentrations in Kyanite............c.cccoceeeerenerinrenmineneiisneresnnns 152
Structural hydroxyl concentrations in sillimanite. ..o 152
Structural hydroxyl concentration in andalusite 153
Structural hydroxyl concentrations in TULIE. .........ccovcvrieriinicciiinnininsiisnne 153
Structural hydroxyl concentrations in CasSiterite. ............ccecevrcerericeeevirrcrnisiennsresiencs 154
7 Water in Natural Mantle Minerals I: Pyroxenes
Henrik Skogby

Omphacite ........cooeerniienne

Orthopyroxene.............cccvuu....

Absorption from iNCIUSIONS ........c.ccceriiiiriini ettt
CORRELATIONS OF OH AND SAMPLE CHEMISTRY .....ooooiiiiiiicieiine
WATER CONCENTRATION IN MANTLE PYROXENES
IMPLICATIONS FOR WATER IN THE UPPER MANTLE
ACKNOWLEDGMENTS
REFERENCES

8 Water in Natural Mantle Minerals I1:
Olivine, Garnet and Accessory Minerals

Anton Beran and Eugen Libowitzky

Basic structure and possible sites of hydrogen incorporation ............c.cccccovvneerennen. 170

Defect types in mantle-related olivines from different localities ...........ccccoeeveerrennnne 171

Calibration approaches and summary of hydrogen contents............cccc.occoooiveennnnnn. 176
GARNET

Structural and spectral fEAtULES .........c..cocerivieriiieicriee e
Calibration and hydrogen content
ACCESSORY MINERALS



Water in Nominally Anhydrous Minerals — Table of Contents

9 Thermodynamics of Water Solubility and Partitioning
Hans Keppler and Nathalie Bolfan-Casanova

INTRODUCTION ......oooviiriiiciiiitnicreeeessierecstsee e e sssesesensassessss s sesessasreasssnrassssanes 193
BASIC THERMODYNAMICS OF WATER SOLUBILITY AND PARTITIONING ........ 194
The meaning of the term “water solubility”

Thermodynamics of water solubility..........ccccocvevinrercirreeeeens
Relationship between water solubility and partitioning
EXPERIMENTAL STRATEGIES FOR MEASURING WATER SOLUBILITY AND
WATER PARTITION COEFFICIENTS ........ccocovitintinneereeseieesecncsceneneens
Annealing eXperiments........cccouiiieceeeerer et
Crystallization EXPETIMENLS ...........cveveeeieeeienieieresseinse et eseoseseseescrrssasrerasssssseensss
WATER IN UPPER MANTLE MINERALS
Water solubility in and the Al content of orthopyroxenes as “geohygrometer”........ 201
Water solubility I OHVINE ......cccovviiiiiiiiieiecircercecetreec e
Water solubility In Sarnet .........cccveeviecrieeeeiiiniicceetnreenenresecessennerens
‘Water solubility in CliNOPYIOXENE. .......cocervevirerierereriernsesieesneceseenees
Water partitioning among upper mantle minerals
Water storage capacity of the upper mantle and the origin of the Earth’s
ASthENOSPRETE ..ottt ee s st s e sa e snens
Water recycling by subducted slabs.........cccoevueeveevinnceneenniecciiiins
WATER IN TRANSITION ZONE MINERALS
Water solubility in wadsleyite and water partitioning between

wadsleyite and OlIVINE ..........cccoiiiieriirrr e r e ceeasts i e ns s ere s ssnss

Partitioning of water between wadsleyite and ringwoodite

Partition coefficients of water between other high-pressure phases..........ccoeeeevinenes 220
WATER IN MINERALS OF THE LOWER MANTLE

Water in ferropericlase ........ccvvvveccevennnnene

Water in magnesium silicate perovskite

The distribution of water at the 660 km diSCONtNILY ........ooviviiemnmeieeincrireecenns 225
THE EQUILIBRIUM DISTRIBUTION OF WATER IN THE EARTH’S INTERIOR........ 226
ACKNOWLEDGMENTS. ..ottt sescestsese et tsese st ssesenecacssaesssosesnsresensasissaciss 227
REFERENCES .........ocoiiiimiiiircieenc ettt te e sssabessesesse ettt sentanse ot senensasensanassasaniss 227
1 0 The Partitioning of Water Between

Nominally Anhydrous Minerals and Silicate Melts
Simon C. Kohn and Kevin J. Grant

INTRODUCTION ..ot ceesnet et s sesssssssessessessasesnss e s st sneassssas st nsasnsns 231
PARTITIONING OF WATER BETWEEN NAMS AND MELTS;
METHODOLOGY AND APPROACH 233

Experimental studies of water partitioning between NAMs and melts..............ce.... 233
SUMMARY, IMPLICATIONS AND FUTURE RESEARCH
ACKNOWLEDGMENTS
REFERENCES ...........




Water in Nominally Anhydrous Minerals — Table of Contents

1 1 The Stability of Hydrous Mantle Phases
Daniel J. Frost
INTRODUCGTION ....cootiiieiiioietiiceeeesteesneeerecesaetesas st essesstesssasaserssasssestansasssassessessssonnasneas 243
MANTLE METASOMATISM L.....oiiiiiierreceeriers v e tenseesaess e ressaesasessesassosensasseesseansess 244
EVIDENCE FROM MANTLE XENOLITHS ........cooveievvieeeerereirenrcreeeseecvrsaesaveseesasesseenes 246
Peridotite massifs and xenoliths from alkaline basalts..........ccceeviveeiieiiiiieecinnnen. 247
Xenoliths from Kimberlites. ...........covveiiioieieiiereeeneecerrerrene e et esre s s vbes e 247
Mantle amphibole mineralogy ........cccccevemrviniiieiin s 248
Mantle Mica MINEFAIOZY ......ccovvvieremiieerreirerre et ers et ee s 250

EXPERIMENTAL STUDIES ON THE STABILITY OF KNOWN
MANTLE HYDROUS MINERALS
Pargasitic amphiboles
APALLC c..conviiieiireernies e naeescesrestasstesseeesesstassae Rt e e re s bes e asesR e e e e s g s ste e s eR e s e e s s aesanan s
PhIOZOPIE . ....ceeieeeietieirecnie ettt ettt n et s et s e s e b esenesesesaesenssoes
KALICRIETILE ..ottt ettt e rs e sone s sssnssne b sren
EXPERIMENTAL STUDIES ON THE STABILITY OF POTENTIAL
HIGH PRESSURE HYDROUS MANTLE MINERALS........ccooveiiiicccrnrcirne 260
Phase X
Humite and dense hydrous magnesium silicate phases
THE STABILITY OF HYDROUS PHASES IN ULTRAMAFIC

LITHOSPHERE AND THE CONVECTING MANTLE .........oiicccencnee 262
ACKNOWLEDGMENTS ...ttt cereisaeseeresses e sessaes e seeseses s et sesasesesnsesteneesmensasiens 265
REFERENCES . ...ttt srreraee st ae ettt eesne e smes s saenaenabien 266
1 2 Hydrous Phases and Water Transport

in the Subducting Slab

Tatsuhiko Kawamoto

INTRODUCTION ...ttt ittt st st ss st ene s asane et b essrassaes 273
LOW-PRESSURE HYDROUS MINERALS AND HIGH-PRESSURE

HYDROUS PHASES ...ttt 273
STABILITY OF HYDROUS PHASES IN DOWNGOING PERIDOTITE................c.c.... 277
STABILITY OF HYDROUS PHASES IN DOWNGOING

BASALT AND SEDIMENT ..ottt cnanse e eas 279
PRESSURE - TEMPERATURE CONDITIONS AND DEHYDRATION

REACTIONS IN THE SUBDUCTING SLAB. ...t 280
COMPOSITION AND DIHEDRAL ANGLES OF AQUEOUS

FLUIDS IN MANTLE PERIDOTITE ..ottt ererenae 281

SECOND CRITICAL ENDPOINT BETWEEN MAGMAS

AND AQUEOUS FLUID: IMPLICATIONS FOR SLAB-DERIVED COMPONENT . 282
CONCLUDING REMARKS
ACKNOWLEDGMENT ...t esae e een e
REFERENCES ...ttt ettt seescs s e seene st as e ssms et s st as s st s e nsnsanan

XV



Water in Nominally Anhydrous Minerals — Table of Contents

1 3 Diffusion of Hydrogen in Minerals
Jannick Ingrin and Marc Blanchard

INTRODUCGTION .....ooiotiireicirteireessesteesessesssestsesaessosecesesesssnsansersssstaseassesssssassamssesesnsies
BASIC CONCEPTS OF DIFFUSION IN MINERALS
EXPERIMENTAL METHODS ........cccociniminiiirenineiirienesissi s eassssses s sssasseneniaenssnss
MEASUREMENT TECHNIQUES
Infrared spectroscopy
Mass spectrometry....
TREITIOZTAVIITIELIY ...cvvveverrreererreneiateseresestsssrcesseseessncsssnssrssmamrnsrassassesssassasssossasanass
Nuclear reaction ANalYSiS........cccoveereeirreeresniereiiinerrtiisieiesseise e sesses st ssssnsssss
Liquid scintillation COUNLING ........cccccoueroivercrmicentiiisinistite s sisstescsseerensasaess
Proton-proton scattering
Theoretical teChIGUES.........coeerireeieiereeir ettt sre s senssnsasatons
DETECTION OF H DIFFUSION THROUGH ISOTOPE EXCHANGE..........ccccoiuiieeans 299
Anhydrous minerals
Hydrous Minerals ...........cocooveeiiircniceeee et enae e et s
EXTRACTION/INCORPORATION REACTIONS IN ANHYDROUS MINERALS ........ 307

Diopside
Enstatite

FElASPALS....coviiieeeeeicree ettt rese e see s s eseasaes e e ssarsenaa e s sms e sesessatas bbb esasaeastes 316
CONCLUSION AND FUTURE DIRECTIONS .......ocoieeceeieteeeniesiennnessensessseesesessins 317
ACKNOWLEDGMENTS
REFERENCES ...

1 4 Effect of Water on the Equation of State
of Nominally Anhydrous Minerals
Steven D. Jacobsen
INTRODUCTION ereretesecerreeaaas reebesteesrresseesseesesasesssaassesssrieneensretssarennasaeete 321
ELASTIC PROPERTIES OF NOMINALLY ANHYDROUS MINERALS
INTHE UPPER MANTLE ..ot eeeeeeeeeees s essensesaeeesenessaserissenssenes 322

OBVIRE 1ottt et eeeaeeas s eesees e sessesesesesasaesseansansarsasens 322

Humite-group minerals along the forsterite-brucite jOin.................oecververrrrserresees 323

GAIMIEE oottt eee e s es s eee e et s eesa st s s serens

Grossular-hydrogrossular

PYTOXEIIE oottt e eeees et s e es s se s e ees s es s sreasesenenss
ELASTIC PROPERTIES OF NOMINALLY ANHYDROUS MINERALS

IN THE TRANSITION ZONE ........oovooeoeeeeeeeee oo eeeeoeoeeoeooeeeoeeeeeoeee oo oo eessssesene 328

WAASIEYIME ... oottt oe s 328

WAASIEYIE-TN ...t eeeeeoeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseoeeeoed 330

Ringwoodite ettt ettt s et e tese e res e e s eer et e e e 330
DENSE HYDROUS MAGNESIUM SILICATES ... 332

xvi



Water in Nominally Anhydrous Minerals — Table of Contents

Phase A ottt ettt e b e
Phase-B group minerals
Phase D......cooriviriricrinciieececienene

CALCULATED HYDROUS VELOCITIES IN THE UPPER MANTLE AND
TRANSITION ZONE ..ottt
CONCLUSIONS AND FUTURE RESEARCH OPPORTUNITIES
ACKNOWLEDGMENTS ..ottt esn e
REFERENCES ...ttt st et

1 5 Remote Sensing of Hydrogen in Earth’s Mantle

Shun-ichiro Karato

INTRODUCGTION ..ottt ertieereesr s eaeess e e evesesse s s ssneastsssssstnanssonenestanssnstsssasntensen 343
GEOPHYSICAL OBSERVATIONS.....c..ooriiitieierenrirnresrenstessnasstaseeseesassarsassessnessesrnassenn 344
Electrical conductivity .
SEISIMIC WAVE VEIOCILIES ......cvievierreeeiieeveeeesseereerreeseesnseseessesstanessesssassassesssasensanns
SeiSMIC WAVE AHEMUATION ....veoivieieiieeiiiiiccie e erreeesteessaeeseeaseeeereeesessessrearbeesnneennns

SEISMIC ANISOOPY venvveererieerierenrierierenecrreanssenreeeseensees
Topography of discontinuity
Sharpness of discontinuities
PHYSICAL BASIS FOR INFERRING HYDROGEN CONTENT

Water content in the transition zone ........cococceveeveinccnne.
Distribution of hydrogen in the upper mantle
Hydrogen in the Iower mantle ............ccovereveeeeinnniiniicce ettt eeeeas
SUMMARY AND OQUTLOOK ..ottt ettt ettt
ACKNOWLEDGMENTS
REFERENCES ...ttt sseenessas et esesstee st e s stsre et se s st e seenssebenaesansens

1 6 The Role of Water in High-Temperature Rock Deformation
David L. Kohlstedt

INTRODUCGTION ...ttt etsas s s st e ss et ertns et s e e ss s ssessennee s
BACKGROUNDI ...ttt b e st aenesnan

MODELS OF CLIMB-CONTROLLED CREEP
THE CASE FOR OLIVINE................ .

Xvii



Water in Nominally Anhydrous Minerals — Table of Contents

CONCLUDING REMARKS
ACKNOWLEDGMENTS........c.cccooiiiinrieneeeenenn
REFERENCES .......ccooooitmeiiicicnececeeeesesins
APPENDIX ..o
Charge neutrality ........c.ccccoriecinecrnnenrenennnienns
Flux equations for a semi-conducting silicate

1 7 The Effect of Water on Mantle Phase Transitions
Eiji Ohtani and K. D. Litasov

INTRODUCTION ......ocormrririercceeeeerinnsstsesssssseseseeseesessestasscsnercsmisssssasssesasssssassasssssssnises 397
RECENT PROGRESS ON PRESSURE SCALES FOR THE
DETERMINATION OF PHASE BOUNDARIES IN MANTLE MINERALS.............. 398
EFFECT OF WATER ON PHASE TRANSFORMATION .......cccocviimimirmrnninnneissensass
Dry and wet phase boundaries in the olivine-wadsleyite transformation
Wadsleyite-ringwoodite transformation .............ccoeeeceeeereesesississesmesisnnensssensssssssens
Post-spinel transfOrmMation ............co.c.oovvveeeeieeiiiesieeseseeersestsnsssesarssessssassassasssssnes
Post-garnet transformation in basalt (MORB) ........ccccoervrrveininnniecrernsen s
EFFECT OF WATER ON PHASE TRANSFORMATION KINETICS.........cooecnnieiiennn
Olivine-wadsleyite phase transformation Kinetics .........cocccoecevveiemreresssssssisessisessens
Post-spinel and post garnet phase transformation Kinetics ..........ceeeeueeerisccescsinenese
IMPLICATION FOR SEISMIC DISCONTINUITIES AND PHASE
TRANSFORMATION BOUNDARIES UNDER DRY AND WET CONDITIONS .....409
410 km seismic discontinuity and olivine-wadsleyite phase boundary............c..oeeee: 409
The 660 km seismic discontinuity and the post-spinel transformation:
average depth and topography of the 660 km seismic discontinuity...........c.cevet 410
The density relation of basalt and peridotite near the 660 km discontinuity ......... 412
Seismic reflectors: the possible existence of fluid in the lower mantle ........c..ccceee 413
CONCLUDING REMARKS......c.ccoimiimirceeeireesreeesvecoseesesssesinssssssassassssssssssasssassases 415
ACKNOWLEDGMENTS
REFERENCES ....oocoucovcevueesmseseseseessisnsssseesessasssseesesesessssossssss s ssssssssssssmnsssssssssssossssoss
1 8 Water in the Early Earth
Bernard Marty and Reika Yokochi
INTRODUCTION ...ttt se e ees oo s oo s e oo ess s s eeseanets 421

ISOTOPIC CONSTRAINTS ON THE ORIGIN OF TERRESTRIAL WATER
Hydrogen iSOtOPIC TAtIOS w.vvvvueeeeeeeceeeeeeeeeeeeeeooeeeeeeeeeeeeoeoeeeeeeeeeeoooo e e ss s seanes

Nitrogen and carbon isotopic ratios
Noble gas isotopic ratios

POTENTIAL WATER CONTRIBUTORS.... . reresrersrernrnnrartsensaensesesaren 428
Contribution of water-rich Planetary embryos ......c.c.oeeeeevieeeeeeeeeeeeeeereseeeerones 429
Asteroid CoOntribution ..........evueeeeeovveeeeeeeosreeeseoo 429

Xviii



Water in Nominally Anhydrous Minerals — Table of Contents

siderophile element BUAZEt..........ccceuivreiiiccirnirc s 430

The case of interplanetary dust as a source of terrestrial water..............c.ccocooennen. 432
PROCESSES OF WATER INCORPORATION IN EARTH....

Solar nebula ...,

IMPACt dEZASSINE ....erveeeieieneiiteeieiitecereeriee ettt b e s e s naes

IMPACE EIOSION «...ceecereeriiicrcircenr ettt ettt

Post-accretional role of a proto-atmosphere in the Early Earth’s evolution ............. 438

A summary of volatile delivery processes and of their inherent uncertainties ......... 439

Cooling of the primordial Earth ............cccocoeeevirneconrnicinescieenneesneeeseeeens 439
THE WATER CYCLE IN THE HADEAN. ...t 440

WATER CONTENT OF THE ARCHEAN MANTLE FROM THE
COMPOSITION OF KOMATIITES

CONCLUSIONS......ootircerteeeec e

ACKNOWLEDGMENTS.......cocoiincircccconns

REFERENCES ..ottt sttt st ees s et s bbb sns s et ss s b s

1 9 Water and Geodynamics

INTRODUCTION ..ottt tssesesse st srsasses e sensss e sasesas e stessssasssesaessnsan

WATER IN THE LITHOSPHERE ..........coceooiiiiiiniiiiiiece s saenas
Water and the rigidity of (oceanic) plates
Water and the nucleation of (new) plate boundaries .............cccoccoveceninnnieninannes 454
Water and the evolution of plate boundaries ..o 455
Water and the stored energy potential ¥
Water and the dissipated energy potential @ ... 457
Solid versus fluid dynamic modeling SEtUps ........occceviimmiiiniiinnniniiccens 461
Application to subduction initiation

WATER IN THE CONVECTING MANTLE

DISCUSSION AND CONCLUSIONS ...............

REFERENCES ..ottt ettt sse st sac e ssa e snse s ssss i

APPENDIX: THERMOMECHANICAL APPROACH ..o 471

Additional Volume Content:

COLOR PLATE 1 ..ottt ettt s cae e ss st aes st saes s e nesssene shome e e snassenenns
COLOR PLATE 2....oooiiiiice ettt s e e s
COLORPLATE 3 ......oociirenirciicann.
COLOR PLATE 4 ...ttt st sast s s n e e

Xix



