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In contrast to some of

the other bodies in the

Solar System, the Earth

is a “living” and highly

dynamic planet. This fact

is appreciated especially

by people who live in

areas that are prone to

natural disasters such as those caused by earth-

quakes and volcanic eruptions. An additional as-

pect, also of great importance for mankind, is the

exchange or cycling of chemical components (such

as water and carbon dioxide) between the Earth’s

atmosphere and the deep interior that can play an

important role in determining the composition

of the atmosphere and can thus greatly influence

climate change. Such factors have motivated sci-

entists for more than a hundred years to seek a

detailed understanding of how the Earth functions

as a chemical and physical system. Because “Sys-

tem Earth” is highly complex, a sustained multi-

disciplinary approach is necessary to achieve this

objective. 

In the 1960’s a major scientific breakthrough oc-

curred in the Earth Sciences with the formulation

of the theory of Plate Tectonics. This theory, which

explained many observations that previous ap-

peared to be unconnected, still provides an inte-

grated framework for understanding how the

Earth works. In the last 40 years, our understand-

ing of the structure and dynamics of the Earth's

interior and how these affect phenomena that

occur at the surface has improved enormously.

Such advances result from efforts in all branches

of the Earth Sciences, including observational dis-

ciplines such as seismology, petrology and geo-

chemistry, experimental studies, and theoretical

approaches that often involve complex numerical

models of geological materials and processes.   

Experimental approaches are critical in the Earth

Sciences for understanding the evolution of the

Earth, its internal structure and composition,

and the wide range of processes that occur with-

in its interior. For example, seismology provides

basic information about the density and elastic

properties as a function of depth in the Earth.

However, such data can only be used to under-

stand the chemistry and mineralogy of the Earth

in combination with information on how the den-

sity and elastic properties of Earth materials (i.e.

minerals and rocks) vary with pressure and tem-

perature - in other words, input from experimen-

tal geosciences is essential. 

The Bayerisches Geoinstitut was founded by the

Free State of Bavaria in 1986 with the aim of

studying Earth materials experimentally at high

pressures and temperatures, thus providing sci-

entific data and ideas that are essential for de-

veloping a better understanding of how the

Earth functions. In this brochure, we provide an

overview of some of the main research areas that

are pursued at the Geoinstitut. These research

areas often overlap significantly with other fields,

such as solid-state physics and chemistry and

material science. Our intention is to convey to

scientists from other disciplines and also to the

general public the aims of experimental geo-

sciences and how this research field contributes

to the Earth Sciences as a whole. In this respect,

I hope that you, the reader, will have much pleas-

ure in browsing through this brochure.

David Rubie

Director’s Foreword
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TThe surface of the Earth on which we live

is an interface, with interactions of endoge-

nous (inner) and exogenous (outer) forces.

For example, heat is supplied to us both

by radiation from the sun, and by heat flux

from the Earth’s interior. Volcanic exhala-

tions contribute to greenhouse gases, and

aerosols generated by volcanoes can change

the albedo of the Earth, which may lead to

variations in surface temperature. Earth-

quakes originate from stress release in the

Earth’s brittle crust. Geochemical cycles

may reach from the stratosphere down to

the depths of the Earth’s mantle, and au-

roras in the ionosphere are closely connect-

ed to the magnetic field originating from

convection of liquid metal in the Earth’s

outer core. To understand

the origin of all these phe-

nomena, we have to inves-

tigate the processes – both

present and past – that

occur in the Earth.

Fig. 1.1 shows our present

understanding of the na-

ture of the Earth’s interi-

or. The Earth may be de-

scribed in an oversimplified

“onion-shell” model (as-

suming only radial varia-

tions in physical and chemi-

cal properties) as consis-

ting of a thin crust (close to

an average composition of

granite on the continents

and basalt under the

oceans) with an ultrabasic

mantle (rock name peri-
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Windows to the Earth’s interior

Fig. 1.1: Schematic cross section through the Earth,

showing the major units and several convection

processes. Modified from GEO

Frontispiece left: Micro photo of a peridotite nodule composed of olivine and pyroxene

Fig. 1.2: East-west vertical cross section of P wave velocity from

0 to 700 km across the Tonga subduction zone and Lau ridge.

Red and blue colours denote slow and fast velocities, respectively

(see velocity perturbation scale). Solid triangles indicate active

volcanoes, while earthquakes within a 40 km width from the

cross section are marked by circles. Taken from Zhao et al., Sci-

ence 278, 254 (1997).



dotite) reaching down to

about 2900 km depth.

The mantle can be fur-

ther subdivided on the

basis of distinct min-

eral species into an

upper mantle, a

transition 

zone, and a 

lower mantle.

The crust 

and the 

upper part 

of the upper

mantle (to 

about 100 km 

depth) form the 

brittle “skin” of

the Earth, called the 

lithosphere, which consti-

tutes the rigid plates. These plates

“swim” on the much more ductile (but

still solid) rest of the mantle. Further down,

the core extends from 2900 km to the

Earth’s centre at 6371 km depth. It con-

sists mostly of iron, and is subdivided into

a molten outer core and a solid inner core.

The Earth is a lively planet, and it is the dy-

namic nature of the processes that we feel

as endogenous benefits or threats at the

surface. Essentially, these dynamic process-

es are driven by a two-stage heat engine

which derives its energy from the temper-

ature gradient between the centre of the

Earth and its surface. In the outer core,

rapid convection in the liquid metal creates

the dynamo which produces the Earth’s

magnetic field. In the mantle, the solid ma-

terials are at such high temperatures that

they flow plastically like toothpaste, where

hotter and less dense materials rise slowly

as diapirs, while colder and denser materi-

als descend in the slabs at subduction zones. 

How has the picture of the Earth present-

ed in Fig. 1.1 been derived? Despite a recent

bold proposal to probe the interior of the

Earth directly, we have to rely on a combi-

nation of more or less indirect but inter-

linked approaches:

OObbsseerrvvaattiioonnaall  aassttrroonnoommyy,,  ggeeoopphhyyssiiccss  aanndd

ggeeooddeessyy:: A number of properties of the

Earth can be measured directly, such as the

shape of the Earth (the geoid), the mass

and moment of inertia, the magnetic field

and its variation, post-glacial rebound, the

FROM CRUST TO CORE AND BACK88
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velocities of seismic

waves and their depth de-

pendence, the electrical

conductivity and so on. In

recent years, dramatic

progress has been achie-

ved through seismic to-

mography, where wave ve-

locities are mapped in three

dimensions with a spatial

resolution on the order of

less than 100 km, clearly

showing evidence for ris-

ing hot plumes or sub-

ducting cold slabs (Fig.

1.2). However, the chem-

ical and mineralogical na-

ture of these features is

not always clear. 

CCoossmmoocchheemmiissttrryy:: According to theories for

the origin of the solar system, the proto-

Earth had a so-called chondritic composi-

tion which we still encounter today in the

form of undifferentiated meteorites, the car-

bonaceous chondrites (Fig. 1.3). Assum-

ing a metallic core and knowing the chem-

ical composition of the crust, we may then

calculate the chemical composition of the

mantle.

For more direct estimates, there are geo-

logical processes that bring to the surface

materials from great depth: for example,

metamorphic rocks in mountain ranges may

have formed at depths up to 100 km or

Fig. 1.4: Sample from the Earth’s mantle enclosed

within basalt. This greenish peridotite nod-

ule, which consists of olivine, pyrox-

enes and spinel, was trans-

ported by the basaltic melt

and then ejected. From

Dreiser Weiher, Eifel

Mountains, Germany,

Collection GeoMuse-

um Universität Köln.

The length of nod-

ule is ca. 12 cm.

Fig. 1.3: Optical photomicrograph (crossed polarisers) of a carbonaceous

chondrite with numerous chondrules (spheres) embedded in a dark, fine-

grained matrix that contains organic matter. The chondrules display various

textures and are composed of olivine, pyroxene and glass.



more and then be uplifted again, or mag-

mas may carry along samples from the man-

tle. Basalt melts are generated in the upper

parts of the Earth’s mantle and, during their

ascent, sample wall rocks such as the peri-

dotite nodule shown in Fig. 1.4 which

“swims” in vesicular basalt. This particu-

lar nodule consists of abundant olivine, two

pyroxenes and a small amount of spinel.

Such rocks therefore provide information on

the chemical and mineralogical constitution

of the Earth down to the source region of

basalts, which come from depths of a few

tens up to ca. 100 km below the surface.

Samples from even greater depths can be

preserved as inclusions in diamonds (Fig.

1.5). While most diamonds originate with-

in the upper approximately 200 km of the

mantle, a select few appear to originate

from greater depths, including some from

below 670 km which therefore represent

samples of the Earth’s lower mantle. The

hard and resistant diamonds encapsulate

mineral inclusions like a safe and protect

them from chemical alteration during as-

cent. Shown here is a red garnet inclusion

in a diamond (already cleaved and polished

into the shape of a round brilliant) – the

shock or dismay of the jeweller may turn

into the joy of the mineralogist.

Windows to the Earth’s interior
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Fig. 1.5: Bright red garnet inclusion in a

round brilliant diamond.

Fig. 1.6: Calculated temperature distri-

bution within a subducting slab. The

cold subducting crust forms a wedge

within hotter mantle material.
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MMooddeelllliinngg:: Large scale geological process-

es such as subduction of oceanic crust or

rising of mantle plumes may be success-

fully modelled in two or even three dimen-

sions using tools such as finite element

methods. In this way the distribution of

physical parameters such as temperature,

stress and buoyancy as well as the shape of

chemical heterogeneities or the regions of

stability or metastability of individual min-

eral structures can be predicted. Fig. 1.6

shows the calculated temperature distribu-

tion in and around a cold subducted slab.

Such models require a detailed knowledge

of material properties such as thermal con-

ductivity for this specific example.

Finally, there is experimental geochemistry

and geophysics. This involves the laborato-

ry determination of the properties of Earth

materials under well-defined conditions of

pressure, temperature and chemical com-

position, which is what most of this pam-

phlet is actually about. This approach can

be considered a particular type of material

science – the physics and chemistry and

physical chemistry of matter, mostly spe-

cialised to extreme temperatures and pres-

sures, and more or less confined to the

chemical compositions that we expect in the

Earth. Such laboratory data then provide

constraints for the interpretation of obser-

vational data, for example the elastic prop-

erties derived from seismic wave velocities

must conform to those of materials that are

stable at the corresponding depths and che-

mical compositions. Laboratory data are

also the basis for most modelling approach-

es, as exemplified by Fig. 1.6. On the other

hand, the output of the experimental ap-

proach depends on the input (the chemi-

cal composition, for example), so ground

truthing of experimental data by observa-

tions is therefore necessary. 

In summary, we have to explore all relevant

physical and chemical properties of Earth

materials at the relevant conditions of pres-

sure and temperature, as well as possibly

others such as the fugacity of volatile

species (water, for example). Pressure and

temperature alone are a challenge: as

shown in Fig. 1.7 we have to cover a pres-

sure range from ca. 0 to 365 GPa (1 Giga-

pascal = 10 kilobars ≈ 10 000 atmos-

pheres) and a temperature range from ca.

0° to 5000°C in order to straddle the con-

ditions from the Earth’s surface down to its

centre. In the next section, we will there-

fore look at the available methodology.

Fig. 1.7: Pressure distribution in the Earth

according to the Preliminary Reference

Earth Model. The temperature estimate is

uncertain, and at large depths is on the

order of at least 1000°C.
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To simulate the state of matter in the

Earth’s interior we may use a laboratory (or

experimental sensu stricto) approach or

computer modelling or – better still – a com-

bination of both. The task is not trivial: as

indicated in Fig. 1.7 pressures cover the

range from 0 at the Earth’s surface to 365

GPa in the centre of the core, temperatures

vary from ca. 0° to ca. 5000°C, materials in-

clude metals, oxides, sulphides, etc., aggre-

gate states range from solid to molten to

fluid, crystal structures include both simple

and complex, bonding varies from metallic

to covalent to ionic, and so on. However,

methodological development at Bayerisches

Geoinstitut (and elsewhere in the world)

has made it possible to tackle these tasks.

Pressure P is defined as

with F = force and A = area, and high pres-

sures can be therefore generated in basical-

ly two ways: increasing the force or decreas-

ing the area. The approaches are

complementary, and both are used

in Bayreuth.

MMaaxxiimmiissiinngg  ffoorrccee:: Bayerisches

Geoinstitut operates three big

presses (with nominal capacities

of 1000, 1200, and 5000 tons –

Fig. 2.1) using multianvil technol-

ogy, which achieve pressures up to

26 GPa (corresponding to some

700 km depth), temperatures up

to 2500°C, and “large” (several

mm3 to cm3) volumes. They oper-

ate by application of a large force

(Fig. 2.2) to a sample assembly

P = F
A

Fig. 2.1: The multianvil laboratory at Bayerisches Geoin-

stitut showing (from right to left) the 1200, 1000 and

5000 ton presses.

Fig. 2.2: The 1000 ton multianvil press, opened for load-

ing a sample assembly. The lower guide block (centre)

contains the set of three outer anvils and the cubic

arrangement of eight inner anvils (cf. Fig. 2.3), electrically

insulated by green epoxy sheets



which incorporates a heater and a thermo-

couple (Fig. 2.3). The 5000 ton press is the

biggest operational multianvil press in the

world. Its large sample chamber makes it

particularly useful for synthesising large

quantities of high-pressure materials, grow-

ing large crystals, and for in situ measure-

ments such as thermal or electrical conduc-

tivity.

MMiinniimmiissiinngg  aarreeaa:: In diamond anvil cells (DACs)

two anvils made from superhard materials

squeeze a tiny (10-500 µm) sample; hence

the required forces are relatively moderate. In

this way pressures up to several hundred GPa

may be attained. Heating may be external (up

to about 1200°C) or internal using a laser.

DACs have the great advantage that the anvils

are transparent to a wide range of electromag-

netic radiation (X-rays, visible and infrared ra-

diation etc.) and samples can therefore be

monitored during the experiments (Fig. 2.4).

Some high-pressure materials may be brought

back to room pressure without loss of struc-

ture or change in chemistry, and can be stud-

ied at ambient conditions using a wide spec-

trum of methods such as electron microscopy,

diffraction of X-rays or neutrons or electrons,

and various types of spectroscopy (see equip-

ment list in the Appendix). In contrast, how-

ever, other materials decompose during de-

compression or change to a different struc-

tural state, and therefore require characteri-

sation at high pressure and/or temperature

by so-called in situ measurements (Fig. 2.5).

Also, some critical properties of materials such

as compressibility or thermal conductivity can

only be studied at elevated pressures and tem-

peratures. Work at Bayerisches Geoinstitut

has solved some of these methodological chal-

The tools
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Fig. 2.3: The set of eight inner tungsten carbide anvils, with

one cube removed to show the ceramic octahedron serving

as a pressure-transmitting medium. The thermocouple and

the ceramic parts forming the furnace are shown on the

lower left of the cube assembly.

Fig. 2.4: Schematic cross section through 

a diamond anvil cell. The tiny sample is

compressed between the diamond anvils,

and heated and observed with the aid of

electromagnetic radiation.
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lenges, and specific examples are

given in the following sections.

CCoommppuuttaattiioonnaall  mmeetthhooddss increas-

ingly supplement the experimen-

tal efforts in mineral physics (Fig.

2.6). Progress in the methodol-

ogy of computational solid state

physics, primarily density func-

tional theory, and advances in

computer technology make it

now possible to reliably predict

material properties. Such com-

putations do not use information

from experiments and are based

on our quantum-mechanical un-

derstanding of the structure of

matter (first principles calcula-

tions). They rely exclusively on

the chemical composition of the material to

be studied and an educated estimation of its

crystal structure and unit cell volume. Of cen-

tral importance in this context are the elec-

trons that are responsible for bonding in the

solid. In density functional theory their ener-

gies (band structure) are calculated, and de-

pend on the other electrons and atomic nu-

clei through electrostatic interactions, and

vary as a function of structure and unit cell

volume. Through variation of the volume,

compression (and therefore high pressure)

can be accessed relatively easily. High temper-

atures (obviously relevant for the Earth's in-

terior) are achieved through molecular or lat-

tice dynamics, and all thermodynamic

equilibrium properties (including pressure,

elasticity, specific heat and thermal expansiv-

ity) can be obtained from such simulations

which are of central importance in the solid

Earth sciences.

Fig. 2.5: In situ observation of a phase transition in the diamond anvil cell as

seen in polarised light. The spodumene crystal (a pyroxene of composition 

LiAlSi2O6) transforms from a low-pressure (yellow) to a high-pressure (violet)

form. A slight volume decrease at 3.2 GPa sweeps the interface (corresponding

to the locus of the phase transition) between the two structures through the

crystal. The high-pressure structure cannot be quenched, so measurements

such as X-ray structure determination can only be made in situ at high pressure.

Fig. 2.6: Calculated charge density of MgSiO3

perovskite shown for the a-c plane. The struc-

ture is depicted as follows: Mg atoms (large

blue spheres), Si atoms (small blue spheres)

and O atoms (red spheres). The octahedral tilt

of SiO6 octahedra in the orthorhombic Pbnm

structure is apparent by two O atoms above the

a-c plane, and two O atoms below the plane.

The charge density in the plane is displayed on

a logarithmic scale: high charge density is dark

brown and low charge density is red. 
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MMeteorites are the oldest rocks in the solar

system and mostly represent fragments of as-

teroids. They provide witness of early solar

processes that are not preserved on the Earth

due to its high geological activity. The informa-

tion contained in these early messengers

ranges from the condensation of the first solid

phases in the solar nebula to the accretion of

planets by collisions of smaller bodies (plan-

etesimals). The study of meteorites provides

important constraints on the composition of

the proto-Earth and helps to decipher the role

of impact processes in the formation and early

evolution of the Earth. 

The cratered surfaces of the terrestrial planets

and their satellites provide evidence for an early

heavy bombardment. As established on the

Moon, the early high cratering rate declined

significantly within the first 1.5 billion years

and then reached a steady level (Fig. 3.1). Due

to erosion and plate

tectonics, the traces of

such impact events

(i.e. impact craters)

are difficult to detect

on Earth, where so far,

about 150 craters

have been recognised

(Fig. 3.2). Some im-

pacts were large

enough to cause glob-

al effects, where the

best example is the

180 km diameter

Chicxulub impact

crater at Yucatan

peninsula, Mexico. The

current consensus is

that this impact event

caused the mass extinction at the Cretaceous-

Tertiary (K/T) boundary. 

Meteorite and impact research 
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Fig. 3.1: The cratering record

of the Moon. The curve

shows the number of craters

per area as a function of

time. The young terrestrial

value fits well on the lunar

curve and illustrates that the

flux of projectiles was the

same for Earth and Moon.

Fig. 3.2: Distribution of recognised impact craters on Earth. The largest craters are usually the oldest

craters, since due to erosion and plate tectonics, smaller craters are only preserved if they are young. 

Frontispiece left: Wittmannstaetten figures in an iron meteorite



Our current research in this field focuses on

high-pressure phase transformations in mete-

orites and terrestrial impact rocks, and impact-

induced gas release from carbonates and sul-

fates with potential consequences for the

climate. Questions regarding these subjects are

addressed by combining natural observations

with experimental simulations and modelling.

Shock experiments are performed in collabo-

ration with other insti-

tutes (ENSMA, Poitiers;

EMI, Freiburg; Institute

of Planetology, Mün-

ster), using various ex-

perimental designs such

as high-explosive se-

tups, laser and electric

discharge guns.

High-pressure minerals

are perhaps the most

spectacular manifesta-

tions in impact rocks.

The study of high-pres-

sure minerals in meteorites provides crucial in-

formation on the collision history of their par-

ent bodies. Certain groups of meteorites such

as L6 ordinary chondrites and the Martian

(SNC) achondrites have recorded very high

shock pressures and temperatures. These me-

teorites represent our only access to natural

samples of high-pressure silicates (e.g. ring-

woodite, majorite) that are otherwise believed

to exist in the Earth's deep mantle but decom-

pose before they can reach the surface. The

high-pressure minerals occur in thin melt veins

(so-called shock veins), which have been

formed due to friction along shear faults. High-

pressure phases crystallise from these melt

veins upon decompression, i.e. at still enhanced

pressures. To reproduce shock veins and de-

formation effects in adjacent minerals experi-

mentally, we have successfully developed a new

setup designed to produce large shear (Figs.

3.3 and 3.4). 

Another spectacular example of a shock-induced

phase transformation is the formation of dia-

mond in terrestrial impact craters such as Popi-

Meteorite and impact research 
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Fig. 3.3: Photomicrograph (crossed polarisers) of a cross section through an experi-

mentally shocked olivine crystal that was strongly sheared in a shock experiment. As a

consequence, numerous melt veins have formed in the central part of the sample.

Fig. 3.4: Dark-field transmission-electron micro-

scope (TEM) image of an experimentally shock-

deformed olivine crystal adjacent to the shock

veins shown in Fig. 3.3. The numerous straight

dislocations originate at planar fractures.



gai, Lappajärvi and the Nördlinger

Ries (Fig. 3.5). These diamonds

have a tabular shape and contain

numerous planar lattice defects.

Our observations show that impact

diamonds form directly from

graphite by a solid-state mecha-

nism. As a result of the internal dis-

order, they display unusual physi-

cal properties such as great

hardness and high birefringence,

which may have applications in ma-

terial sciences.

The study of shocked carbonates

and sulfates addresses the question

of how impact events affect the cli-

mate. The perturbation of the at-

mosphere by carbon dioxide and

sulphur oxides released from car-

bonates and sulfates and the result-

ant climatic changes seem to have

played an important role in the deadly scenario

at the K/T boundary. Carbon dioxide is believed

to have produced a greenhouse effect, where-

as sulphur oxides probably caused a prolonged

“impact winter”. To gain insights into this prob-

lem, we are studying the recently recovered drill

cores from the Chicxulub crater and conduct-

ing shock experiments on calcite and anhydrite.

The results show that the main response of car-

bonates and sulfates to strong shock compres-

sion is melting (Fig. 3.6). Decomposition occurs

after decompression if post-shock temperatures

are sufficiently high and the effective back re-

actions can be avoided by separation of disso-

ciated species. Altogether, the Chicxulub event

demonstrates that impacts exert an important

control on global transport cycles in the Earth

such as the carbon cycle. To understand these

effects, a multi-disciplinary approach is need-

ed, combining natural observations, experi-

ments and modelling.

Meteorite and impact research 
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Fig. 3.5: Optical micrographs of impact diamonds from the Ries crater,

Germany. The diamonds form platelets and are unusually birefringent, in-

dicating their origin from graphite through a solid-state reaction.

Fig. 3.6: Bright-field TEM image of experimen-

tally shocked calcite. The sample was melted

and started to degas, as indicated by the

foamy surface structure of the droplets.
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TThe Earth formed about 4.6 billion years ago

largely by the accretion of small “planetesi-

mals” or proto-planets. These consisted of

material that is currently represented by the

chondritic meteorites – the oldest known

bodies in the solar system. Such meteorites

thus provide crucial information concerning

the bulk chemical composition of the Earth.

The fact that the Earth’s interior consists

now of chemically distinct regions – the

metallic iron-rich core and

silicate mantle – indicates

that a major differentiation

event occurred during the

early history of the Earth

that caused metal to segre-

gate from silicate and to

migrate to the Earth's cen-

tral region to form the core.

(Fig. 4.1) For this process

to be physically possible,

the metal, and possibly also

the silicate, must have been

in a molten state. Thus the

mechanisms of metal-sili-

cate separation during core

formation are of major in-

terest for understanding

the early thermal history of

the Earth. In particular, the

giant impact theory can be

tested, according to which

the Earth is postulated to

have collided with one or

more Mars-sized bodies

during the late stages of ac-

cretion (Fig. 4.2). The enor-

mous energy involved in

such collisions would have

partly or wholly melted the

Earth, leading to the formation of a deep

magma ocean (Fig. 4.1). 

A record of the process of core formation is

preserved in the geochemistry of the Earth’s

mantle. It is well known that siderophile (or

“metal-loving”) elements, such as Ni, Co, Mo,

W, Re and Pt, partition strongly into metal,

so that the concentrations of these elements

in coexisting silicates is very low. Indeed, the

Early differentiation of the Earth 
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Fig. 4.1: Schematic view of the Earth’s interior during core formation. A deep

convecting magma ocean enables droplets of liquid iron-rich metal to separate

efficiently from liquid silicate and to accumulate as “ponds” above crystalline

lower mantle. The ponded metal may descend further towards the proto-core

either as large diapirs (with little chemical interaction) or by grain-scale perco-

lation through the polycrystalline silicates.

Frontispiece left: Artist’s view of a giant impact



Early differentiation of the Earth

Earth’s mantle is depleted in such elements

as a consequence of metal separation dur-

ing core formation. However, based on ex-

perimental studies of element partitioning

at low pressure (1 bar) and moderate 

temperatures, the depletion is much less

than expected and the concentrations of

siderophile elements in the mantle appear

to be too high, often by orders of magni-

tude. One possible explanation for this ap-

parent anomaly is that pressure and/or tem-

perature have a significant effect on the

partitioning behaviour of the siderophile el-

ements. Thus, over the last few years, nu-

merous experimental studies have been per-

formed to study the effects of pressure,

temperature and oxygen fugacity on the

partitioning of siderophile elements between

metal, silicates and oxides up to 25 GPa and

2800 K using multianvil apparatus. Results

show that the high concentrations of at

least some siderophile elements in the man-

tle can be explained by equilibration be-

tween metal and silicate at pressures and

temperatures of at least 25 GPa and 2400 K

and possibly as high as 35 GPa and 3600 K.

At such high temperatures, both silicate and

metal would be in the molten state. These

results are therefore consistent with metal-

silicate separation occurring in a deep

magma ocean and thus support the giant

impact theory. With the acquisition of more

experimental data for all the siderophile el-

ements, it will eventually be possible to con-

strain the depth of the

magma ocean and the

details of the early ther-

mal history of the Earth. 

An additional question

concerns whether or

not the Earth had to be

completely molten for

core formation to occur.

This can be answered

by experimentally inves-

tigating if liquid metal

can percolate through a

matrix of crystalline sil-

icates by forming an in-

terconnected network,

or if the metal remains

trapped in the silicate

as isolated blebs. Inter-

connectivity depends on

the magnitude of the

angle between metal-
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Fig. 4.2: Artist’s view of the giant impact – a collision between the

Earth and a Mars-sized planet – that led to large-scale melting and

the formation of a magma ocean.
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silicate interfaces – the so-called dihedral

angle (Fig. 4.3). If the dihedral angle is less

than 60°, metal is interconnected and can

move by percolation; whereas if it is greater

than 60° there is no interconnectivity and

percolation is not possible (Fig. 4.3a). The

dihedral angle depends on the energy of the

metal-silicate interface, and is likely to de-

pend on variables such as pressure, tem-

perature, metal composition and silicate

crystal structure. These effects can be in-

vestigated through high-pressure experi-

ments (Fig. 4.3b).

In addition to the siderophile elements, ex-

perimental studies of the partitioning of el-

ements such as oxygen, silicon and sulphur

between metal and silicate at the conditions

of core formation are necessary for under-

standing the geochemical evolution of the

Earth and the nature of the light elements

that are currently present in the Earth's

core. 

Fig. 4.3: ((aa)) Schematic di-

agram showing the � ef-

fect of the dihedral angle

on the morphology and in-

terconnectivity of liquid

metal in a matrix of crys-

talline silicates. ((bb)) Experi-

mental sample consisting

of olivine and liquid FeS

showing the concentration

of the liquid along the

edges of olivine grains.

This sample was annealed

in a multianvil apparatus at

5 GPa and 1830 K. The

measured dihedral angle in

this sample is 72°, which

indicates no interconnec-

tivity when small fractions

of liquid are present. Also

shown is the equilibrium

between solid-solid (SS)

and solid-liquid (SL) inter-

facial energies (γ).
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Melting is certainly one of the most effective

mechanisms causing chemical differentiation

throughout the entire history of the Earth.

To understand the kinetic aspects of process-

es such as present day volcanism or the sep-

aration of liquid metal through a magma

ocean to form the Earth’s core, the viscosi-

ties of the liquids have to be known as a func-

tion of several parameters, for example tem-

perature or chemical composition. However,

many differentiation mechanisms occur tens

or hundreds of kilometres beneath the

Earth’s surface; hence detailed knowledge

about the influence of pressure on the vis-

cous flow behaviour of melts is required.

Fig. 5.1: ((aa)) Experimental set-up of viscosity measurement. Radiography images were observed

by the CCD camera coupled with the YAG fluorescence screen with a resolution of about 5 µm. 

((bb)) Schematic cross section of the high pressure cell assembly used for viscometry. (c) Continuous

radiographic images of a falling sphere. The Re sphere can be observed as a black shadow in the

sample due to its high density.



Viscosity of melts under high pressure 

Over the past decades the falling sphere

method has been successfully applied to in-

vestigate the viscosity of magmatic liquids

under elevated pressures. A sample contain-

ing a sphere that is denser than the surround-

ing material is pressurised, heated rapidly
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Fig. 5.2: Pressure effect on viscosity of magmatic liquids. Viscosity of dacitic melt was calcu-

lated from diffusivity data at 1460ºC. Andesitic and basaltic melt viscosities were measured

using quench falling sphere viscometry at 1350º and 1400ºC, respectively. Peridotitic and

Fe-S eutectic melt viscosities were measured using X-ray radiographic falling sphere viscome-

try at 1900º and 1040ºC, respectively.
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to a temperature above its liquidus, and then

quenched (brought back to room tempera-

ture and thus frozen) after a distinct time pe-

riod. The velocity of the falling sphere can

then be determined from the final position of

the sphere in the recovered sample (assum-

ing the initial position is known), and the vis-

cosity of the liquid is calculated using Stokes’

law. However, the determination of viscosi-

ties with a reasonable accuracy using quench

techniques is limited to liquids with high vis-

cosities such as basalts or andesites. More

fluid silicate melt compositions such as peri-

dotite or metallic liquids require measure-

ments using an in situ technique that involves

intense synchrotron radiation. Using a radi-

ographic method the falling of the “marker”

sphere can be monitored in real time as an X-

ray shadowgraph (Fig. 5.1) while the sam-

ple is kept under high pressure and temper-

ature conditions. From the illustrated

shadowgraphs the velocity of the falling

sphere can be precisely determined, which

is essential to obtain high quality viscosity

data. 

Silicate melts are generally described as a dis-

ordered arrangement of more or less ordered

building units, the coordination polyhedra

of the cations. So-called network formers

(mostly Si, but a portion of Al) are tetrahe-

drally coordinated to oxygen, and such tetra-

hedra are interlinked (“polymerised”) via joint

corners. Increasing concentrations of silicon

and tetrahedrally coordinated aluminium

therefore lead to an increasing degree of poly-

merisation. The role of the other cations (e.g.

alkalis and alkaline earths) is that of so-called

network modifiers – they have larger oxygen

coordination numbers, and an increase in

their concentration leads to a depolymerisa-

tion of the network. The viscosity of general

molecular or metallic liquids increases with

pressure. This behaviour is simply the result

of the decreasing interatomic spacings in the

liquid due to pressure-induced compaction.

Relatively polymerised silicate melts, such as

dacite and andesite, show a peculiar, oppo-

site behaviour with pressure: their viscosities

decrease with increasing pressure as shown

in Fig 5.2. This behaviour can be interpreted

as due mostly to changes of the coordination

number of network-forming cations and an

increasing depolymerisation of the melt with

pressure: both aluminium (at low pressures)

and silicon (at higher pressures) change their

coordination number from 4 to 5 or 6, thus

transforming from network formers to net-

work modifiers and breaking up the network.

Once this transformation is complete, viscos-

ity should increase again simply due to fur-

ther compaction, and this effect might be vis-

ible in the andesite data shown in Fig. 5.2.

The present results for basalt, as an example,

suggest that kinetic processes such as crys-

tal fractionation may change with depth of

the magma chamber. Because temperature

increases along a geotherm with increasing

pressure and depth, and because viscosities

in polymerised melts decrease with both in-

creasing pressure and temperature, a “run-

away” situation is encountered, and thus liq-

uidus crystals may separate more effectively

from the liquid at higher pressures or greater

depth. Investigation of the negative pressure

effect on viscosity is therefore of interest not

only for the general chemical or physical prop-

erties of melts, but also for the important

constraints it provides for differentiation

processes within the Earth.
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IIn addition to being a prerequisite for life on

Earth, water plays a pivotal role in the dy-

namic processes of plate tectonics. Fig. 6.1

shows a schematic cartoon cross-section of

the Earth, illustrating some of these process-

es. At mid-oceanic ridges (A), new oceanic

crust is created by partial melting of the un-

derlying upper mantle. Circulation of sea-

water through hot, newly created crust leads

to partial hydration, and the crystallisation of

hydrous minerals such as serpentine and talc

in the crust and possibly also deeper into the

lithosphere. The famous “black smokers”

(Fig. 6.2) on the sea floor near mid-oceanic

ridges are perhaps the most spectacular man-

ifestations of this water circulation and rock-

water interactions. Conversely, at subduction

zones (B), oceanic lithosphere is recycled

back into the deep Earth interior. During sub-

duction, oceanic lithosphere is dragged down-

ward and subjected to increasing pressures

and temperatures, resulting in reactions of

minerals. Breakdown of hydrous minerals sta-

ble at lower pressures releases water from

the lithosphere during subduction. Most of

the released water is expected to rise upward

into the overlying mantle wedge (C), leading

to partial melting of the mantle. Such mag-

mas rise up through the mantle and crust and

eventually produce the extensive and explo-

sive volcanism which is characteristic of sub-

duction zones. Subduction of cold, oceanic

lithosphere therefore results in extensive

melting of the mantle and concurrent volcan-

ism. 

A question which remains largely unan-

swered, however, is whether subduction can

provide a mechanism for transporting water

beyond the depths of sub-arc magmatism and

deeper into the mantle. Extensive work has

been conducted to determine the stability of

hydrous minerals in the various bulk com-

positions present in subducting material.

Known pressure-temperature paths for most

subduction zones indicate that complete de-

hydration of the subducting slab is expected

to occur at depths of over 100 km. Howev-

er, over recent years considerable focus has

been placed on the capacity of nominally an-

Water recycling into the Earth’s deep interior 
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Fig. 6.1: Schematic cross-section (not to scale) showing

some of the features of plate tectonics. Blue arrows repre-

sent movement of water-rich fluids, and black arrows rep-

resent movement of tectonic plates. Letters are processes

mentioned in the text: (A) Partial melting of the upper-

mantle at mid-oceanic spreading sites. Water partitions

more readily into the melt. Melt rises upwards and forms

new oceanic crust. Sea-water circulation through hot, frac-

tured oceanic lithosphere leads to partial hydration. 

(B) Subduction of partially hydrated oceanic lithosphere.

Fracturing of lithosphere during bending of the subducting

slab may provide an additional mechanism for hydration. 

(C) Breakdown of hydrous phases with increasing P-T re-

sults in fluid release from the subducting slab. Water-rich

fluids rise up into the overlying mantle wedge resulting in

partial melting. Resulting magma rises up into overlying

continental (or oceanic) crust, producing extensive 

volcanism.

Frontispiece left: Strokkur-Geysir, Osland



hydrous minerals (NAMs) to incorporate

small amounts of water. Investigations of ul-

tramafic xenoliths (i.e. parts of the upper

mantle carried up into the crust by magmas,

cf. Fig. 1.4) have shown that minerals such

as olivine, pyroxene and garnet can contain

trace amounts of water (on the order of 100s

to 1000s ppm H2O, where 1000 ppm = 0.1

wt. %), in the form of hydrogen associated

with point defects in the mineral structures.

Even though the amounts of water contained

in such minerals is small, incorporation of

water by NAMs could provide an efficient

mechanism for transporting large quantities

of water back into the deep Earth interior. Un-

derstanding the role of NAMs as repositories

for water in subducting lithosphere is there-

fore crucial for elucidating the internal water

cycle of the Earth.

Exposure of high- and ultra-high-pressure

(UHP) eclogitic rocks in ancient and modern

orogenic belts provides us with information

on stable minerals and their relations in sub-

ducting oceanic crust at depths of up to some

200 km. Stable mineral assemblages for rocks

that had a basaltic composition are domi-

nated by the pyroxene omphacite, garnet and

quartz/coesite. Direct evidence of high water

contents in omphacite under UHP conditions

has recently been demonstrated via exsolu-

tion textures in natural UHP omphacites

(Fig. 6.3). The omphacite contains exsolu-

tion lamellae of silica and hornblende (a hy-

drous mineral). Exsolution of silica from

UHP omphacites demonstrates that the

composition of omphacite varies consider-

ably as a function of pressure, while exso-

lution of hornblende implies that the pre-

cursor pyroxene was relatively water-rich. It

is possible to determine the proportions of

exsolved minerals, and therefore recalculate

the composition and water content of the

precursor. Exsolution from the precursor

mineral provided a mechanism for trapping

at least some of the water present at UHP

conditions, and the calculated original water

content, 2400 ppm H2O, therefore provides

a lower limit of water solubility.

The rate of hydrogen diffusion and diffusion

of hydrogen related to vacancy mobility has

been experimentally determined for a num-

ber of mantle minerals. Measured values

suggest that during exhumation, significant

Water recycling into the Earth’s deep interior 
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Fig. 6.2: Picture of a “black smoker”, a type of hydrother-

mal vent on the sea floor where super-heated, mineral-rich

water is released that has circulated through the oceanic

crust. The black colour is due to precipitated sulfides.



water loss from minerals should take place.

Our recent work has, for the first time,

demonstrated diffusion profiles in olivine from

a mantle xenolith (Fig. 6.4). Analyses by in-

frared (IR) spectroscopy of large olivine crys-

tals in the sample reveal rims depleted in

water, indicating that water was more read-

ily partitioned into the surrounding melt

(basaltic magma) during transport. Using

data on hydrogen diffusion in natural olivine,

the ascent rate of the entrapped xenolith can

be estimated. The calculated ascent rate of

14 km/h demonstrates that even with rapid

exhumation, measured water contents in

mantle samples are unlikely to represent equi-

librium values, especially for eclogites where

exhumation is several orders of magnitude

slower. In order to determine the capacity of

subducted material to act as a repository for

water, we therefore need to conduct high-

pressure experiments to determine the max-

imum solubility of water in NAMs.

Large (several hundred microns in diameter)

crystals of pyroxene can be synthesised over

a large range of P-T conditions using high-

pressure equipment, and water incorporation

studied using Fourier-Transform Infrared

(FTIR) spectroscopy. FTIR spectroscopy is the

most powerful technique for analysing struc-

turally-incorporated hydrogen, and provides

information on absolute water solubility, as

Water recycling into the Earth’s deep interior 
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Fig. 6.3: Exsolution texture in omphacite from an UHP kyanite-eclogite, Western Norway. ((AA)) Pho-

tomicrograph showing principle minerals and exsolution lamellae in omphacite. ((BB)) Photomicro-

graph of individual lamella shows the presence of at least two minerals. ((CC)) Back-scattered electron

image of exsolution texture. Chemical analysis shows that lamellae are an intergrowth of horn-

blende and quartz, implying that the precursor pyroxene contained many vacancies and was rela-

tively water-rich. 
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well as mechanisms for hydrogen incorpora-

tion. Natural omphacite can be considered

largely a solid solution between the pyroxene

end members jadeite (NaAlSi2O6) and diop-

side (CaMgSi2O6), with small amounts of ad-

ditional components. Experimental work has

been conducted to determine water incor-

poration in both end-member systems, and

jadeite has been shown to provide a good

model for understanding water incorporation

mechanisms in more complex omphacitic

compositions. Fig. 6.5 shows an IR spectrum

from synthetic jadeite and a crystal model

constructed based on IR data to show pos-

sible H incorporation mechanisms. H incor-

poration is related to a local charge deficit

produced by cation vacancies (i.e. unoccupied

structural positions) or by incorporation of

low-valence atoms (such as Na+) instead of

high-valence atoms (such as Ca2+, Mg2+, Fe2+)

on the M2 and M1 sites in the pyroxene

structure. Hydrogen is strongly bonded to

oxygen in the structure, and provides local

charge balance for nearby cation sites. Evi-

dence from experimental investigations and

from exsolution textures in natural UHP py-

roxenes suggest that the vacancy content in

omphacite (especially the number of M2 va-

cancies) increases with increasing pressure.

Therefore, it seems likely that the capacity of

omphacite to store water increases during

subduction, and omphacites in subducting

oceanic crust may incorporate some of the

water released following the breakdown of

hydrous minerals.

Fig. 6.4: ((AA)) Photomicrograph of a garnet-bearing

lherzolite xenolith from the Pali-aike volcanic field

(Chilean Patagonia). FTIR spectra obtained from large

olivine crystals (colourless) reveal hydrogen depletion

towards olivine rims and the development of hydrogen

diffusion profiles ((BB)). These diffusion profiles provide

direct evidence of dehydration of mantle samples via

hydrogen diffusion during transport into the crust.

A

B
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Fig. 6.5: Results from investigation of H incorporation and water solubility in synthetic jadeite. ((AA))

FTIR spectra for water-saturated jadeite synthesised at 3.0 GPa, 600°C (black = unpolarised, red =

radiation polarised perpendicular to c axis, blue = radiation polarised parallel to c axis). Peaks in the

spectra imply absorption of radiation due to vibration of OH dipoles, indicating that H is present in

the structure, associated with specific oxygen sites. ((BB)) Representation of part of the jadeite structure

showing mechanisms for H incorporation consistent with data from FTIR spectra. Model shows octa-

hedral sheet (yellow = M2 sites, blue = M1 sites, red spheres = oxygen sites). Numbers refer to

possible H incorporation mechanisms. 



7. SSttrruuccttuurree  

aanndd  eellaassttiicciittyy

ooff  mmiinneerraallss  



MMuch of what we know for certain about the

structure of Earth’s deep interior is derived

from global seismology. Compressional (P)

and shear (S) elastic body waves from large

earthquakes directly sample the mantle and

core, revealing several major density discon-

tinuities and the massive liquid outer core.

P and S-wave travel times and the frequency

of Earth’s resonant vibrations or normal

modes are used to construct globally aver-

aged seismic Earth models, upon which the

layered picture of our differentiated planet

is based (Fig. 7.1). Interpretation of seismic

structure in terms of mutually dependent vari-

ables such as composition, mineralogy or

temperature variations require information on

the structure and elasticity of

the Earth-forming minerals. It is

thus a major goal of mineral

physics and geophysics to

measure or calculate the effects

of pressure (P), temperature (T)

and composition on the physical

properties of minerals. In the

following section we outline

elasticity studies at Bayerisches

Geoinstitut involving (1) static

(isothermal) or dynamic (adia-

batic) experiments, performed

in situ in the diamond anvil cell

at high pressure, and (2) com-

puter simulations. X-ray diffrac-

tion experiments give the vari-

ation of mineral structures and

volume (V) or density (ρ) with

pressure, resulting in finite

strain P-V Equations of State

(EoS). In the ultrasonic labora-

tory, acoustic experiments inside

Structure and elasticity of minerals 
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Fig. 7.1: The Preliminary Reference Earth Model (PREM),

a seismic model defining the layered structure of the Earth.

Fig. 7.2: Diamond anvil cell (centre) mounted on the four-circle

X-ray diffractometer for structure and compressibility studies.

Frontispiece left: Seismological earthquake record



the diamond cell are used

to measure P-wave and S-

wave velocities (VP and VS)

in single crystals at high

pressures, resulting in the

anisotropic elastic con-

stants (cij) relating stress

to strain in the elastic

regime.

CCoommpprreessssiibbiilliittyy  ssttuuddiieess by

high-pressure X-ray dif-

fraction experiments focus

on the variation of miner-

al structures and density

with pressure. Hydrostat-

ic pressures up to around

10 GPa (or the pressure at

approximately 300 km

depth) are created inside a

diamond anvil cell (DAC),

where single-crystal sam-

ples can be studied optical-

ly or with X-rays directly through the anvils.

The DAC is a small, light and versatile pres-

sure chamber that can be mounted directly

on a four-circle X-ray diffractometer, shown

in Fig. 7.2. X-ray diffraction is an interfer-

ence effect based on the fact that the wave-

length of X-rays are on the order of the size

and spacing between atoms, about several

angstroms (where 1 Å = 10-10 m). The geom-

etry and intensity of the recorded diffraction

patterns provide information not just on lat-

tice periodicity (cell parameters) but also on

the total charge density from which actual

crystal structures are modelled. Additional in-

formation can be obtained from molecular

modelling of the compression behaviour of

minerals; this is particularly useful for stud-

ies in which X-ray diffraction does not yield

high quality data, for example due to extreme

P or T conditions, or for cases where poor

X-ray scattering atoms such as hydrogen are

involved.

The variation of cell parameters with pressure

provides information on the change in volume

(or density) of minerals with depth, and is

also a key indicator of lattice strain and phase

transitions. The isothermal change in volume

with pressure for a solid is given by the bulk

modulus KT, and its pressure derivative KT’,

Structure and elasticity of minerals 
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Fig. 7.3: Volume compression of a clinopyroxene crystal, pigeonite

(Mg,Fe,Ca)2Si2O6, illustrating a large volume change (density jump)

related to a first-order phase transition around 3.5 GPa.



As an example, the volume compression of

a clinopyroxene crystal is shown in Fig. 7.3.

At each pressure, the volume of the sample

is determined from the position or angles

(2θ) of various diffracted X-rays passing

through the diamond anvils. In DAC experi-

ments, the pressure is determined using an

internal standard, for example by measuring

the cell volume of a quartz crystal next to the

sample (with known EoS) or by using the cal-

ibrated pressure shift of ruby light fluores-

cence. The set of pressure-volume data can

be evaluated for EoS parameters (KT and KT’)

using equations such as the Birch-Murnaghan

(BM) EoS.

In Fig. 7.3, the initial volume compression of

the sample is shown by filled circles, and the

solid curve is the fitted BM-EoS. The abrupt

change in volume (density) at ca. 3.5 GPa is

the result of a phase transition, accompanied

by a change in space group symmetry. In ad-

dition to the cell parameters, the atomic struc-

ture of the high-pressure clinopyroxene phase

was determined in situ using single-crystal X-

ray diffraction, also shown in Fig. 7.3. Struc-

tural phase transitions in minerals at high

pressures are important to understanding the

seismic model (shown in Fig. 7.1) because

many of the seismic reflectors or discontinu-

ities appear to result from abrupt changes in

density caused by phase transitions. 

Structure and elasticity of minerals 
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Fig. 7.4: Ultrasonic diamond anvil cell (left) with schematic detail (right). Acoustic interferometry is

used to determine P- and S-wave travel times for mineral elasticity studies.



EEllaassttiicciittyy:: Elastic wave propagation in solids

at the limit of infinitesimal strain is governed

by a linear relationship between the stress

tensor (σij) and strain (εkl), given by the elas-

tic constants (cijkl) in Hooke’s law of elastic-

ity. Compressional (VP) and shear (VS) elas-

tic wave velocities can be measured

ultrasonically in the laboratory, or the full elas-

tic constant tensor can be computed by a va-

riety of approaches in molecular modelling

that will be discussed below. For compari-

son to Earth (PREM, Fig. 7.1), the bulk sound

velocities and density from static compres-

sion (see above) determine the adi-

abatic bulk (Ks) and shear (G) elas-

tic moduli at pressure,  

Laboratory ultrasonic measure-

ments are traditionally carried out

at MHz frequencies on polycrys-

talline samples of several millime-

tres in size. However, the high-

pressure mantle phases that can

now be synthesised in the large-

volume multianvil press are still

usually sub-millimetre in size. Fur-

thermore, in situ ultrasonic exper-

iments at high pressures in the di-

amond anvil cell require samples

less than 0.1 mm in thickness. To

meet these demands, a new high-

frequency (gigahertz, GHz) ultra-

sonic interferometer has been de-

veloped featuring pure elastic strain

waves with wavelengths on the

order of 0.01 mm. The aim is to

measure the elastic constants cij of single-

crystal minerals at high pressure in the dia-

mond anvil cell.  

Ultrasonic P waves are generated at a piezo-

electric thin-film transducer, bonded to an

acoustic buffer rod that delivers the strain

wave either directly to a sample, or through

an anvil of the diamond cell. To produce high-

frequency S waves, a compression wave is

converted to shear on the facet of a gem

acoustic buffer rod, shown attached to the

anvil in Fig. 7.4. In separate P-wave and S-

Structure and elasticity of minerals 
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Fig. 7.5: The complete elastic tensor of ferropericlase (Mg,Fe)O to

ca. 10 GPa, determined by GHz-ultrasonic interferometry. This phase

is likely the most abundant non-silicate mineral in the planet. The

elasticity of this cubic structure, shown in the inset, is completely de-

fined by the three elastic constants c11, c12 and c44. 



wave experiments, echoes are produced at

each impedance contrast (between the buffer

rod and diamond, and at the diamond-sam-

ple interface). Using time-delayed phase co-

herent pulses, the returning echoes can be

overlapped so as to produce an interference

pattern from which the travel time is deter-

mined. The travel times are converted to ve-

locities using the sample length, measured

mechanically in air, or at high pressures it is

calculated from the isothermal equation of

state (see above). Combining information on

the density and velocities at room pressure

gives the adiabatic elastic moduli, and data

at high pressure give their derivatives for

extrapolation to deep-Earth pressures.

Fig. 7.5 shows the complete elastic tensor

of ferropericlase (Mg,Fe)O containing about

50% iron. This dense oxide has the rocksalt

structure over this pressure range (shown

inset) and is likely the most

abundant non-silicate mineral in

the Earth, coexisting with silicate

perovskite (Mg,Fe)SiO3 in Earth’s

lower mantle. The cij in Fig. 7.5

define completely the anisotrop-

ic elastic behaviour of this miner-

al at high pressures. 

Elastic properties of minerals are

readily accessible in computation-

al material physics at simultane-

ous high pressures and temper-

atures. In molecular dynamics

simulations a supercell of the

mineral structure is equilibrated

at a particular pressure and tem-

perature, and the strain fluctua-

tions on this simulation cell are

evaluated in terms of the full elastic constant

tensor of the system. The dependence of the

phonon frequencies on the lattice direction

(dispersion) carries the same information,

and the dispersion of the three acoustic

phonon branches can be inverted for the full

elastic constant tensor, similar to the ultra-

sonic studies discussed above. One may also

define elastic constants thermodynamically

and calculate them as the second derivative

of the free energy with respect to strain. This

can be done at high temperature and static

conditions (0 K), and is illustrated in an ex-

ample in Fig. 7.6. 

Structure and elasticity of minerals 
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Fig. 7.6: Angular dependence of acoustic compressional

wave velocity in hexagonal cobalt at ambient pressure

from ultrasonic measurements (red line) and as deter-

mined from first principles calculations (black line). The

angular dependence is defined with respect to the hexag-

onal c axis (see inset).
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Rock samples from the mantle, brought to

the surface in volcanic eruptions, mainly orig-

inate from depths of less than 200 km. What

the remaining 2700 km of unsampled mantle

is made from is, therefore, a very important

question. The best evidence for the nature

of the deeper mantle comes from seismology.

Models developed from seismic wave travel

times through the Earth indicate that the den-

sity of the mantle increases with depth both

smoothly and discontinuously as shown in Fig.

8.1. There are two major discontinuities at ap-

proximately 410 and 660 km depth that are

caused by jumps in mantle density of around

4% and 9%, respectively. It is believed that

they result from phase transformations in sil-

icate minerals of the mantle. Using seismic

waves that are reflected off the discontinu-

ities, seismologists can also provide regional

details on the variations in depth and sharp-

ness of the discontinuities. These observa-

tions can provide a wealth of information on

the physical and chemical state of the man-

tle on a relatively local scale. Interpreting

these findings, however, requires information

on the mineral reactions that cause these dis-

continuities, which can only be obtained from

laboratory experiments. 

The 410 km discontinuity, for example, is

caused by the transformation of (Mg,Fe)2SiO4

from the olivine to the wadsleyite structure

and seems to vary in depth in the bulk of the

mantle by approximately 40 km. Using exper-

imental determinations of the pressure-tem-

perature slope for the olivine to wadsleyite

transformation, this equates to regional tem-

perature variations in the mantle of approxi-

mately 100°C. The sharpness or width of a

discontinuity such as the “410”, i.e. the depth

interval in the Earth over which it takes place,

can provide important evidence for the com-

position of the mantle in that region. As man-

tle olivine is a solid solution involving two

components, Mg2SiO4 and Fe2SiO4, it is not

expected to transform sharply to wadsleyite

at a specific depth, but rather the transfor-

mation will be smeared out over a broader

depth interval. This can be seen in the phase

diagram shown in Fig. 8.2, which has been

calculated using the results of high pressure

and temperature multianvil experiments. Be-

cause both olivine and wadsleyite contain iron,

a two-phase transformation interval is entered

where both minerals coexist. For a viable man-

tle olivine with a Fe2SiO4 content of 10 %

(shown as the dotted yellow line), the trans-

formation will take place over an 8 km wide

depth interval. Seismic observations, how-

ever, show that in some regions of the Earth

the 410 km discontinuity can occur over a 4

km interval while in other regions it appears

broader than 20 km. At Bayerisches Geoin-

stitut we are particularly interested in un-

derstanding the factors that may cause this

type of variation. By performing high pressure

and temperature multianvil experiments we

can examine the effects of various compo-

nents and assemblages on the mineral trans-

formations that cause seismic discontinuities.

The pressure intervals of many mantle trans-

formations are relatively narrow and challenge

the precision in pressure determination of the

multianvil apparatus. These transformations

can, however, be accurately calculated using

thermodynamic models. The width of the in-

terval calculated in Fig. 8.2, for example, is

strongly dependent on the thermodynamics

of Fe-Mg mixing in both olivine and wads-

leyite. Such thermodynamic quantities are rel-

Frontispiece left: Silicate perovskite and MgSiO3 ilmenite (synthesized at 24 GPa)
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Fig. 8.1: The mineralogy of the Earth's mantle. The coloured fields show the volume fractions of

the various minerals of the mantle. In the upper mantle a garnet peridotite xenolith hand specimen

is shown in the inset, which contains olivine, garnet, orthopyroxene and clinopyroxene. The inset

diagrams at depths below 400 km show high-pressure minerals recovered from multianvil experi-

ments, with the field of view in each diagram being approximately 0.2 mm across. The red curve

indicates the PREM model for the density of the mantle as a function of depth. The 410 km and

660 km discontinuities can be seen with their respective density jumps indicated. No strong global

discontinuities have been observed at depths greater than 660 km, which infers agreement with

laboratory experiments that show magnesium silicate perovskite and ferropericlase to be stable

throughout the lower mantle.



atively insensitive to pressure and can there-

fore be accurately determined using results

from element partitioning experiments per-

formed in the multianvil press.

There are many factors that may influence

the width of mantle discontinuities such as

the presence of H2O, the redox state in the

mantle, the rate of mantle upwelling, and

the existence of non-transforming miner-

als such as garnet. All

these factors must be

carefully characterised if

we are to extract mean-

ingful information from

seismic observations.

Some very basic observa-

tions of some discontinu-

ities have also yet to be

fully explained. The 520

km discontinuity, for ex-

ample, which is probably caused by the

transformation of wadsleyite to ringwood-

ite, seems not to be well resolved in all re-

gions of the mantle, but has also been ob-

served in some parts to be split into two

separate discontinuities. As more and more

detailed seismic observations such as these

are reported, so the demand for equally de-

tailed and accurate petrological models to

explain these observations increases. 

Mineral phase transformations 
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Fig. 8.2: The olivine to wadsleyite transformation, considered to cause the 410

km seismic discontinuity, is calculated in the Mg2SiO4-Fe2SiO4 system using a ther-

modynamic model that was refined from multianvil experiments. The mantle has

an olivine Fe/(Fe+Mg) ratio of approximately 0.1, as indicated by the yellow

dashed line. This composition is calculated to transform to wadsleyite over a

transformation interval of approximately 0.3 GPa or 8 km. In different regions of

the mantle the 410 km discontinuity is observed to be broader and sharper than

8 km, which may be due to a number of factors such as the water content, the

rate of mantle upwelling and existence of additional minerals such as garnet.



9. TThhee  ooxxyyggeenn

ccoonntteenntt  ooff

tthhee  EEaarrtthh  



OOxygen is the most abundant element in the

Earth excluding its core, and one of the

most important for us as living organisms.

On its own, oxygen is a highly reactive gas,

but readily combines with other elements

to produce the oxides and silicates that

make up the bulk of the Earth. Oxygen is

not locked up permanently within crystal

structures, however, and still maintains a

degree of reactivity with its environment. A

measure of this reactivity is oxygen fugaci-

ty, which can be described as the escaping

tendency of oxygen from the phase assem-

blage. High oxygen fugacity implies oxidis-

ing conditions, while low oxygen fugacity

implies reducing conditions. The depend-

ence of numerous mantle properties and

processes on oxygen fugacity has shaped

Earth development throughout its history.

The evolution of the atmosphere, for exam-

ple, may be linked to processes such as vol-

canism that connect the mantle with the

outside (Fig. 9.1).

The measurement of oxygen fugacity is chal-

lenging compared to other intensive variables

such as pressure or temperature. Most

methods exploit the sensitivity of transition

element valence, e.g. Fe0, Fe2+ or Fe3+, to oxy-

gen fugacity, highlighting the importance of

methods that distinguish different valence

states. Techniques such as Mössbauer spec-

The oxygen content of the Earth 
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Fig. 9.1: Volcanoes facilitate the exchange of water, carbon dioxide and other gases between the

mantle and the atmosphere. Volcanic activity may have contributed to the evolution of oxygen in

the Earth’s atmosphere. The picture shows a night time eruption of the volcano Stromboli in Italy.



troscopy and Electron Energy Loss Spec-

troscopy (EELS) have been used extensively at

Bayerisches Geoinstitut for the investigation

of oxidation states at different length scales,

and have contributed to the slowly emerging

picture of mantle oxygen fugacity that has been

constructed over the past decade. The small

number of studies is likely to expand in com-

ing years with the continued development of

techniques such as X-ray absorption spec-

troscopy and electron-stimulated X-ray emis-

sion spectroscopy to quantitatively measure

transition metal valence state distribution.

Direct measurements pro-

vide the most reliable esti-

mates of oxygen fugacity;

hence our knowledge is

best in the upper part of the

Earth from where most

samples originate. The gen-

eral picture shows a rela-

tively oxidised upper man-

tle, equivalent to conditions

where quartz (SiO2), fayalite

(Fe2+SiO4) and magnetite

(Fe2+Fe3+

2O4) are in equilib-

rium. The oxidising condi-

tions arise from the peculiar

aversion of olivine, the dom-

inant mineral phase in the

upper mantle, to incorpo-

rate Fe3+ in the crystal

structure, which concen-

trates Fe3+ in minor phases

such as spinel which effec-

tively control oxygen fugac-

ity. At greater depths where

olivine transforms to wad-

sleyite and ringwoodite, the

ability of these high-pres-

sure phases to incorporate Fe3+ probably low-

ers oxygen fugacity by several orders of mag-

nitude. Superimposed on this homogeneous

picture of oxygen fugacity, however, is the ob-

servation of significant heterogeneities in the

upper mantle. For example rocks produced

near mid-oceanic ridges are relatively reduced

compared to rocks near subduction zones

that show more oxidising conditions, while

similar contrasts have been reported between

modern rocks and more ancient ones. Al-

though much work needs to be done, such

results have already formed the basis of mod-

The oxygen content of the Earth 
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Fig. 9.2: An X-ray map shows the variation of Ca between

high (blue) and low (red) concentrations in a xenolith garnet

erupted in kimberlite. The zoned pattern results from fluid in-

teraction over a period of more than 10,000 years, and stud-

ies of Fe2+/Fe3+ variation within the different zoned regions

provides a measure of the redox history. The field of view is

0.7 mm across.



The oxygen content of the Earth 
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els for oxygen fugacity variation throughout

the globe and over geologic time. 

Studies of oxygen fugacity provide not only

a snapshot of conditions at a given place or

time, but also insight into dynamic process-

es within our planet. The action of fluids, for

example, can effect dramatic changes in min-

eral chemistry. Sometimes a trace is left be-

hind in the form of chemical zonation, and

methods such as the Mössbauer milliprobe

can be used to unravel the redox history (Fig.

9.2). Such results have important implica-

tions for diamond formation, which is often

at the mercy of prevailing redox conditions

(Fig. 9.3). 

Fig. 9.3: The composition of C-H-O fluid in equilibrium with diamond at 5 GPa and 1100°C

varies dramatically with oxygen fugacity (top graph). In the C-H-O system diamond is stable

until it reacts with oxygen to form CO2, but in a peridotite assemblage it is only stable until it

reacts with olivine to form carbonate (bottom graph).



10. TThhee  mmoosstt  ccoommmmoonn

bbuutt  uunnsseeeenn  

tteerrrreessttrriiaall  mmiinneerraall  



IIt is probably the most abundant mineral in

the Earth, yet we cannot hold natural sam-

ples of it in our hands. High-pressure exper-

iments over the past three decades have

shown incontrovertible evidence that the per-

ovskite structure dominates (to some 60 to

80%) a lower mantle assemblage with chon-

dritic chemical composition. Since the Earth’s

lower mantle constitutes some 55% (by vol-

ume) of the Earth, high-pressure perovskite

minerals are hence the most abundant min-

eral species in the Earth, but they have never

been observed in terrestrial rocks due to their

instability at low pressures.

The mineral perovskite is ideally CaTiO3, a

minor accessory mineral found only in limit-

ed quantities mainly within the

Earth’s crust. But it has given its

name to all materials with simi-

lar structures, which can be de-

scribed as a framework of corner-

connected octahedra (e.g. TiO6),

with the large cation (e.g. Ca) oc-

cupying large interstices (Fig.

10.1a). The dominant perovskite-

structured mineral in the lower

mantle is a Mg-rich structure

(ideally MgSiO3), which coexists

with a smaller amount of a Ca-

rich silicate perovskite (ideally

CaSiO3). Both are stable only at

high pressures and tempera-

tures.

The perovskite structure is re-

markably versatile, incorporating

more than half of the stable ele-

ments in the periodic table. The

wide range of chemical and

structural variations and well as possibilities

for non-stoichiometry offer a wealth of in-

teresting physical properties, including su-

perconductivity, ferroelectricity, and ionic con-

ductivity, to name but a few.

The chemistry of the Earth’s mantle is com-

plex; hence the lower mantle silicate per-

ovskite minerals are almost certainly not the

ideal end members MgSiO3 and CaSiO3, but in-

corporate other elements as well. Of particu-

lar interest are trivalent cations, such as Al,

Fe3+, and Cr, since they can be incorporated in

combination with oxygen vacancies. Such va-

cancies can significantly affect elastic prop-

erties, and in even small concentrations can

produce high ionic conductivities. These ef-

The most common but unseen terrestrial mineral 
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Fig. 10.1: ((aa)) The perovskite structure (ABO3) consists of corner-shared

BO6 octahedra (blue) forming a framework around the large A cations

(red). While the ideal structure is cubic, many structures have lower

symmetry with octahedra tilted away from the vertical axis. ((bb)) An oxy-

gen-deficient perovskite-related structure shows the effect of oxygen

atom removal where every third layer contains only sufficient oxygen

atoms to form BO4 tetrahedra (yellow). Oxygen vacancies are ordered

into layers (not shown) that are perpendicular to the vertical axis.

Frontispiece left: Simplified structure model of perovskite



fects depend on the nature of vacancy order-

ing, such as whether they are randomly dis-

tributed throughout the lattice or are ordered

into individual layers (Fig. 10.1b). Other in-

fluences on physical properties include struc-

tural changes such as octahedral tilting in re-

sponse to pressure, temperature and chemical

composition. While little is currently known

about the specific structures and properties

of silicate perovskites in the lower mantle, it

does appear likely (although it is not yet

proven) that Mg-rich perovskite contains dis-

ordered oxygen vacancies only, while Ca-rich

perovskites may show ordered arrangements

in special mantle compositions (Fig. 10.2).

Investigation of lower mantle perovskite min-

erals is hampered by their metastability or

even instability at atmospheric pressure.

MgSiO3-rich perovskites can be synthesised

in the laboratory and examined optically (Fig.

10.3), but tend to decompose when crushed

or probed with radiation such as electrons or

intense X-rays. CaSiO3-rich perovskites do not

even survive decompression, as they trans-

form rapidly to an amorphous (glassy) state

upon pressure release. This accounts for the

absence of silicate perovskites in terrestrial

rocks, although some possibilities exist that

they might eventually acquire an official min-

eral name. Mg-rich silicate perovskite was

identified using electron diffraction several

years ago in the Tenham meteorite, but un-

fortunately the sub-micron grains were too

small for an X-ray structure determination,

required for an approved mineral name. Per-

haps better possibilities exist in the few min-

erals included in diamonds believed to come

from the lower mantle (Fig. 10.4). MgSiO3-

rich inclusions have been identified based on

their major and trace element chemistry to

have crystallised as perovskite minerals in the

lower mantle, but unfortunately were convert-

The most common but unseen terrestrial mineral 
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Fig. 10.2: High-resolution electron micrograph

of CaFe0.4Si0.6O2.8 with a perovskite-related

structure. The stripes correspond to layers with

oxygen vacancies which are oriented in the

[111] direction, referred to the cubic perovskite

structure.

Fig. 10.3: The Earth’s most abundant mineral, MgSiO3-rich

perovskite (shown here in thin section), can be synthesised at

high pressure and temperature in the laboratory. The dark

lines are cracks that formed in the crystals during decom-

pression. The field of view is approximately 0.2 mm across.



ed to low-pressure structures upon exhu-

mation. The ability of diamond to maintain

high internal pressures and the advance of in

situ techniques to examine such diamonds

may provide the best possibility for success-

ful recovery of the Earth’s most abundant

mineral.

The metastability of perovskite minerals from

the Earth’s lower mantle can be readily over-

come by quantum mechanical simulations,

where the two end-member minerals can be

studied over a wide compression range. Such

studies are based on the self-consistent mod-

elling of the electronic charge density of the

crystal (see Fig. 2.6), from which the ener-

getics and full thermodynamics of these phas-

es can be computed. This ongoing effort has

already yielded important information on the

physical properties of the Earth’s deep interi-

or. In particular, by combining results on the

high temperature elasticity of (Mg,Fe)SiO3 per-

ovskite with those of other dominant mineral

phase in the Earth’s lower mantle, (Mg,Fe)O

ferropericlase, one can obtain a depth depend-

ent simplified compositional and mineralogical

model of the lower mantle (Fig. 10.5).

The most common but unseen terrestrial mineral 
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Fig. 10.4: Diamonds originating in the lower

mantle have been sometimes found to contain

inclusions of ferropericlase (black) and former

MgSiO3-rich perovskite (transparent). The latter

phase was transformed upon exhumation to

pyroxene, but the chemistry was preserved. The

field of view is approximately 0.6 mm across.

Fig. 10.5: Best fitting compositional models of the lower

mantle as a function of depth. The model is based on a

simplified pyrolitic composition, and on results of the ther-

moelasticity of (Mg,Fe)SiO3 perovskite and (Mg,Fe)O fer-

ropericlase along a lower mantle adiabat (assuming a parti-

tion coefficient of K=0.10 for Fe-Mg between perovskite

and ferropericlase). The magnesium content (fraction XMg)

increases slightly from the top to the bottom of the lower

mantle. VPV = volume fraction and XPV = mole fraction of

perovskite. The upper panel compares the resulting fit in

compressional υP and shear wave υS velocity as well as den-

sity ρ (lines) with seismic models of the lower mantle (dots).

Modified from Phys. Earth Planet. Int. 134, F.C.Marton and

R.E. Cohen, p. 239-252, 2002.



11. RRhheeoollooggyy  ooff

tthhee  ddeeeepp  EEaarrtthh  



DDynamic processes within the Earth such as

mantle convection cause deformation of min-

erals and rocks at length scales from sub-

microns to hundreds of kilometres. The de-

termination of the rheology of Earth

materials (i.e. their mechanical response to

applied stresses and strains) is therefore

crucial to understanding the Earth’s interi-

or. Due to the high temperatures and pres-

sures as well as the slow deformation rates,

rocks in the deep Earth generally behave

plastically (Fig. 11.1a). The rheology of min-

erals or rocks is described by flow laws

which relate the applied stresses to the de-

formation rates. Many additional factors

such as temperature, pressure, grain size,

oxygen fugacity as well as other physical and

chemical parameters may affect the flow

stress of a material. At Bayerisches Geoin-

stitut we attempt to determine the flow laws

of the most common phases of the Earth’s

interior by recording their mechanical re-

sponse to applied stresses under controlled

experimental conditions.

Ferropericlase (Mg,Fe)O is believed to be the

second most abundant mineral in the lower

mantle, and is most likely much weaker than

the predominant silicate perovskite phase.

Ferropericlase may therefore determine the

rheological behaviour in this part of the

Earth. In deformation experiments its me-

chanical behaviour was tested in torsion

(Fig. 11.1b), and showed little weakening

after the initial yield and the development of

a steady state microstructure and crystallo-

graphic preferred orientation (Fig. 11.2). The

preferred alignment of crystals causes a sig-

nificant anisotropy of physical properties

in the resulting material, which may serve

Rheology of the deep Earth 
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Fig. 11.1: ((aa)) High-pressure shear zones can be observed in

natural rocks such as in this meta-quartzdiorite.

((bb)) Shear strains can also be generated in the laboratory,

shown by this experimental sample deformed in torsion geom-

etry; the cylinder was twisted twice around its vertical axis

Frontispiece left: Meta-quartzdiorite showing plastic deformation in a shear zone

(a)

(b)



as a possible explanation for the observed

seismic wave anisotropy in different parts of

the lower mantle.

Seismic anisotropy developed during defor-

mation will depend on the direction in which

glide within the crystal occurs, the so-called

slip system. Deformation experiments of

olivine in the multianvil press (Fig. 11.3a) in-

dicate that the slip system in this mineral

may change with increasing pressure. Mi-

crostructures and textures in these samples

show that slip in the [001] direction is pre-

ferred over slip in the [100] direction, which

is dominant at low pressures. Macroscopi-

cally, this leads to an alignment of the [001]

direction in the shear direction instead of

[100]. The results may have direct impli-

cations for the interpretation of the shear-

wave splitting observed for the Earth's

upper mantle, since the oscillation direction

of the fastest shear wave coincides with the

[100] direction in olivine, and therefore that

direction has been interpreted as the direc-

tion of shear (or transport) due to convec-

tive flow in the upper mantle. Since it is dif-

ficult to distinguish the influence of confining

pressure and differential stresses in multi-

anvil deformation experiments up to now,

experiments with assemblies that allow for

separate control of those two factors such

as the D-DIA type press (Fig. 11.3b) are

highly desirable.

Rheology of the deep Earth 
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Fig. 11.2: Shear stress-shear strain curve of a sample de-

formed to a shear strain (γ) of 16 at 1300K (solid line).

The microstructure maps (lower row) and {111} pole

figures (upper row) are (from left to right): the starting

material, two samples deformed to a shear strain of 1.1

and 3.4, respectively, and the sample for which the stress-

strain curve is shown. The sections are perpendicular to

the horizontal shear plane and the shear sense is dextral.

Fig. 11.3: Experimental rock deformation at

mantle pressures. ((bb)) Axial compression in the

D-DIA type press. Note that in the latter case the

differential stresses can be controlled independ-

ently from the confining pressure due to the

separate movement of the anvils marked in blue.



Rheology of the deep Earth 
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Fig. 11.3: Experimental rock deformation at mantle pressures. 

((aa)) Direct shear in the multianvil press; 



12. TThhee  ccoorree--mmaannttllee

bboouunnddaarryy  --

EEaarrtthh’’ss  mmaajjoorr

iinntteerrffaaccee



TThe boundary between the Earth’s mantle

and the core is actually a narrow zone (ca.

100 km in thickness), the so-called D’’ layer.

It is characterised by steep gradients in tem-

perature and marked changes in properties

with depth. The seismologically observed

changes in density and sound wave veloci-

ties, for example, are 2-3 times greater than

across the air-rock (or air-seawater) inter-

face at the Earth’s surface. Moreover, the

difference in materials across the bound-

ary, with predominantly crystalline rock

above and liquid iron alloy below, is among

the most profound in the Earth. In this

sense, the core-mantle boundary (CMB) can

be considered the primary

“surface” of the planet,

and it is simply because of

its remoteness that it has

attracted less study than

the top of the Earth’s

crust. On the other hand,

processes at the CMB di-

rectly or indirectly affect

us. There are a number of

geophysical, geochemical

and seismological argu-

ments which link process-

es at the D’’ layer with

those at the surface of the

Earth. For example, super

plumes originating at the

core-mantle boundary are

thought to manifest them-

selves as hot-spot volca-

noes on Hawaii.

Experimental studies of

processes at the CMB are

challenging due to the ex-

tremely high pressures and temperatures re-

quired (at least 140 GPa and ca. 2600°C, see

Fig. 1.7), and only laser heating in diamond

anvil cells can generate the appropriate con-

ditions (Fig. 12.1). However the samples are

exceptionally small (typically 35-50 µm in

diameter, less then 10 µm in thickness, with

masses about 10-7 g) and only combinations

of the most powerful techniques (e.g. syn-

chrotron X-ray diffraction, luminescence and

absorption methods, analytical transmission

electron microscopy, Mössbauer milliprobe

spectroscopy) can shed light on the process-

es occurring at the CMB.

The core-mantle boundary 
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Fig. 12.2: Schematic phase diagram of iron and iron-silicon alloys. Phase

relations between α (bcc), γ (fcc), and ε (hcp) pure iron phases are shown

by dark blue lines, the tentative melting curve of iron is green, and the

boundary separating hcp-(Fe,Si) alloy from coexisting iron-rich alloy and

B2-structured FeSi is indicated by the dashed magenta line. The geotherm

is light blue, while the core-mantle boundary (CMB) and the inner-outer

core boundary (IOC) are both shown as red lines.

Frontispiece left: Pallasite meteorite (olivine and iron-nickel alloy)
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Fig. 12.1: General view (top) and schematic diagram (bottom) of the double-sided Yttrium Lithium

Fluoride (YLF) laser-heating set up for experiments involving diamond anvil cells at Bayerisches

Geoinstitut.



Chemical properties and reactions can be

quite unusual at such extreme pressures. For

example, iron is more electronegative than

aluminium at ambient conditions, but signif-

icantly changes its chemical nature at pres-

sures above 60 GPa and temperatures above

2200 K. At these conditions it can reduce

aluminium oxide to metallic aluminium, thus

providing a possible source of aluminium for

the Earth’s core. Similarly, iron and silicon

react easily at high temperatures and low

pressures, but not at high temperatures and

high pressures where iron-silicon alloys dis-

sociate into almost pure iron and the CsCl-

structured (B2) FeSi compound (Fig. 12.2).

Experimental observations suggest that dur-

ing formation and differentiation of the

proto-Earth, iron alloy segregating in a deep

magma ocean (thus containing several wt%

Si) would subsequently decompose into a

mixture of Si-poor iron

phase and silicon-rich B2

phase in the core. The

metallic silicon-rich B2

phase produced by this

reaction (or produced at

the CMB due to reaction

between iron and silicate)

is denser than lower man-

tle material and lighter

than liquid iron in the

Earth’ outer core, and

should hence accumulate

at the CMB. The presence

of B2 FeSi at the base of

the Earth’s lower mantle

could explain the anom-

alously high electrical

conductivity of this region

(Figs. 12.2 and 12.3).

Further studies of possible chemical reac-

tions between iron and its alloys (which rep-

resent the Earth’s core) and complex Mg-

Fe-Si-Al oxides (which model the

composition of the Earth’s lower mantle)

will help to elucidate many of the enigmat-

ic properties of this region and to answer

many perplexing questions about this most

drastic of Earth’s interfaces. For example,

what is the degree of chemical equilibrium

between the core and lower mantle, given

the hypothesis that the D’’ layer is a tem-

porary repository for subducted material

that then rises again in the form of super-

plumes? What is the spin state of iron at

these depths and how does it affect chem-

ical equilibria and physical properties?

Among all the questions about the D’’ layer,

however, one point appears to be undebat-

ed: This is where the action is.

The core-mantle boundary 
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Fig. 12.3: Schematic view of the Earth’s inner structure. The red star corresponds

to the conditions of experiments (pressures over 140 GPa at temperatures of

3000°C) conducted at Bayerisches Geoinstitut. An electrically conducting layer of

high-pressure iron silicide has been proposed at the core-mantle boundary (D’’ layer

shown in red) which has potential effects on the tidal forces (shown schematically).
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TThe Earth’s core is the most remote region

of our planet as shown in Fig. 1.1. Not only

do we have no samples from the core, but

we really do not ever expect to get them.

Our knowledge of the physical state and

composition of the core comes from the in-

terpretation of indirect observation through

results of laboratory experiments or molec-

ular modelling. Arguments from cosmo-

chemistry and meteorites (high abundance

of iron in the universe), seismology (densi-

ty of the core compatible with density of iron

at corresponding conditions), geochemistry

(depletion of iron in Earth’s crust and man-

tle), and geomagnetism and geodynamics

(existence of long-lived dynamic magnetic

field) suggest that the major component of

the Earth’s core is an iron-nickel alloy with

5 to 15% of nickel.

However, pure iron-

nickel alloy does not

satisfy the seismologi-

cal observations of the

fluid outer core – it is

too dense by approxi-

mately 10% to agree

with both the observed

density and bulk modu-

lus along any plausible

geotherm. The pres-

ence of one or more

light elements has

therefore been inferred,

but their identity and

concentrations are still

uncertain. Based prima-

rily on cosmochemical

arguments, one third of

the elements lighter

than iron have been

proposed as candidates, including H, C, O,

Mg, Si, and S. However the lack of informa-

tion on the chemical behaviour, phase sta-

bility and physical properties of solutions be-

tween iron and such light elements at

extreme pressures and temperatures means

that any modelling of outer core composi-

tions is very difficult. On the other hand, in

the inner core the density-pressure relation

and the equation of state of iron at high

temperatures are in good agreement, hence

the composition of the inner core is assumed

to be close to pure iron or iron-nickel alloy.

A fundamental problem that is closely linked

to studies of the Earth’s core and melting

curves of alloys between iron, nickel, and

possible light elements is the determination

The Earth’s core 
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Fig. 13.1: (a) Schematic diagram of the electrical wire-heating

assemblage in a diamond anvil cell, where a rhenium gasket of

250 µm thickness is indented to about 30 µm between diamonds

with 300 µm culets. The gasket is covered by an electrically iso-

lating fullerite layer, and a platinum wire of 0.2 mm diameter flat-

tened to a thickness less than 10 µm serves as electrical leads. 

Frontispiece left: Calculated electron density distribution in hexagonal close-packed iron



of the temperature profile within the Earth.

There are no direct methods for tempera-

ture measurement of the Earth’s lower man-

tle and core. However, seismological data

provide evidence that the Earth’s outer core

is liquid. If one could measure melting tem-

peratures of iron-nickel-light element(s) al-

loys at ca. 140 GPa (core-mantle boundary)

and ca. 330 GPa (inner-outer core bound-

ary), this would constrain the minimum tem-

perature at the CMB and fix the temperature

at the inner-outer core boundary, paving the

way to derive a temperature profile of the

entire Earth. So far dynamic studies (shock

wave), static experiments (laser heating in

diamond anvil cells) and theoretical calcu-

lations have not given consistent results,

partly due to technical difficulties; hence de-

velopment of a new wire-heating method for

diamond anvil cells at Bayerisches Geoin-

stitut provides a new perspective for resolv-

ing the problem (Fig. 13.1).

The physical properties of pure iron govern

the behaviour of the inner core to the extent

that the inner core is composed of pure iron.

In particular, if the aggregate elastic prop-

erties of iron and the inner core are in agree-

ment at a particular temperature, we can use

this temperature to constrain the thermal

state of the Earth’s deepest interior. Such

results now provide an independent estimate

of the temperature within the core (Fig.

13.2).

The Earth’s core 
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Fig. 13.1: (b) Photograph of a Fe-10%Ni alloy wire in the sample chamber of the di-

amond anvil cell heated at 107 GPa to 2850 K by a DC current.
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The past decade has brought many fascinat-

ing discoveries related to the properties and

dynamics of the Earth’s solid inner core.

This region, approximately 2400 km in di-

ameter and comparable in mass to our

moon, was long considered to be essential-

ly inert and featureless. The discovery of

anisotropy, super-rotation (where the inner

core rotates faster than the rest of the

Earth), and fine-scale heterogeneity of the

Earth’s inner core revolutionised the field

and brought questions to the foreground

about the chemical and mineralogical com-

position, as well as elastic and rheological

properties of core-forming alloys. Currently

studies of pure iron at extreme conditions

command considerable attention

and are still hotly debated, while

knowledge of the behaviour and

properties of Fe-Ni alloys in the

multi-megabar pressure range

and at high temperatures is very

limited. Even relatively small

amounts of additional compo-

nents can significantly affect the

structure (face-centered cubic

“fcc” versus hexagonal close-

packed “hcp”), phase relations

and thermophysical properties of

iron alloys. For example, extrapo-

lation of data collected for Fe-

10%Ni to outer core conditions

suggests that the Earth’s inner

core could contain coexisting fcc-

and hcp-structured iron-nickel al-

loys. Also, at 330 GPa the molar

volume of fcc-Fe-10%Ni alloy is

expected to be ca. 0.5% higher

than the molar volume of the hcp

phase. Such differences could be

important for the dynamics of the Earth’s

core and could contribute to its fine- or

large-scale heterogeneity. Moreover, the

thermoelastic properties of cubic fcc and

hexagonal hcp phases are expected to be

rather different; hence the microtextures

and mechanical properties of two-phase (fcc

and hcp) mixtures could be quite different

from the properties of the pure hcp-phase.

Similarly, the incorporation of other elements

into iron can affect the crystal structure of

the alloy considerably. Investigation of the

aggregate and anisotropic elastic properties

of the Earth’s inner core will require explic-

it consideration of the phase heterogeneity

of the constituent material. 

Fig. 13.2: Temperature in the Earth’s core. A tempera-

ture point in the inner core (solid blue circle) was calcu-

lated based on a comparison of inner core aggregate

elasticity with that of pure iron at high temperature.

The dashed blue line represents an adiabat through the

inner and outer core, while the black line indicates a

conventional geotherm.
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The study of Earth materials teaches us

that crystal structures and properties

change with pressure and temperature

(Fig.14.1), and that these parameters are

therefore useful tools for the synthesis of

novel materials in general. Basically, pres-

sure allows the precise tuning of a single

fundamental parameter, interatomic dis-

tance, which in turn controls the electron-

ic structure and virtually all of the inter-

atomic interactions that determine

material properties.

The hardness of materials is unquestion-

ably one of the properties most suited for

a detailed intercomparison and semi-quan-

titative evaluation. Although hardness is a

macroscopic phenomenon, the crystal

structure, which describes bonds lengths,

bond angles and their variations as well as

coordination numbers and so on, is the de-

cisive factor for the strength of any ma-

terial. The classical example is diamond

versus graphite, where the industrial pro-

duction of diamond by high-pressure syn-

thesis recently celebrated its 50th anniver-

sary. Diamonds are generally considered to

be the hardest known material due to the

directed covalent sp3 bonds between car-

bon atoms that gives rise to a very rigid,

hard structure. In contrast, graphite con-

tains three strong short bonds within the

sheets and a very long bond between

sheets. The easy shear between graphite

sheets makes it an ideal material for old-

fashioned pencils and high-tech lubricants;

whereas the hardness of diamond makes

it an exceptional abrasive for many appli-

cations. Unfortunately diamonds cannot be

used to machine ferrous metals, presum-

ably because a metal carbide is formed

under the high-temperature conditions en-

countered during the machining process,

or because iron catalyses the transforma-

tion of diamond back to graphite. Hence

there is a great need for thermally stable

materials with hardness approaching (or

even greater than) that of diamond for use

in the machining of ferrous metals.

So far it has been hard to imagine that the

outstanding properties of diamond could

be significantly improved. However stud-

ies of nanomaterials have shown that their

properties (e.g. hardness and thermal sta-

bility) may exceed those of bulk materials.

In particular, it was suggested that carbon

Frontispiece left: Twinned synthetic diamonds.

Fig. 14.1: Nearly perfect but too valuable for

industrial use: natural diamonds.



clusters with a diamond-like structure

(“nanodiamond”) with diameters less than

about 5 nm (1 nm = 1 billionth of a metre)

may actually be more stable than graphite-

like clusters of the same size. Recently we

synthesised a sample of nanocrystalline

cubic diamond with crystallite sizes of 5-

12 nm. We found that the hardness of the

new material exceeded that of single crys-

tal diamond. As shown in Fig. 14.2, these

materials scratch the hardest face of dia-

mond and are therefore harder – a revival

of the Mohs scale of hardness test. This

nanocrystalline diamond is even thermal-

ly and kinetically more stable than conven-

tional diamonds – its oxidation in air or

transformation to graphite are

slower at high temperature than for

coarse-grained diamond.

In searching for new superhard ma-

terials the main direction has been

to look for materials that contain

small, strongly bonded atoms and

are isoelectronic with diamond. For

example, boron nitride (BN) fulfils

these criteria and forms a diamond-

like structure (c-BN) at high pres-

sure with hardness similar to dia-

mond; it is stable against oxidation

and can be used as an abrasive for

ferrous metals. Solid solutions be-

tween diamond and boron nitride

have been proposed as superhard

materials and significant progress

in this direction was recently

achieved when cubic BC2N (harder

than c-BN) was synthesised at Bay-

erisches Geoinstitut.

Research on superhard materials is not ex-

clusively confined to diamond-like struc-

tures, however. Hard and superhard mate-

rials are also encountered among oxides,

nitrides and carbides, and some of these

are important from both a geophysical and

a technological perspective. The results of

studies of high P-T polymorphs of silica, ti-

tania, and silicon nitride have shown that

stishovite (rutile-type SiO2), α-PbO2-like sil-

ica, cotunnite-type TiO2, and cubic Si3N4 are

all harder than Al2O3 (recall that corundum

has a hardness of 9 on the Mohs scale),

which make them among the hardest

Synthesis of new superhard materials 
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Fig. 14.2: Photograph of the “hardest” (111)

face of natural diamond scratched by synthetic

nanodiamond (arrows). The edge of the picture

is 350 µm across.
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Fig. 14.3: Diagram showing the relationship between Vickers hardness H and the

isothermal bulk modulus KT for a number of materials. Note the logarithmic scales.

known polycrystalline materials. Method-

ologically, hardness is a difficult parame-

ter to assess in newly synthesised hard ma-

terials since sufficiently large quantities of

material are needed, and hardness (gen-

erally measured as Vickers hardness using

a diamond indenter) is not defined when

the hardness of a material exceeds that of

diamond. On the other hand, the isother-

mal bulk modulus K of a material (see sec-

tion 7) can be easily measured with high

precision, and is closely related to hardness

as illustrated in Fig. 14.3. Through the com-

bination of various synthesis methods

(electrically heated diamond cell for ex-

treme pressures, multianvil presses for

larger volumes) with advanced methods of

in situ or ex situ characterisation (for ex-

ample using X-rays, vibrational or Möss-

bauer spectroscopy), we have the poten-

tial to discover new materials that have

innovative technical applications. 
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MMMiissssiioonn:: Bayerisches Geoinstitut is a cen-

tral research facility of the University of

Bayreuth. The institute was founded in

1986 with the goal to investigate process-

es in the Earth’s interior through experi-

mental studies using a multidisciplinary ap-

proach.

SSttaaffffiinngg  aanndd  ssttrruuccttuurree:: The institute cur-

rently has three professorships, one junior

professorship, five tenured and three un-

tenured scientific staff positions, a techni-

cal and administrative staff of 14, a visiting

scientists’ programme (see below), Ph.D.

students and a variable, but generally high

number of both short-term and long-term

visitors. The professors are also ad person-

am members of the Faculty for Biology,

Chemistry and Geosciences. The institute is

headed by an acting director. The absence

of a formal group structure and an “open

lab door” philosophy helps to overcome bar-

riers between disciplines. The “Kommission

für Geowissenschaftliche Hochdruck-

forschung” of the “Bayerische Akademie der

Wissenschaften” in Munich acts as an advi-

sory body.

NNaattiioonnaall  aanndd  iinntteerrnnaattiioonnaall  ccoollllaabboorraattiioonn::

Through the institute’s visiting scientists’

programme, EU-funded exchange pro-

grammes for junior and senior scientists,

fellowship and award programmes of the

Alexander-von-Humboldt Foundation, etc.,

the institute offers a truly international and

challenging atmosphere. This spirit, com-

bined with the expertise of the staff, the

state-of-the art equipment in a wide range

of experimental methods and the excellent

technical support staff, makes the institute

attractive for Ph.D.students, postdoctoral

fellows and senior scientists, e.g. those on

sabbatical leave. Further international and

national contacts are established through

participation in priority programmes of the

German Science Foundation (DFG), network

programmes of the European Union and

joint projects with other universities, and

also by conferences arranged in Bayreuth

or abroad, and participation in experiments

at large-scale facilities such as synchro-

trons.

TTeeaacchhiinngg:: The staff of the institute teach-

es basic geology and mineralogy to students

in geoecology in the Faculty for Biology,

Chemistry and Geosciences, and advanced

courses in geophysics to physics students.

Once a year, a laboratory course on “High

pressure experimental techniques and ap-

plications to the Earth’s interior” is held by

members of the institute, with a strong in-

ternational participation from graduate and

postgraduate students. Ph.D. students at

About Geoinstitut
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View of the Bayerisches Geoinstitut

building on the campus of the Uni-

versity of Bayreuth 
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EEqquuiippmmeenntt:: Major equipment includes

I. High-pressure apparatus

5000, 1200, and 1000 tonne multianvil presses (25 GPa, 3000 K) 

500 tonne multianvil press (20 GPa, 3000 K) 

3 piston-cylinder presses (0.5" and 0.75"; 4 GPa, 2100 K) 

Cold-seal hydrothermal vessels (700 MPa, 1000 K, H2O), TZM 

vessels (300 MPa,1400 K, gas) rapid-quench hydrothermal vessels 

Internally-heated autoclave (1 GPa, 1600 K)

II. Structural and chemical analysis

3 X-ray powder diffractometers, one with furnace and cryostat 

X-ray powder microdiffractometer 

Single-crystal X-ray cameras 

2 automated single-crystal X-ray diffractometers 

2 Mössbauer spectrometers (1.5 - 1300 K) 

Mössbauer millispectrometer 

FTIR spectrometer with IR microscope 

FEG transmission electron microscope, 200 kV analytical, with EDS 

and PEELS

FEG scanning electron microscope with BSE detector, EDS, EBSD and CL

High-resolution solid-state NMR spectrometers (100, 200, 300 MHz) 

2 Micro-Raman spectrometers

JEOL JXA-8200 electron microprobe; fully-automated with 14 crystals,

5 spectrometer configuration, EDX, capability for light elements 

Cameca SX-50 electron microprobe

ICP-AES sequential spectrometer 

III. In situ determination of properties

1 calorimeter (77 - 1000 K) scanning

1 dilatometer (to 1800 K)

Diamond anvil cells for powder and single crystal X-ray diffraction, 

Mössbauer, IR, Raman, optical spectroscopy and electrical resistivity 

measurements in the megabar pressure range

Facility for in situ hydrothermal studies in DAC

Externally electrically heated DACs for in situ studies at pressures 

to 100 GPa and 1200 K

1-atm furnaces (to 1873 K, gas mixing) equipped with zirconia fO2 probes

Paterson HP/HT deformation apparatus

1-atm high-temperature creep apparatus 

2 high frequency ultrasonic interferometers (crystalline and molten 

materials) 

Gigahertz ultrasonic interferometer with interface to resistance-heated 

diamond-anvil cells 

Heating stage for fluid inclusion studies 

Impedance/gain-phase analyser for electrical conductivity studies 

Apparatus for in situ measurements of thermal diffusivity at high P and T
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the institute are fully integrated into the re-

search and receive an in-depth supervision

by multiple members of the staff.

FFuunnddiinngg:: Bayerisches Geoinstitut is sup-

ported by the Free State of Bavaria through

the Science Ministry and the University of

Bayreuth. Important complementary funds

come from the European Union through

various programmes, the German Science

Foundation (DFG), the Fonds der Chemis-

chen Industrie, etc. and by high-level

awards to staff members, e.g. the Ko-

valevskaja programme of the Alexander-von-

Humboldt Foundation. Many visitors bring

their own funds in the form of stipends or

awards from the Alexander-von-Humboldt

Foundation, DAAD, EU, and national agen-

cies abroad.

AAnnnnuuaall  RReeppoorrtt:: The institute issues a com-

prehensive Annual Report on its scientific

activities once a year, giving summaries of

recent projects, a list of publications by staff

members, lectures held, conferences organ-

ised, visitors hosted, etc. These Annual Re-

ports can also be viewed on the institute’s

web page (www.bgi.uni-bayreuth.de).

TThhee  BBuuiillddiinngg:: Bayerisches Geoinstitut is

based on the campus of the University of

Bayreuth and occupies the major fraction of

the “BGI” building, with four large labora-

tories (400 m2, multianvil, deformation, pis-

ton-cylinder, internally heated autoclaves),

some 760 m2 of additional lab space, 450

m2 of office space, 280 m2 of machine shops

and 70 m2 of infrastructure space (includ-

ing seminar room, institute library, etc.),

and it also has access to the central machine

shops, central library, computer centre, etc.

of the University of Bayreuth.

The Geoinstitut is provided with well

equipped machine shops, electronic work-

shop and sample preparation laboratories.

It operates a 19 node HPTC linux cluster,

and has also access to the university com-

puter centre.

Four Humboldt awardees meet at Bayerisches Geoinstitut.

From left: Bill Durham/Livermore, USA; Jean-Paul

Poirier/Paris, France; Joe Smyth/Boulder, USA; Hartmut

Spetzler/Boulder, USA.
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