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1. Thermo-physical structure of the continental and oceanic crust 
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Earth’s Structure



Mantle Structure

o The two major velocity discontinuities at 410 km and 660 km, marking the top and bottom of the mantle transition zone,
are due to phase of the olivine into spinel and perovskite, respectively.

o The other components of mantle peridotite, pyroxene, and garnet, also undergo phase changes in this depth range but
they are gradual and do not produce discontinuities in the variation of seismic velocity with depth.

o The low velocity zone (asthenosphere) is characterized by low seismic velocities, high seismic attenuation, and a high
electrical conductivity, likely due to the presence of molten material (~ 1% or less).

o At least 90% of the mantle by mass can be represented in terms of the oxides FeO, MgO, and SiO2, and a further 5–10%
is made up of CaO, Al2O3, and Na2O. These oxides form minerals, such as olivine (~50 % or more), piroxenes (~30%), and
garnet (15% or less).



o The lower mantle represents almost 50% of the mass of the entire Earth. It is assumed relatively homogeneous in its
mineralogy, having mostly a perovskite structure, but the penetration of subducted oceanic lithosphere through the 660
km discontinuity may make it compositionally heterogeneous.

o The lowest 200–300 km of the mantle, Layer D″ is characterized by a change in seismic velocity, it is very heterogeneous ,
suggesting that the liquid iron of the core reacts with mantle silicates in Layer D″, with the production of metallic alloys
and nonmetallic silicates from perovskite.

o The outer core, at a depth of 2891–5150 km, does not transmit S waves and thus must be fluid. The convective motions
responsible for the geomagnetic field involve velocities of ∼104 m yr−1, five orders of magnitude larger than convection in
the mantle.

o The inner core is solid, indeed both S and P-waves propagate within it and the amplitude of a phase reflected off the
inner core also suggests that it must have a finite rigidity.

o This iron–nickel mixture provides a composition for the outer core, while the inner core has a seismic velocity and density
consistent with a composition of pure iron.

o Other light elements present in the outer core, which include silicon, sulfur, oxygen, and potassium.

Mantle and Core Structure



Physical properties of the crust and mantle lithosphere
Why do we want to study them?

• Modulate the rate at which heat is released to the Earth’s surface
• Regulate mantle convection
• Determine the location of earthquakes and volcanoes
• Define the rules for plate tectonic processes



Seismological techniques to explore the crust

Active-source data (utilize man-made sources):

• Seismic refraction: reliable information about the distribution of seismic velocities within the crust and Moho depth.

• Seismic reflection: detailed structural image of the crust (resolution=50 m), allows correlation of the reflectivity patterns (due to
composition, metamorphic layering, fault zones and lenses of partial melt) with distinct geologic settings, but weak constraints on
deep crustal velocities.

Passive-source data (derived from naturally occurring seismicity):

• Seismic tomography: Local and distant (teleseismic) earthquake data can be used to determine crustal and mantle structure, by
examining the arrival times of many criss-crossing paths between the earthquakes and seismometers.

• Surface waves: They are generated by the earthquakes. Vertical resolution of the obtained VS models is generally lower if compared to
a VP tomography. However, the coverage is higher and more homogeneous.

Receiver functions (RF): It is based on the analysis of converted P and S phases at seismic discontinuities
beneath seismic stations.
• The amplitudes of the arrivals in RF depend on the incidence angle of the impinging wave and on the

velocity contrast across the seismic converter.
• The RF method does not determine absolute velocity, but it is particularly suitable for detecting sharp

layer boundaries, such as Moho depth, corresponding to a positive polarity of the converted phase
(P-wave receiver functions) and lithosphere-asthenosphere boundary, corresponding to a negative
polarity of the converted phase (S-wave receiver functions).



Other geophysical techniques to explore the crust

• Gravity anomalies: reveal rock density variations, with the amplitude of the anomaly proportional to the density contrast
and thickness of the anomalous body. Short-wavelength (<250 km) gravity anomalies are usually correlated with crustal
structures, while long wavelength (<1000km) gravity anomalies are correlated with lateral variations of mantle densities.

• Aeromagnetics: rocks commonly retain magnetism that originates from the time of their formation. The remnant
magnetization of a mineral is fixed in the direction of the Earth’s magnetic field when the mineral is cooled below the
Curie temperature (about 580 °C) and removed when heated above this temperature. An example is given by a series of
magnetic stripes, originating from the mid-ocean ridge.

• Geoelectrical measurements: At intermediate depths, conductivity depends on water content and composition
(particularly graphite and sulfide content). At great depths, where temperatures rise to at least 500 °C, conductivity is
mainly a function of electron and ion mobility. The magneto-telluric method relies on measurements of five separate
components of the time-varying electromagnetic field at the surface of the Earth.

• Heat flow data: The highest heat flow values are found at mid-ocean ridges and within geothermal zones and active
volcanoes. Heat flow data reflect radiogenic heat production in the crust and heat transferred from the convecting
mantle.

• Borehole data: provide direct sampling of the composition of the upper crust, as well as measurements of in situ seismic
velocities, density, temperature, state of stress, rock porosity, and the fluid pressure to depths of 3-5 km.



How old is the Earth?



Secular Evolution of Earth

ao, accretionary orogen; co, collisional orogen; GOE, great oxidation event; LLSVP, large low-shear
velocity provinces; NOE, Neoproterozoic oxidation event; pE, Proto-Earth; mo, magma ocean.

Cawood et al., 2022, Rev. Geophys, 60



Crustal Growth
• Enormous crustal growth occurred in the second half of the Archean era (before only small, unstable continents), between 3.2 and 2.5 Gyr.

This is due to the considerably more efficient production of rocks constituting continental crust above subduction zones since ca. 3.2 Gyr.

• Measurements of Nb/Th and Nb/U ratios could define the net production rate of continental crust since 3.8 Gyr (the different ratios
potentially provide information on the extent of the chemical depletion and the amount of continental crust that was present on Earth at
different times).

• These results and on those of isotopic age determinations suggest that crust production was episodic with rapid net growth at 2.7, 1.9, and
1.2 Gyr (with pulses of ≤ 100 Myr) and slower growth afterwards.

• Previous studies suggested that: 39% of the continental crust formed in the Archean, 31% in the Early Proterozoic, 12% in the Middle–Late
Proterozoic, and 18% in the Phanerozoic.



Secular Evolution of Continental Crust

Cawood et al., 2022, Rev. Geophys, 60



Crustal Evolution

Cawood et al., 2022, Rev. Geophys, 60



Composition of the continental crust

FeOT = Total Fe as FeO
Mg#=(Mg/Mg+Fe)x100

Rudnick and Gao, 2003, Treatise on Geochemistry, Vol. 3



Crustal Types

A progressive change in the bulk composition of the crust through time has been observed:

• During the Early Archean, basaltic rocks were most abundant, later, the partial melting of these rocks produced large volumes of
tonalites-granitoids suite (granite-greenstone belts).

• By 3.2 Gyr granites first appeared in the geologic record and were produced in large quantities after 2.6 Gyr.
• This compositional trend from basalt to tonalite to granite is attributed to an increase in the importance of subduction and crustal

recycling during the transition from Late Archean to Early Proterozoic times.
• The appearance and preservation of thick sequences of sedimentary rock (e.g., evaporites and red beds deposits) has been interpreted

to reflect the stabilization of Precambrian continental crust during Proterozoic times.

Orogens labeled as follows: 1, Trans-Hudson; 2, Penokean; 3, Taltson-Thelon; 4,
Wopmay; 5, Cape Smith–New Quebec; 6, Torngat; 7, Foxe; 8, Nagssugtoqidian; 9,
Makkovikian–Ketilidian; 10, Transamazonian; 11, Eburnian; 12, Limpopo; 13,
Moyar; 14, Capricorn; 15, Trans-North China; 16, Central Aldan; 17, Svecofennian;
18, Kola-Karelian; 19, Transantarctic.



Precambrian Crust: Granite-greenstone belts

• The greenstones consist of metavolcanic and metasedimentary
rocks that exhibit a low pressure (200–500 MPa), low
temperature (350–500°C) regional metamorphism of the
greenschist facies (tholeiitic and komatiitic lavas, felsic volcanic
rocks, clastic sediments, gneisses, and amphibolite/granulite
rocks).

• The granitoids that intrude the greenstones and high-grade
gneisses form a compositionally distinctive group known as
tonalite-trondhjemite-granodiorite, or TTG, suites.

• The greenstones often consist of domes contains remnants of
3.50–3.43 Gyr TTG suite granitoids that are intruded by
younger (3.33–2.83 Gyr) more potassic igneous suites (e.g.,
Eastern Pilbara Craton).

• The domes display compositional zonations and variable
degrees of deformation, with the youngest bodies located in
the cores of the domes and older, more deformed granitoids at
the margins (reflecting the emplacement of many magmatic
intrusions).

• The formation of the greenstones of Eastern Pilbara Craton
were affected by one or more periods of horizontal contraction
(Early Archean collision and terrane accretion) and extension,
leading to the emplacement of the granitoid domes.

Eastern Pilbara Craton (Western Australia)



(a) Oceanic crust was too thick to be subducted as a unit, and so its lowermost parts (piroxenites) delaminated and melted,
favoring the formation of basaltic melts.

(b) As the oceanic crust cooled and became thinner (in the Late Archean) the entire crust could subduct, amphibolite was
introduced into subduction zones and led to the widespread formation of the TTG suites.

Archean Crustal evolution

(1). Local melting of lower crust (2) and
garnet amphibolite (3) may also occur to
produce small volumes of felsic magma.



• Mineralogical composition
• Confining pressure (from depth of burial)
• Temperature (from heat flow data)
• Anisotropy
• Pore fluid pressure

Crustal seismic velocities

Christensen and Mooney, 1995, JGR, 100 

Velocity vs Depth



Animations made by H. Fossen as a resource to Fossen & Teyssier 2024, Plate Tectonics, Cambridge Univ. Press. Free for non-commercial use

Seismic paths through and under the crust. Above some minimum distance, waves traveling along the longest path arrive first

Crustal seismic velocities



P-wave and S-wave velocity correlates with bulk composition

Ultrasonic velocities at 0.6 GPa, room T Huang et al., 2013



Rocks’ P-wave velocity

Christensen and Mooney, 1995, JGR, 100 

Average Anisotropy 100x (Vmax-Vmin)/Vavg

Elastic waves show a directional dependence in wave speed in many minerlas



Rock abbreviations are as follows: AGR, anorthositic granulite; AMP,

amphibolite; AND, andesite; BAS, basalt; BGN, biotite (tondite) gneiss;

BGR, greenschist facies basalt; BPP, prehnite–pumpelliyite facies

basalt; BZE, Zeolite facies basalt; DIA, diabase; DIO, dionite; DUN,

Dunite; ECL, mafic eclogite; FGR, felsic granulite; GAB, gabbro–

norite–troctolite; GGN, granite gneiss; GGR, mafic garnet granulite;

GRA, granite–granodiorite; HBL, hornblendite; MBL, calcite marble;

MGR, mafic granulite; MGW, metagraywacke; PGR, paragranulite;

PHY, phyllite; PYX, Pyroxenite; QCC, mica quartz schist; QTZ,

quartzite; SER, serpentinite; SLT, slate.

Velocity vs Density

P=20 km
T=309°C

Christensen and Mooney, 1995, JGR, 100 



Vp/Vs and Poisson’s ratio (s=0.23-0.32)

Christensen, 1996, JGR, 101

Four lithologies (serpentinite (SER), anorthosite (ANO), granite-granodiorite
(GRA), and quartzite (QTZ)) fall outside the area bounded by Poisson's ratios
between 0.25 and 0.30.

li=volumetric proportion of mineral i, M=elastic parameter

Poisson's ratio (n or s) is the ratio of transverse strain to corresponding axial strain on a material (rock) stressed along one axis



Vp/Vs and Density

Zhang et al., 2020, JGR, 125

Crustal Rocks

Mantle Rocks



Rock abbreviations are as follows: AGR, anorthositic granulite; AMP, amphibolite;
AND, andesite; ANO, Anorthosite; BAS, basalt; BGN, biotite (tondite) gneiss; BGR,
greenschist facies basalt; BPP, prehnite–pumpelliyite facies basalt; BZE, Zeolite facies
basalt; DIA, diabase; DIO, dionite; DUN, Dunite; ECL, mafic eclogite; FGR, felsic
granulite; GAB, gabbro–norite–troctolite; GGN, granite gneiss; GGR, mafic garnet
granulite; GRA, granite–granodiorite; HBL, hornblendite; MBL, calcite marble; MGR,
mafic granulite; MGW, metagraywacke; PGR, paragranulite; PHY, phyllite; PYX,
Pyroxenite; QCC, mica quartz schist; QTZ, quartzite; SER, serpentinite; SLT, slate.
Christensen (1996).

Poisson’s ratio dependance (SIO2, P, T)

Christensen, 1996, JGR, 101

• Rocks with SiO2 contents between 55% and 75% show a linear
decrease in Poisson's ratio with increasing weight percent SiO2.



[eqn. 1]  Vs (km/s) = 0.7858 – 1.2344Vp + 0.7949Vp2– 0.1238Vp3 + 0.0064Vp4

[eqn. 3] s = 0.8835 - 0.315Vp + 0.0491Vp2 - 0.0024Vp3

[eqn. 4] s = 0.769 - 0.226Vp + 0.0316Vp2- 0.0014Vp3.

Brocher et al., 2005

Other empirical relations

[eqn. 5] Vs (km/s) = 2.88 + 0.52(Vp-5.25)

[eqn. 6] r (g/cm3) = 1.6612Vp – 0.4721Vp2 + 0.0671Vp3– 0.0043Vp4 + 0.000106Vp5

[eqn. 7]   r (g/cm3) = 1.74Vp0.25

[eqn. 8]   r (g/cm3) = 0.541 + 0.3601Vp

[eqn. 9]    r (g/cm3) = 2.4372 + 0.0761Vp

[eqn. 10] r (g/cm3) = 2.2428 + 0.1052Vp



Rocks’ Density vs T and P

Christensen and Mooney, 1995, JGR, 100



Earth Velocity



Earth Density
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• Oceanic and continental lithosphere differ fundamentally in terms of geometry, composition, and thermal structure

Oceanic and continental crust



Compositional Model of Oceanic Crust

(1) 0.5 km of soft sediments (layer 1), P-wave velocity 2.0 km/s
(2) a 1–3-km-thick upper layer (layer 2) P-wave velocity 2.5–6.4 km/s
(3) 4–5-km thick lower crustal layer (layer 3), with a velocity of 6.5–7.3 km/s.



Compositional Model of Oceanic Crust



Ophiolites

Correlation of ophiolite stratigraphy with the oceanic lithosphere

Ophiolites usually occur in collisional orogens and their association of deep-sea sediments, basalts, gabbros, and ultramafic
rocks suggests that they originated as oceanic lithosphere.

Stratigraphy of the Troodos (Cyprus) ophiolite



Global Ophiolite Distribution by Age



Oceanic Ridge

Fast-spreading ridges (spreading rate = 8–16 cm/yr)
Intermediate (spreading rate = 4–8 cm/yr)

slow-spreading ridges (spreading rate = 1–4 cm/yr)



Large volumes of magma emplaced in a short time (2-3 Myr)
Anomalous crustal structure: large thickness and high
seismic velocities (7.1 km/s)

Iceland 

Darbyshire, 1998, GJI, 135 

Darbyshire, 2000, EPSL, 181 

Oceanic Plateaux

Anomalous Oceanic Crust

Mooney, 2007



Oceanic–continent transition zone 

(Ghana, West Africa)

Ocean trench and subduction zone

Anomalous Oceanic Crust

• The crustal structure in typical subduction-zone includes a
prominent low-seismic-velocity sedimentary wedge and the higher
velocity igneous crust of the island arc.

• The passive margin between continental and oceanic lithosphere is
sometimes characterized by a sharp drop in elevation and 20–30
km of crustal thinning over horizontal distances less than 30km.

Crustal model across Nankai Trough (Japan)

Mooney, 2007

Mooney, 2007, Treatise of Geophysics, Vol. 1, 361-417



Basement age of continental crust

Mooney, 2007, Treatise of Geophysics, Vol. 1, 361-417



Continental crustal type



(Mooney et al., 1998)

Continental and Oceanic crustal type

Continental crust (weighted average values):
Thickness = 41 km (SD=6.2 km) 
Vp=6.45 km s-1 (SD=0.21 km/s)

Oceanic crust (average values):
Thickness = 7 km, r=3 g cm-3, Age <=200 My 

The Earth’s crust constitutes about 0.7% of the total mass of the crust–mantle system

Proportion of continental crustal types:

69% shield and platform (cratons)
15% old and young orogens
9% extended crust
6% magmatic arc 
1% rift



Christensen and Mooney, 1995, JGR, 100 

Continental crust (average values):
Thickness = 39 km (range between 20 km and 80 km, 95% between
22 km and 56 km), Vp=6.45 km/s, r=2.84 g/cm3, Age =1500 My



Crustal thickness distribution
(6 tectonic provinces)

Christensen and Mooney, 1995, JGR, 100 



Seismic-depth measurements (1920-present)



Moho depth

Tesauro et al., 2012, Global and Planetary Change, 90-91

Other Models

CRUST 1.0: http://igppweb.ucsd.edu/~gabi/crust1.html (Laske et al., 2013) 

A compositional boundary formed during chemical differentiation within the lithosphere

http://igppweb.ucsd.edu/~gabi/crust1.html


Case Study: Europe

Moho depth

EuCrust07 (Tesauro et al., 2008, GRL)

Crustal sections (a, b, c)



EuCrust07 (Tesauro et al., 2008, GRL)

Case Study: Europe
Crustal sections (a, b, c)  

Moho depth



Crustal model

1. Depiction of the contours NA geological provinces

Crystalline crustal thickness 

(Tesauro et al., 2014, Tectonophysics, 631)

2. Selection and analysis of the seismic data

Topography, ETOPO2  

(NOAA, 2010)

Case Study: North American continent

AP, Appalachians; BA, Basin and Range; BR, Brooks Range; CC, Canadian Cordillera; CH, Churchill craton; CP, Colorado Plateau; CL, Columbia Plateau; EM,
EasternMexico;GM, Gulf ofMexico; GP, Great Plain; GR, Grenville; HB, Hudson Basin; NS, North Slope; PM, Polar margin; PP, Paleoproterozoic platform; PR, Peace
River arch; RG, Rio Grande rift; RM, Rocky Mountains; SA, Southern Alaska; SC, Southern Cordillera; SL, Slave craton; SN, Sierra Nevada; SR, Snake River Plain; SU,
Superior craton; THO, Trans-Hudson Orogen; WB, Williston Basin; WM, Western Mexico.

Archean
Proterozoic
Phanerozoic



Crustal model

2. Selection and analysis of the seismic data

Positive correlation of velocity and thickness of the three layers with the thickness of the crystalline crust

(Tesauro et al., 2014, Tectonophysics, 631)

Crystalline Crust

usually composed of three layers

Hughes and Hall (1994)

…or more

Musacchio et al. (2004)

Case Study: North American continent



Crystalline crustal thickness 
Crustal sections

NACr14 Crustal model

Tesauro et al., 2014, Tectonophysics, 631

Case Study: North American continent



Origin of the lower crust high velocity layer (7x layer)

1. Magmatic Differentiation Eclogite stability field

2. Eclogite formation

4. Magmatic underplating

3. Mechanical underplating

Eclogite: 
Omphacite/Giadeite (CPX) +Garnet



Isostasy

The crustal heterogeneity in terms of thickness and density produces variation in the Earth’s gravitational field over broad
regions: Bouguer anomalies are generally negative over elevated continental areas (deficit of mass) and positive over ocean
basins (excess of mass).



Isostasy

Isostatic compensation depth

Airy: Crustal density is roughly equal,
compenstation is due to crustal roots (high
topography compensated by thick crustal roots,
low topography compensated by thin crustal
roots).

Pratt: Continental crust extends to a common
depth, while the density is variable (high
topography compensated by low density and low
topography compensated by high density).

Gravimetric data show that many orogens are not in isostatic equilibrium, but their topography is dynamically supported



Airy Isostasy

• Airy isostatic model: all vertical profiles through the lithosphere may be considered indipendently of each other (shear
stress are neglected). It is applicable only for features extended for few hundred km (hydrostatic isostasy).

• There is a depth (isostatic compensation depth) at which the vertical stresses of all vertical profiles are equal:

Downward force exerted by an entire vertical column: 

Example: 

If rc=0, H=zc

If rc=rm, H=0

Since rair is negligeble
0



Animations made by H. Fossen as a resource to Fossen & Teyssier 2024, Plate Tectonics, Cambridge Univ. Press. Free for non-commercial use

Airy isostasy model for a thickening crust. The 
weight of Column 1, 2 and 3 are the same. Book Fig. 
3.2.

Airy Isostasy



Pratt Isostasy

According to Pratt’s hypothesis, mountain ranges would be underlain by relatively low density material and ocean basins by
relatively high density material:

Equating the weights of columns beneath a mountain
range and a region of zero elevation we obtain:

and

For oceanic basins: 
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