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Aims and Motivation for Part 1.
Lithospheric Mantle as a Geochemical and Petrological System

• Understand how mantle petrology can be studied (i.e., experiments, xenoliths…)

• Understand the main rock types and minerals within the lithospheric mantle 
• Understand how pressure-temperature can influence mantle mineralogy and lithology (rock type)
• Understand how volatiles (CO2 and H2O) can affect mantle mineralogy and lithology 
• Sufficient context for following lectures on Structure of Lithosphere (petrology and geochemistry)  

• Pearson, D. G., D. Canil, and S. B. Shirey. "Mantle samples included in volcanic rocks: xenoliths and diamonds." Treatise on 

geochemistry 2 (2003): 568.

• Anderson, Don L., and Jay D. Bass. "Mineralogy and composition of the upper mantle." Geophysical Research Letters 11.7 

(1984): 637-640.

• Hacker, Bradley R., Geoffrey A. Abers, and Simon M. Peacock. "Subduction factory 1. Theoretical mineralogy, densities, 

seismic wave speeds, and H2O contents." Journal of Geophysical Research: Solid Earth 108.B1 (2003).

Recommended Reading:



Petrology and Geochemistry of the Mantle

Geophysics 
• Surface and Body Waves
• Magnetotellurics
• Geodynamics and Theory

Petrology and Geochemistry 
• Experimental Petrology

• Piston Cylinder and Multi Anvil
• Furnace Experiments

• Natural Samples 
• Ocean Dredging and Ophiolites
• Extra Terrestrial
• Volcanic Eruptions 
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Experimental Petrology:
Make synthetic rocks and minerals in the lab 
using specialized experimental equipment – 
study mantle experimentally

Natural samples:
Collect pieces of the mantle from volcanoes or 
exposed segments of the upper mantle – study 
mantle naturally 

The next 20 minutes will will briefly discuss the use of these 
approaches for studying the  petrology and geochemistry of 
the lithospheric mantle  



Petrology: (from Ancient Greek πέτρος (pétros) 'rock' and -λογία (-
logía) 'study of') is the branch of geology that studies rocks, their 
mineralogy, composition, texture, structure and the conditions under 
which they form. Petrology has three subdivisions: igneous, metamorphic, 
and sedimentary petrology.

Geochemistry: is the science that uses the tools and principles 
of chemistry to explain the mechanisms behind major geological systems 
such as the Earth’s crust and its mantle.

https://en.wiktionary.org/wiki/%CF%80%CE%AD%CF%84%CF%81%CE%BF%CF%82
https://en.wiktionary.org/wiki/-%CE%BB%CE%BF%CE%B3%CE%AF%CE%B1
https://en.wikipedia.org/wiki/-logy


Petrology and Geochemistry of the Mantle – Experiments

Piston-cylinder press used for high-temperature high-pressure 
experiments of Earth’s lithosphere. After USGS

Simulate PT conditions of mantle in the lab
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Petrology and Geochemistry of the Mantle – Experiments

Most experimental apparatuses can simulate 
pressures and temperatures from the lithospheric 
mantle to transition zone



Petrology and Geochemistry of the Mantle – Experiments

More pressure = apply more force to a 
smaller sample size
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Petrology and Geochemistry of the Mantle – Experiments

Experimental Petrology of Mantle:
Study the chemical and physical behavior of 
synthetic rock and mineral mixtures at 
elevated pressures and temperatures using a 
piston cylinder and/or multi-anvil apparatus

Purpose: Simulate the pressure and 
temperature conditions of the mantle in the 
laboratory 

Common approach is to use a starting 
mixture that is representative of the 
composition of the mantle and study the PT 
conditions that different rocks and minerals 
occur (MORB and Pyrolite) 
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Petrology and Geochemistry of the Mantle – Experiments

Scanning electron microscope image of synthetic mineral grains 
produced from a high-pressure and high-temperature experiment 
on a mantle-like composition. After Sudholz et al. (2021)

Experimental Petrology of Mantle:
Study the chemical and physical behavior of 
synthetic rock and mineral mixtures at 
elevated pressures and temperatures using a 
piston cylinder and/or multi-anvil apparatus

Purpose: Simulate the pressure and 
temperature conditions of the mantle in the 
laboratory 

Common approach is to use a starting 
mixture that is representative of the 
composition of the mantle and study the PT 
conditions that different rocks and minerals 
occur
 



Petrology and Geochemistry of the Mantle – Experiments

Experimental Petrology of Mantle:
Important technique in the 1960’s to identify phase 
transitions in the upper mantle

Conduct experiments on a fixed composition at 
different pressures and temperatures. Observe 
changes in the mineralogy that occur because of 
changes in PT

• Plagioclase to Spinel (<30 km)
• Spinel to Garnet (~60 km)
• Olivine to Wadsleyite (410 km discontinuity) 
• Ringwoodite to Bridgmanite (660 km 

discontinuity)
• Ringwoodite to Ferro periclase (660 km) 

 Day et al. (2023)



Petrology and Geochemistry of the Mantle – Experiments

Experimental Petrology of Mantle - Benefits:
• Ability to study inaccessible parts of the 

lithospheric mantle
• Test different geodynamic scenarios within 

the mantle (i.e., melting, decompression etc.)
• Study cont. and oceanic mantle
 
Experimental Petrology of Mantle - Challenges:
• Small sample sizes and unrepresentative grain 

size
• Experiments often assume a pyrolite mantle 

composition – is this truly representative? 
• Errors and uncertainty on the pressure and 

temperature of experiments  

Day et al. (2023)
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Petrology and Geochemistry of the Mantle – Natural Samples

Simplified illustration of a Mid-ocean ridge 

Warren (2016) LITHOS

Exposed pieces of oceanic lithospheric mantle – 
either at/near mid-ocean ridges or exhumed on 
convergent margins 



Petrology and Geochemistry of the Mantle – Natural Samples

Fragment of upper mantle: credit Johan Lissenberg



Petrology and Geochemistry of the Mantle – Natural Samples

Dredging/Drilling of ocean seafloor:
Segments of the lithospheric mantle are 
commonly exposed along transform faults at 
mid-ocean ridges. These samples can be 
collected by seafloor dredging and/or drilling. 

Ophiolites on continents:
If these segments of exposed lithospheric 
mantle are accreted onto a continent during 
plate collisions, they may form an ophiolite 
complex. 

Often provides insights into relatively shallow 
lithospheric mantle 

Simplified illustration of a Mid-ocean ridge 

Warren (2016) LITHOS



Petrology and Geochemistry of the Mantle – Natural Samples

Dredging/Drilling of ocean seafloor:
Segments of the lithospheric mantle are 
commonly exposed along transform faults at 
mid-ocean ridges. These samples can be 
collected by seafloor dredging and/or drilling. 

Ophiolites on continents:
If these segments of exposed lithospheric 
mantle are accreted onto a continent during 
plate collisions, they may form an ophiolite 
complex. 

Often provides insights into relatively shallow 
lithospheric mantle 

Simplified illustration of dredging sea floor to collect exposed 
segments of the lithospheric mantle. 

Abyssal Peridotites



Petrology and Geochemistry of the Mantle – Natural Samples

Global distribution of screened residual abyssal peridotites (n = 267). Ridge abbreviations are American‐Antar
ctic Ridge (AAR), Central Indian Ridge/Carlsberg Ridge (CIR), East Pacific Rise (EPR), Mid‐Atlantic Ridge (MAR)
, Gakkel Ridge (GAK), Lena Trough (LT), and Southwest Indian Ridge (SWIR). After Nishio et al. (2022)



Petrology and Geochemistry of the Mantle – Natural Samples

Dredging/Drilling of ocean seafloor:
Segments of the lithospheric mantle are 
commonly exposed along transform faults at 
mid-ocean ridges. These samples can be 
collected by seafloor dredging. 

Ophiolites on continents:
If these segments of exposed lithospheric 
mantle are accreted onto a continent during 
plate collisions, they may form an ophiolite 
complex. 

Often provides insights into relatively shallow 
oceanic lithospheric mantle 

Simplified illustration of an ophiolite complex that is exposed in a 
convergent margin after plate collision.



Petrology and Geochemistry of the Mantle – Natural Samples

Dredging/Drilling of ocean seafloor:
Segments of the lithospheric mantle are 
commonly exposed along transform faults at 
mid-ocean ridges. These samples can be 
collected by seafloor dredging. 

Ophiolites on continents:
If these segments of exposed lithospheric 
mantle are accreted onto a continent during 
plate collisions, they may form an ophiolite 
complex. 

Often provides insights into relatively shallow 
oceanic lithospheric mantle 

An example of exposed oceanic lithospheric mantle at the Oman 
Ophiolite. After Kelemen et al. (2013)



Petrology and Geochemistry of the Mantle – Natural Samples

Global distribution of ophiolite 
complexes. Note that most 
ophiolites occur in orogenic belts. 
Image after Saccani (2014) Geosc. 
Front.

Convergent margin 
where ophiolite is 
exposed



Petrology and Geochemistry of the Mantle – Natural Samples

Timeline of ages of 
ophiolites from a global 
compilation and compared 
with other indicators of 
continental collision and 
subduction. After Stern 
(2013).



Petrology and Geochemistry of the Mantle – Natural Samples

Dredging/Drilling of ocean seafloor:
Segments of the lithospheric mantle are 
commonly exposed along transform faults at 
mid-ocean ridges. These samples can be 
collected by seafloor dredging. 

Ophiolites on continents:
If these segments of exposed lithospheric 
mantle are accreted onto a continent during 
plate collisions, they may form an ophiolite 
complex. 

Often provides insights into relatively shallow 
lithospheric mantle 

Photo: J. Warren 

Arai et al. (2018) Minerals



Petrology and Geochemistry of the Mantle – Natural Samples

Ophiolites and Abyssal Peridotites – Benefits
• Abyssal peridotites are abundant and usually 

fresh and recently exposed
• Insights into oceanic lithospheric mantle
• Study the shallow parts of lithospheric mantle 

Ophiolites and Abyssal Peridotites – Challenges

• Ophiolites can be highly deformed and altered 
during exhumation

• Limited insights into continental and cratonic 
lithosphere

• Limited inter disciplinary constraints (i.e., OBS)
• Bias towards younger ages 

Abyssal peridotites may be exposed or occur around 
mid ocean ridges where they are thought to occur 
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Ophiolites and Abyssal Peridotites – Benefits
• Abyssal peridotites are abundant and usually 

fresh and recently exposed
• Insights into oceanic lithospheric mantle
• Study the shallow parts of lithospheric mantle 

Ophiolites and Abyssal Peridotites – Challenges

• Ophiolites can be highly deformed and altered 
during exhumation

• Limited insights into continental and cratonic 
lithosphere

• Limited inter disciplinary constraints (i.e., OBS)
• Bias towards younger ages 

The lithospheric mantle beneath mid ocean ridges and 
most oceanic settings is very shallow (compared with 
continents and cratons)



Petrology and Geochemistry of the Mantle – Natural Samples

Ophiolites and Abyssal Peridotites – Benefits
• Abyssal peridotites are abundant and usually 

fresh and recently exposed
• Insights into oceanic lithospheric mantle
• Study the shallow parts of lithospheric mantle 

Ophiolites and Abyssal Peridotites – Challenges

• Ophiolites can be highly deformed and altered 
during exhumation

• Limited insights into continental and cratonic 
lithosphere

• Limited inter disciplinary constraints (i.e., OBS)
• Bias towards younger ages 

The exhumation of ophiolites to the surface is often 
accompanied by deformation and metamorphism which 
alters the original mantle textures and mineralogies. Guess 
what minerals make up this rock? 



Petrology and Geochemistry of the Mantle – Natural Samples

Ophiolites and Abyssal Peridotites – Benefits
• Abyssal peridotites are abundant and usually 

fresh and recently exposed
• Insights into oceanic lithospheric mantle
• Study the shallow parts of lithospheric mantle 

Ophiolites and Abyssal Peridotites – Challenges

• Ophiolites can be highly deformed and altered 
during exhumation

• Limited insights into continental and cratonic 
lithosphere

• Limited inter disciplinary constraints (i.e., OBS)
• Bias towards younger ages 

Ophiolites are exposed in high topography and active areas 
and may be easily eroded. This may- in part, explain why 
ophiolites are bias to very young ages. It may also tell us 
about when exhumation events may have occurred. 



Petrology and Geochemistry of the Mantle – Natural Samples

Mantle Xenoliths in Volcanic Rocks:
Many magmas form deep within the lithospheric 
mantle. During their ascent to the surface, they 
often collect fragments of the surrounding mantle 
and transport them to the surface (mantle 
xenoliths).

• Range in size from <1 cm to >1 m
• Brought to surface in hours to days by magma
• Provide insight into nature of the mantle at 

time of eruption 

Mantle xenoliths can range in depth from <20 km to 
>300 km. Provide insights into the entire lithosphere! 
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Mantle Xenoliths in Volcanic Rocks:
Many magmas form deep within the lithospheric 
mantle. During their ascent to the surface, they 
often collect fragments of the surrounding mantle 
and transport them to the surface (mantle 
xenoliths).

• Range in size from <1 cm to >1 m
• Brought to surface in hours to days by magma
• Provide insight into nature of the mantle at 

time of eruption 

Mantle xenoliths can range in depth from <20 km to 
>300 km. Provide insights into the entire lithosphere! T. Stachel

Diamonds
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Mantle Xenoliths in Volcanic Rocks:
Many magmas form deep within the lithospheric 
mantle. During their ascent to the surface, they 
often collect fragments of the surrounding mantle 
and transport them to the surface (mantle 
xenoliths).

• Range in size from <1 cm to >1 m
• Brought to surface in hours to days by magma
• Provide insight into nature of the mantle at 

time of eruption 

Mantle xenoliths can range in depth from <20 km to 
>300 km. Provide insights into the entire lithosphere! T. Stachel

Graphite to diamond transition within the mantle. Diamond is 
only stable at very high pressures within the mantle.  



Petrology and Geochemistry of the Mantle – Natural Samples

Mantle Xenoliths in Volcanic Rocks:
The volcanic rocks that transport mantle 
xenoliths to the surface have several 
compositions:

• Kimberlites
• Lamproites
• Lamprophyres
• Basalts 

These host volcanic rocks form within the deep 
lithospheric mantle or in the convective mantle 

The locations of these host volcanic rocks are in 
the continental lithospheric mantle and have a 
range eruption ages 

Kimberlites are highly altered and brecciated rocks. They form by a 
very explosive eruption and contain lots of volatiles like H2O and CO2.
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• Kimberlites
• Lamproites
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Locations of mantle xenoliths 
that occur in volcanic rocks 
that are emplaced into 
continental lithosphere. 
Majority of xenolith bearing 
rocks are kimberlites and 
occur within the interiors or 
margins of cratons. After 
Tappe et al. (2018)

Showing Xenoliths 
from cratonic 

lithosphere only! 



Interestingly, kimberlites and 
many related rock types that 
host mantle xenoliths are 
skewed to very young eruption 
ages. This may reflect a poor 
preservation of these rocks in 
older settings, or a preference 
for younger tectonic and 
geodynamic regimes. Image 
after Tappe et al. (2018) (EPSL)

Age of kimberlite 
eruptions that bring 

mantle xenoliths to the 
surface

Temporal bias or 
preservation?



Petrology and Geochemistry of the Mantle – Natural Samples

Mantle Xenoliths in Volcanic Rocks:
Mantle xenoliths can be used to study 
many aspects of the lithospheric mantle:

• Calculate the PT of xenoliths for 
paleogeotherm modelling 

• Vertical changes in mantle composition
• Changes in composition and thickness 

of lithospheric mantle overtime
• Calibrate seismic tomography models of 

lithosphere thickness  
• Study mantle discontinuities (LAB and 

MLD)

More info in coming lectures…

Sudholz and Jaques et al. (2023)
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Mantle Xenoliths in Volcanic Rocks:
Mantle xenoliths can be used to study 
many aspects of the lithospheric mantle:

• Calculate the PT of xenoliths for 
paleogeotherm modelling 

• Vertical changes in mantle composition
• Changes in composition and thickness 

of lithospheric mantle overtime
• Calibrate seismic tomography models 

of lithosphere thickness  
• Study mantle discontinuities (LAB and 

MLD)

More info in coming lectures…
Mark Hoggard (pers. Comms) 



Petrology and Geochemistry of the Mantle – Natural Samples

Mantle Xenoliths in Volcanic Rocks – Benefits
• Insights into continental and cratonic lithosphere
• Directly record temperature and composition of 

the mantle at time of eruption
• Easy to study and abundant publish data and 

access to new samples 

Mantle Xenoliths in Volcanic Rocks– Challenges
• Limited insights into oceanic lithosphere
• Lack of samples beyond 1 Gyr (billion years)
• Entrainment mechanisms of xenoliths not fully 

understood

How representative are mantle xenoliths of the 
broader lithospheric mantle? 
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broader lithospheric mantle? 



Quick break for Questions…..



What is the mantle made from?

What is the chemical composition?
(Fe, Mg etc.)

What is the mineralogy?
(Olivine, Pyroxene etc.)

What is the rock types (lithology)? 
(Peridotite, Dunite etc.)

Constraints on what rocks and minerals 
make up the lithospheric has come from 
>60 years of inter-disciplinary research

Chemical composition/elements

Periodic table of the elements
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make up the lithospheric has come from 
>60 years of inter-disciplinary research

Mineralogy
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What is the mantle made from?

Understanding the lithology and mineralogy 
of the lithospheric mantle is crucial for 
several fields of research in petrology and 
geophysics:

• Mantle discontinuities (cause of the MLD 
and LAB)

• Thickness and stability of continental 
lithosphere

• Formation of ore deposits and mantle 
derived melts

• Geodynamics of the lithospheric mantle 
Simplified illustration of synthetic receiver function for cratonic 
lithosphere. NVG are difficult to explain by assuming a 
homogenous and anhydrous lithospheric mantle. Krueger et al. 
(2021).



What is the mantle made from?

Understanding the lithology and mineralogy 
of the lithospheric mantle is crucial for 
several fields of research in petrology and 
geophysics:

• Mantle discontinuities (cause of the MLD 
and LAB)

• Thickness and stability of continental 
lithosphere

• Formation of ore deposits and mantle 
derived melts

• Geodynamics of the lithospheric mantle 

LAB map of Australia (AusMantle)



What is the mantle made from?

Understanding the lithology and mineralogy 
of the lithospheric mantle is crucial for 
several fields of research in petrology and 
geophysics:

• Mantle discontinuities (cause of the MLD 
and LAB)

• Thickness and stability of continental 
lithosphere

• Formation of ore deposits and mantle 
derived melts

• Geodynamics of the lithospheric mantle 

After Howell et al. (2019)



What is the mantle made from?

Understanding the lithology and mineralogy 
of the lithospheric mantle is crucial for 
several fields of research in petrology and 
geophysics:

• Mantle discontinuities (cause of the MLD 
and LAB)

• Thickness and stability of continental 
lithosphere

• Formation of ore deposits and mantle 
derived melts

• Geodynamics of the lithospheric mantle 
After Hoggard et al. (2020)



Basic chemistry of the lithospheric mantle 
Geochemist and petrologist often refer to 
elements within the mantle in their oxide 
form:

Si, Ti, Al, Cr, Fe, Mn, Mg, Ca, Na, K and O

These elements have different physical 
properties which govern how minerals and 
rocks behave in the mantle:

• Density of rocks and minerals (i.e., Fe-rich)
• Electro-negativity
• Compatibility (preference for forming a 

fluid or solid)
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Basic chemistry of the lithospheric mantle 

Less Dense Elements

More Dense Elements

Density of elements measured at SLC

K (0.86 g/cm3)
Na (0.97 g/cm3)
Ca (1.55 g/cm3)
Mg (1.73 g/cm3)
Si (2.33 g/cm3)
Al (2.70 g/cm3)
Ti (4.54 g/cm3)
Cr (7.19 g/cm3)

Mn (7.43 g/cm3)
Fe (7.87 g/cm3)



Basic mineralogy of the lithospheric mantle 

Elements are arranged into stable 
crystalline solids – minerals

The elements are oxides are connected 
to form minerals by different chemical 
bonds which have varying strength 

There are 6062 official minerals on 
Earth – however, the lithospheric 
mantle has ~8 major minerals

Simplified illustration of the arrangement of elements that form a forsterite 
(olivine) crystal. Olivine contains an Mg and Si cation that are bonded with 
oxygen anions. After Peng (2022)



Basic mineralogy of the lithospheric mantle 

Olivine crystal (not to scale) made up of millions of repeated Mg2SiO4. 

1 mm

Elements are arranged into stable 
crystalline solids – minerals

The elements are oxides are connected 
to form minerals by different chemical 
bonds which have varying strength 

There are 6062 official minerals on 
Earth – however, the lithospheric 
mantle has ~8 major minerals



Basic mineralogy of the lithospheric mantle 
The mineralogy of the mantle is surprisingly 
simple: 

These minerals have different properties such 
as density, melting T, and electronegativity.

Minerals occur in different abundances to make 
up rock types in the lithospheric mantle - largely 
due to changes in pressure and temperature

Olivine  (Mg,Fe)2SiO4

Clinopyroxene (Ca,Mg,Fe,Na)(Mg,Fe,Al)(Si,Al)2O6

Orthopyroxene (Mg,Fe)2Si2O6)
Garnet  (Mg,Fe,Ca,Mn)3(Al,Cr)2(SiO4)3

Garnet
Orthopyroxene

Olivine

Clinopyroxene

Mantle xenolith containing the main mantle minerals



Basic mineralogy of the lithospheric mantle 

Olivine  (Mg,Fe)2SiO4

Makes up about 50% to 70% of lithospheric 
mantle by volume. Stable in mantle across a wide 
range of PT until phase transformation to 
Wadsleyite (410 km)

Stable across entire lithospheric mantle PT range: 
Last mineral to melt in mantle rocks

Density: 3.21–3.33 g/cm3 (Mg2SiO4)
Density: 4.30–4.40 g/cm3 (Fe2SiO4) 

Mg-rich olivine is common within thick and cold 
cratons

O
livin

e stab
le

Phase diagram of peridotite 



Basic mineralogy of the lithospheric mantle 

Olivine  (Mg,Fe)2SiO4

Makes up about 50% to 70% of lithospheric 
mantle by volume. Stable in mantle across a wide 
range of PT until phase transformation to 
Wadsleyite (410 km)

Stable across entire lithospheric mantle PT range: 
Last mineral to melt in mantle rocks

Density: 3.21–3.33 g/cm3 (Mg2SiO4)
Density: 4.30–4.40 g/cm3 (Fe2SiO4) 

Mg-rich olivine is common within thick and cold 
cratons



Basic mineralogy of the lithospheric mantle 

Orthopyroxene (Mg,Fe)2Si2O6)

Makes up <25% of lithospheric mantle by volume. 
Begins to break-down at high PT

Stable across most lithospheric mantle PT range: 
Second last mineral to melt in mantle rocks

Density: 3.10–3.30 g/cm3 (Mg2Si2O6)

Also common within thick and cold cratons along 
with high-Mg olivines
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Basic mineralogy of the lithospheric mantle 

Clinopyroxene 
(Ca,Mg,Fe,Na)(Mg,Fe,Al)(Si,Al)2O6

Makes up <25% of lithospheric mantle by volume. 
Begins to break-down at high-PT

Stable across moderate PT in lithospheric mantle: 
First major silicate mineral to melt in mantle rocks

Density: 3.22–3.38 g/cm3 (CaMgSi2O6)

Uncommon within thick and cold cratonic regions 
of continents…
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Basic mineralogy of the lithospheric mantle 

Garnet  
(Mg,Fe,Ca,Mn)3(Al,Cr)2(SiO4)3

Makes up <10% of lithospheric mantle by volume. 
Stable beyond ~2 GPa following spinel breakdown

Stable across large PT in lithospheric mantle 
breaks down at similar PT to orthopyroxene 

Density: 3.45–3.55 g/cm3 Mg3Al2(SiO4)3

Common within thicker (>60 km) regions of 
continental lithosphere (shallow regions = spinel)



Quick break for Questions…..



What is the mantle made from?
Experimental and geochemical studies suggest that the 
lithospheric mantle is mostly comprised of peridotite

The mineralogy of peridotite is:
Olivine  
Clinopyroxene 
Orthopyroxene 
Garnet or Spinel   

Several ‘flavors’ of peridotite may occur depending on 
the modal abundances of these minerals. These are 
closely related to the PT variations discussed on 
previous slides:

Dunite  Lherzolite
Harzburgite Wehrlite

Ternary diagram showing different rock types that occur within 
the lithospheric mantle and their modal percentage of olivine 
(Ol) clino- (Cpx) orthopyroxene (Opx) 



What is the mantle made from?
Dunite:
90% olivine with minor (<10 %) clinopyroxene 
and/or orthopyroxene (and garnet/spinel)

Named after Dun Mountain: New Zealand

Formation requires melting past cpx-out and 
opx-out (high-degree melting): 1500–1700 ℃ 
and 2–5 GPa

Relatively uncommon within the mantle 
although known to occur beneath cratons and 
in settings with high-degree melting (M.O.R)

Ternary diagram showing different rock types that occur within 
the lithospheric mantle and their modal percentage of olivine 
(Ol) clino- (Cpx) orthopyroxene (Opx) 



What is the mantle made from?
Dunite:
90% olivine with minor (<5 %) clinopyroxene 
and orthopyroxene (and garnet/spinel)

Named after Dun Mountain: New Zealand

Formation requires melting past cpx-out and 
opx-out (high-degree melting): 1500–1700 ℃ 
and 2–5 GPa

Relatively uncommon within the mantle 
although known to occur beneath cratons and 
in settings with high-degree melting (M.O.R)

Dunite 



What is the mantle made from?
Harzburgite:
Orthopyroxene and olivine with <5% 
clinopyroxene

Named after Harz Mountain (Germany)

Minor clinopyroxene: Formation requires 
melting past cpx-out (high-degree melting): 
1400–1600 ℃ and 3–5 GPa

Common within the mantle beneath ancient 
cratons, M.O.R settings, and some subduction 
zones. Relatively less dense and geochemically 
depleted in comparison to other mantle rocks

Ternary diagram showing different rock types that occur within 
the lithospheric mantle and their modal percentage of olivine 
(Ol) clino- (Cpx) orthopyroxene (Opx) 



What is the mantle made from?
Harzburgite:
Orthopyroxene and olivine with <5% 
clinopyroxene

Named after Harz Mountain (Germany)

Minor clinopyroxene: Formation requires 
melting past cpx-out (high-degree melting): 
1400–1600 ℃ and 3–5 GPa

Common within the mantle beneath ancient 
cratons, M.O.R settings, and some subduction 
zones. Relatively less dense and geochemically 
depleted in comparison to other mantle rocks

Harzburgite



What is the mantle made from?
Lherzolite:
Orthopyroxene, olivine and clinopyroxene (+/- 
garnet and/or spinel)

Lherz Massif: North Pyrenees (France)

Most common rock type within the lithospheric 
mantle. Occurs beneath most settings (i.e., 
cratons, M.O.R settings, subduction zones etc.)

Most geothermal gradients do not reach the 
temperatures required to melt orthopyroxene and 
clinopyroxene. Therefore, Lherzolite is most 
common. 

Ternary diagram showing different rock types that occur within 
the lithospheric mantle and their modal percentage of olivine 
(Ol) clino- (Cpx) orthopyroxene (Opx) 



What is the mantle made from?
Lherzolite:
Orthopyroxene, olivine and clinopyroxene(+/- 
garnet and/or spinel)

Lherz Massif: North Pyrenees (France)

Most common rock type within the lithospheric 
mantle. Occurs beneath most settings (i.e., 
cratons, M.O.R settings, subduction zones etc.)

Most geothermal gradients do not reach the 
temperatures required to melt orthopyroxene and 
clinopyroxene. Therefore, Lherzolite is most 
common rock in most mantle settings!

Garnet Lherzolite



What is the mantle made from?
Lherzolite:
Orthopyroxene, olivine and clinopyroxene(+/- 
garnet and/or spinel)

Lherz Massif: North Pyrenees (France)

Most common rock type within the lithospheric 
mantle. Occurs beneath most settings (i.e., 
cratons, M.O.R settings, subduction zones etc.)

Most geothermal gradients do not reach the 
temperatures required to melt orthopyroxene and 
clinopyroxene. Therefore, Lherzolite is most 
common rock in most mantle settings!

Spinel Lherzolite



What is the mantle made from?
Lherzolite:
Orthopyroxene, olivine and clinopyroxene(+/- 
garnet and/or spinel)

Lherz Massif: North Pyrenees (France)

Most common rock type within the lithospheric 
mantle. Occurs beneath most settings (i.e., 
cratons, M.O.R settings, subduction zones etc.)

Most geothermal gradients do not reach the 
temperatures required to melt orthopyroxene and 
clinopyroxene. Therefore, Lherzolite is most 
common rock in most mantle settings!

Approximate cratonic geothermal gradient



What is the mantle made from?

• The previous rock types and their minerals describe most of the lithospheric 
mantle BUT cannot explain all complexity

• These rocks and minerals are anhydrous and volatile free (they assume a dry 
mantle), which is true for most of the lithospheric mantle

• Additional complexities within the lithospheric mantle relate to very small 
changes in composition and mineralogy caused by the presence of very small 
amounts of H2O and CO2  

• The addition of these components helps to form new ‘secondary’ minerals 
which have unique properties compared to ‘dry’ minerals 



The role of volatiles in mantle heterogeneity 

There needs to be some volatiles present 
(CO2, H2O) within the lithospheric mantle:

• Mass balance calculations of volatiles 
entering and exiting subduction zones 

• Seismology and magnetotellurics
• Composition of erupted lavas and isotope 

geochemistry

Volatiles are mostly added by subduction of 
oceanic crust but may be mobilized during 
melting, convection and mantle plumes



The role of volatiles in mantle heterogeneity 

Simplified illustration of synthetic receiver function for cratonic lithosphere. 
NVG are difficult to explain by assuming a homogenous and anhydrous 
lithospheric mantle. Krueger et al. (2021).

There needs to be some volatiles present 
(CO2, H2O) within the lithospheric mantle:

• Mass balance calculations of volatiles 
entering and exiting subduction zones 

• Seismology and magnetotellurics
• Composition of erupted lavas and isotope 

geochemistry

Volatiles are mostly added by subduction of 
oceanic crust but may be mobilized during 
melting, convection and mantle plumes



The role of volatiles in mantle heterogeneity 

(a) Heat flow map after Currie and Hyndman (2006). (b-c) electrical 
resistivity model along two different traverses at Canadian Cordillera. Note 
the significant variations in the EC within lithospheric mantle. After Rippe et 
al. (2013). 

There needs to be some volatiles present 
(CO2, H2O) within the lithospheric mantle:

• Mass balance calculations of volatiles 
entering and exiting subduction zones 

• Seismology and magnetotellurics
• Composition of erupted lavas and isotope 

geochemistry

Volatiles are mostly added by subduction of 
oceanic crust but may be mobilized during 
melting, convection and mantle plumes



The role of volatiles in mantle heterogeneity 

Professor Marie Edmonds sampling volcanic rocks. These samples can be 
quantitively analyzed for their compositions to determine the amounts of 
volatiles within their mantle source region.

There needs to be some volatiles present 
(CO2, H2O) within the lithospheric mantle:

• Mass balance calculations of volatiles 
entering and exiting subduction zones 

• Seismology and magnetotellurics
• Composition of erupted lavas and 

isotope geochemistry

Volatiles are mostly added by subduction of 
oceanic crust but may be mobilized during 
melting, convection and mantle plumes



The role of volatiles in mantle heterogeneity 

Simplified illustration of a subduction zone. Basalt is 
converted to eclogite which drives the slab-pull process. 
Water and other volatiles are expelled off the slab into the 
surrounding mantle wedge. 

Dense- water-rich oceanic crust (basalt) and 
sediments can enter the lithospheric mantle at 
subduction zones and add heterogeneities in mantle 
composition at the mantle wedge

Water and other volatiles are mostly expelled off 
the slab into volcanoes, but some enter long-term 
cycles in mantle

Some volatiles will enter the crystal latices of 
minerals or form new water-rich minerals (micas 
and amphiboles). Very small concentrations!

Water-bearing minerals result in extreme changes in 
the geophysical properties of the lithospheric 
mantle



The role of volatiles in mantle heterogeneity 

Simplified illustration of a subduction zone. Basalt is 
converted to eclogite which drives the slab-pull process. 
Water and other volatiles are expelled off the slab into the 
surrounding mantle wedge. 

Dense- water-rich oceanic crust (basalt) and 
sediments can enter the lithospheric mantle at 
subduction zones and add heterogeneities in mantle 
composition at the mantle wedge

Water and other volatiles are mostly expelled off 
the slab into volcanoes, but some enter long-term 
cycles in mantle

Some volatiles will enter the crystal latices of 
minerals or form new water-rich minerals (micas 
and amphiboles). Very small concentrations!

Water-bearing minerals result in extreme changes in 
the geophysical properties of the lithospheric 
mantle



The role of volatiles in mantle heterogeneity 

Simplified illustration of a subduction zone. Basalt is 
converted to eclogite which drives the slab-pull process. 
Water and other volatiles are expelled off the slab into the 
surrounding mantle wedge. 

Dense- water-rich oceanic crust (basalt) and 
sediments can enter the lithospheric mantle at 
subduction zones and add heterogeneities in mantle 
composition at the mantle wedge

Water and other volatiles are mostly expelled off 
the slab into volcanoes, but some enter long-term 
cycles in mantle

Some volatiles will enter the crystal latices of 
minerals or form new water-rich minerals (micas 
and amphiboles). Very small concentrations!

Water-bearing minerals result in extreme changes in 
the geophysical properties of the lithospheric 
mantle



The role of volatiles in mantle heterogeneity 

Simplified illustration of a subduction zone. Basalt is 
converted to eclogite which drives the slab-pull process. 
Water and other volatiles are expelled off the slab into the 
surrounding mantle wedge. 

Dense- water-rich oceanic crust (basalt) and 
sediments can enter the lithospheric mantle at 
subduction zones and add heterogeneities in mantle 
composition at the mantle wedge

Water and other volatiles are mostly expelled off 
the slab into volcanoes, but some enter long-term 
cycles in mantle

Some volatiles will enter the crystal latices of 
minerals or form new water-rich minerals (micas 
and amphiboles). Very small concentrations!

Water-bearing minerals result in extreme changes in 
the geophysical properties of the lithospheric 
mantle



The role of volatiles in mantle heterogeneity 

Addition of volatiles into the lithospheric mantle helps 
to form new ‘secondary’ minerals:

These minerals occur in extremely low abundances 
(<5%) but are responsible for a significant amount of 
the heterogeneity and complexity of the lithospheric 
mantle

Due to their volatile contents these minerals have 
relatively narrow stability fields in the lithospheric 
mantle and can re-melt easily

• Phlogopite
• Amphibole
• Ca-Mg Carbonate

Phlogopite occurring in vien in lherzolite. Phlogopite may have 
been added during peculation of fluid within the mantle wedge of 
a subduction zone. Photo: Alex Strekeisen. 



Quick Summary:

Periodic table of elements. Areas with pink square represent the 
most common elements that occur within the lithospheric mantle. 
These elements mostly commonly occur in stable compounds with 
oxygen which are referred to as oxides.

These elements are arranged into crystal 
structures (minerals):

Petrological studies show that most of the 
lithospheric mantle is peridotite. Peridotite 
contains the minerals: 

 
Olivine  Garnet 
Clinopyroxene Orthopyroxene 

>99% of lithospheric mantle is made up of <10 
geochemical building builds (oxides)

 

Si, Al, Ti, Cr, Fe, Mn, Mg, Ca, Na, K and O 
 



Quick Summary:

These elements are arranged into crystal 
structures (minerals):

Petrological studies show that most of the 
lithospheric mantle is peridotite. Peridotite 
contains the minerals: 

 
Olivine  Garnet 
Clinopyroxene Orthopyroxene 

>99% of lithospheric mantle is made up of <10 
geochemical building builds (oxides)

 

Si, Al, Ti, Cr, Fe, Mn, Mg, Ca, Na, K and O 
 



Quick Summary:

Different modal proportions of these minerals 
occur due to changes in pressure and temperature 
and result in different types of peridotite: 

The most common of these ‘types’ of peridotite 
are lherzolite, although dunite and harzburgite 
occur commonly within cratons   

 

Dunite Lherzolite  
Wehrlite  Harzburgite

These minerals most commonly occur in a rock 
type called peridotite 

Ternary diagram showing different rock types that occur within 
the lithospheric mantle and their modal percentage of olivine 
(Ol) clino- (Cpx) orthopyroxene (Opx) 



Quick Summary:
In addition to variations in types of peridotite that 
occur due to changes in PT, heterogeneity may also 
result due to the addition of volatiles (CO2, H2O)

Volatiles are added during subduction of oceanic 
crust

Volatiles lead to the formation of new ‘secondary’ 
mantle minerals such as phlogopite and amphibole

These minerals occur in very small abundances but 
can result is very strong changes in the physical 
properties of the mantle

Simplified illustration of water and other volatiles entering the 
lithospheric mantle during the subduction of ocean crust. Many 
of the volatiles will exit back to the surface in melts but some 
will enter the mantle wedge to form hydrous minerals. Photo: S. 
Goes.



Questions to think about..
• Cratons are thick and cold blocks of continental lithosphere – however, petrological and geophysical 

studies have shown that many cratons have large amounts of dunite and harzburgite. What is a 
possible explanation for this paradox? 

• Volatile-bearing minerals in mantle rocks can be easily remobilized at high temperature because they 
melt at much lower temperatures compare to most other minerals. How might we explain the 
occurrence of volatile-bearing minerals, such as Phlogopite or Pargasite, occurring in a harzburgite, 
which requires very high temperatures to form?  

• What setting might we expect spinel bearing lherzolites to be the dominate rock type occurring in the 
lithospheric mantle?

Answers will be discussed in the following lecture
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