Antonio Schettino

Quantitative Plate Tectonics
Physics of the Earth - Plate Kinematics - Geodynamics

Ihis textbook on plate tectonics is designed for students in geology and geophysics to
acquire in-depth knowledge of quantitative methods in plate kinematics and dynamics.
Quantitative Plate Tectonics can also be used as a reference book by geoscientists who
desire to expand their knowledge beyond their own specialization, or by oil-and-gas
professionals and ore deposit specialists that need to investigate the geodynamic context
of formation of geologic resources.

Finally, this book can be considered as a comprehensive monograph on plate tectonics,
which addresses the different quantitative aspects of this broad discipline, which has
been traditionally partitioned into separate or quasi-separate branches.

Additional material, available at http://extras.springer.com, includes two computer
programs for the analysis of marine magnetic anomalies and for plate kinematic mod-
elling, as well as some important geophysical data sets and models. Solutions to the
exercises are also included.

+ A unified quantitative description of plate tectonics, combining geological and
geophysical perspectives

 Professional software, manual verification examples and applications are
available as additional material

 Includes detailed calculations, examples, and problem sets per chapter

«  Well illustrated

Dr. Schettino has produced a book covering in a rigorous way the kinematics and dy-
namics ofplate tectonics. Thefundamental physicsgoverninggeodynamic processes are
discussed quantitatively, the relevant equations are clearly derived, and the implica-
tions ofresults are illustrated with examples and problems. Tire book will repay careful
reading not only by postgraduate students in geophysics and geology, but also by any
Earth scientist who wishes to acquire a quantitative understanding ofplate tectonics.

Giorgio Ranallf Distinguished Research Professor, Department of Earth Sciences, Carleton
University, Ottawa, Canada (author of "Rheology of the Earth", two editions, 1987 and 1995)

This textgives an excellent quantitative presentation ofthe kinematics and the dynam-
ics ofplate tectonics that integrates many aspects ofthe Earth sciences and provides a
powerful model ofthe dynamic behaviour ofthe Earth. The geological andgeophysical
processes involved in elucidating the theory are clearly illustrated through a perfectly bal-
anced level ofmathematical and physical concepts including derivation ofthe relevant
equations, examples and problems. The book is intendedfor advanced undergraduates,
graduate students and professional earth scientists requiring an overview ofthe essential
processes ofplate tectonics. Marco Ligi, Senior Researcher, National Research Council of
Italy, Istituto di Scienze Marine, Bologna, Italy

Earth Sciences
ISBN 978-3-319-09134-1

rooitlty ny1341

» springer.com


http://extras.springer.com

Partl Plate Kinematics

1 Composition of the Crust andthe Mantle..............cccccovevnenene, 3
1.1 Crust and Mantle Minerals..........ccooooveeiiieciiiiiee e 3
1.2 Continental CrusSt........ccociiiiiiiieeeee e, 4
1.3 OCEANIC CrUSL......ovviiiiiii e 7
1.4 Lithospheric Mantle..........cccoovviiiiiiiii e 14
1.5  AStNENOSPNEIE.. ... 16
1.6 TranSition ZONE.....ccuueeiieeiiiiiiiiiee ettt 20
1.7  LOWEr MaNntle.........eeiiiiiiieieeeeeieeeeeeeeee e 22
o (0] 0] [=1 1.0 T 25
R Y (=] (=] 0T 25
2 o T (=3 |/ (o) £ o] o 1T 29
2.1 The Continuum Mechanics Representation.............cc.cceeu... 29
2.2 Euler’s Theorem and Rigid Rotations............ccccoecvevivieinnenne, 30
2.3 Reference Frames.......coooeviiiiiiiieiiee e, 34
2.4  Plate BOUNGAIIES.........ooocvviiiee ettt 36
2.5  Triple JUNCLIONS.....ccvei e 45
2.6 TectoniC EIemMEeNtS.....ccceeeviiiiiiiiiieie e, 49
2.7  Plate Circuits and Rotation Models...........ccccvvvveeieiviccrnennnn. 54
2.8  Plate Tectonic RecONStrUCtIONS........cooecvvviiieeiiiciieeee e, 59
2.9  Current Plate MOLIONS.........cccovviiiiiiiiiiiieeee e 69
[ (0] 0] (110 TR 77
Y (=] (= (o1 78
3  Magnetization and Magnetic Minerals.............ccccooevieiinennee, 81
3.1 EIECtriC CUITENTS... ..o 81
3.2 Magnetic MOMENTS........cccccoveeiiieci e 83
3.3  Maxwell’s Equations for the Magnetic Field....................... 85
3.4 MagnetizatiON........ccccoiieeiiieiiie e 87
3.5  Magnetic Properties 0f ROCKS..........ccccooviiiiiiiiiciieiic e, 92
ProBIEMS. ... e 101
Y (=T (=] (01T 101
4  The GeomagnetiC Field..........cccooeiiiiiiic e, 103
4.1  Source of the Main Geomagnetic Field............c..cccoeirnnn, 103

4.2  The GeodyNamO.......cccccviiiiiiieiiie et 107



4.3  Secular Variation of the Core Field.........c...ccceeovevveieeninenne
4.4  Polarity Inversions, Chrons, and Geomagnetic

TIMESCAIES. ..ot
4.5  lonosphere and Magnetosphere.........cccoovveieeneneenenenienn,
4.6  Crustal Magnetic Field..........cccoeviiiieniecece e,
4.7  The Geomagnetic Potential............cccccevveveiieeveciiecee,
4.8  Spherical Harmonic Expansion of the Geomagnetic Field
aNd the IGRF ... e
PrODIEMS. ..o
RETEIENCES.... .ot e
5 Marine Magnetic ANOMAlIes.........cccccveeiiveciie e
5.1  Magnetic ANOMALIES.........cccvevieeiieiie e

5.2  Acquisition and Pre-processing of Raw Magnetic Data. ..

5.3  Levelling TeChniquUes.........ccccooiiiiiniicce e
5.4  Modelling of Marine Magnetic Anomalies...........cc.ccccuenee.
5.5  Forward Modelling Procedures...........ccocoovevenienenesiennnn
5.6  Construction of Isochron Maps.........c.cccceeveeveniecineceesnnn,
5.7  Determining Finite ROtatioNS...........cccovveiveininiieiie e,
5.8  Data Transformations..........ccccuvverieireiiesiisiiesie s ssie s,
Problems........cccoceveveiieiieieen, et
RETEIBNCES......eiiiice s
6 Paleomagnetism and Earth HiStory..........ccoocoviiiiiinicicnnnn
6.1  Néel's Theory of Single-Domain TRM.............cccccvevvrnnnn,
6.2  Paleomagnetic Sampling and Cleaning Procedures............
6.3  Paleomagnetic DireCtions..........cccccevvveveeiiecieeieeie e
6.4  Paleopoles and Apparent Polar Wander Paths....................
6.5 Paleomagnetic Reference Frames..........cccocevveviveviveieennnnnn,
6.6  True Polar Wander..........ccoccovvviiinienenienencee e
6.7  Velocity Fields and Acceleration Fields During
the Cenozoic and the MeS0ZO0IC..........ccevverveiieniienieeieie,
6.8  Non-dipole Paleomagnetic Fields...........ccccoovviviiiiiiennnenn,
ProDIEMS. ...
RETEIENCES. ...

Part Il Dynamics of the Lithosphere and the Mantle

7 SUreSS and STraiN.......cocceiiiieiiiee e
7.1 T StreSS TeNSOI....ccuiiiieiierieeriee et
7.2  Displacement Fields and Strain..........ccccoeevvviiiiiiinnennne
7.3 Cauchy Momentum Equation............c.ccoceverienenieneneenen,
7.4  Basic Rheological Models and Constitutive Equations....
PrODIEMS. ..o e
RETEIBNCES. .. .ot
8  Elasticity of the Earth...........ccccoooveiei i,
8.1  HOOKE'S LAW....cciiiiiiiciiciieie st

8.2  Equations of Motion for Elastic Media.............ccccoevvennnne.



8.3 SISIMNIC WWAVES. ...ttt tee e e e e e e e e eeeereeeeeeeeenenaas 247

8.4 SeISMIC ENEIgy....cccoviiiiieiecie et 253
PrODIEIMS. ... e 255
RETEIENCES......ei et e e 255
9 SEISMIC RAYS....ciiiiiiiiiecie ettt 257
9.1  The Eikonal EQUAtION...........cccoviiieiieiic e 257
9.2  Geometrical Spreading........ccccovcveiiiesiee i 259
0.3 SNEIPS LAW..iiiiiiiciieiieieeie et 262
9.4  1-D Velocity MOdeIS........cccoouviiiiiiiiiiie e 263
9.5  Travel TIMe CUINVES......cccceieiie e 268
0.6  LOW-VEelOCity ZONES.......ccoviiiiiiiiiiiecii e 270
9.7  Seismic Phases Nomenclature...........c.ccccoovvevieeiiieiieiieecnnean, 272
0] ] [=1 0 1 SRS 278
RETEIENCES.... .ottt 278
10 Earthquakes...........cooiiiiiiiiie e 279
10.1 ReId’S MOEL.........cooviiiieeee e 279
10.2  Faults and Focal Mechanisms..........ccccoovviiiniininiinnenieennn, 284
10.3 MOMENE TENSON....ccuieiiiieiiieee e 292
10.4 Earthquake Magnitude............cccooovevieiiiii e 297
10.5 Gutenberg-Richter Law........ccccccceeviieiiecie e, 297
ProbBIEMS. ... 298
RETEIBNCES......vee e e 299
11 Seismic Deformation of the Lithosphere.........c.cccocvvniiiiinnenn, 301
11.1  KOStrov’s FOrmMuUIa........cocovevieiieiieciecie e 301
11.2  The Asymmetric Strain TENSOr.........ccoevervrieeieninieseeeenn, 303
11.3  Global Pattern of Lithospheric Deformation....................... 304
11.4  Bending of SIabs...........ccce i 306
ProBIEMS. . ..o 314
RETEIBNCES. ... et 315
12 Heat Flow and Thermodynamics of the Lithosphere................ 317
12,1 FOUMEI'S LAW....iiiicie et 317
12.2  Continental Geotherms.........cccoovvviiiienienie s 320
12.3  Non-steady State Heat Conduction..........cccccevvvevivniieninnnn 323
12.4  Cooling of the Oceanic Lithosphere............cccoovvivninnnnnn 326

12,5 Driving Mechanism of Plate Tectonics: Slab Pull
and Ridge PUSh.........cccccvviiiiie IO 332
PrODIEMS. ... 335
RETEIENCES. ... ittt 336
13 Flow and Fluid Behaviour of the Mantle..............cccoceveniennenn, 337
13.1  Continuity EQUAtION........ccccoveiiiiieiie e 337
13.2  Navier-Stokes EQUALIONS............cccceeveeiieeiiese e 339
13.3  Energy BalanCe.........c.ccocevviiiiiiiiecce e 341

13.4  Flow in the Asthenosphere.........cccccooviiiieviecviee e 344



13.5  Stream Functions and Two-Dimensional Flows................. 348
13.6 Rayleigh-Bénard Convection.............cccceveieeeiiieciiiee v, 354
PrODIEMS.....c e 361
RETEIENCES. ...t 361
14 Gravity Field ofthe Earth...........ccccooeeivi e 363
14.1  Gravity Field and Geopotential..........cccccccooeivveiiiieecncinenn, 363

14.2  Spherical Harmonic Expansion of the Geopotential: The
€T ] o S PR 364
14.3  Geoid and EHPsSoid........ccccooveiiiiiii e 365
14.4  MacCullagh’s Formula............ccccoooieiiiii e 370
14,5 Gravity Measurements and Reductionof Gravity Data.... 372
14.6  Isostasy and Dynamic Topography........ccccccvevvveeiiieeiiinnnnnn, 375
PrODIEMS. ..o 377
RETEIENCES. ... e 377
Appendix 1: Vector Calculus...........cccco i, 379
ALl Scalar Fields.......ccooooiiiii e 379
AL2  Vector FIeldsS.......cco o 379
Al13 Integrals ThEOrEMS.......ccooviiiiie e, 382
Al4  Spherical Coordinates.........ccccocveeiiiiie i 384
ALS5  IndeX NOtAtION.......c.oevii e 385
Appendix 2: Algorithms andData Structures............ccooeeeevvveeenvnneen. 387
A2.1  AIGOrITtNMS....cooiee 387
A2.2  Data StIUCTUIES. ... 388
A2.3  TIBES. . —————— 392
Index 395



