Pressure (kbar)

Experimental techniques

& Experimental Petrology (0 — 40 GPa, 25-3000°C)
¥ Experimental Mineral Physics (0-350 GPa, 25-7000°C)
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Tools I: Diamond Anvil Cells

pressure
stardlard

Neray,
visible/IR,
laser heating
1 mm

Externally Heated DAC

0 - 350 GPa, 7000°C

Tools I: Diamond Anvil Cells

Tools I: Diamond Anvil Cells
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Typically 5 kbar, 600 °C

Very slow quench

Two types: externally heated (pressure vessel at high T)
internally heated (furnace inside the water cooled pressure vessel)

typically 4-5 kbar, 1300 °C, a few (one ?) to 12 kbar, 1200 °C

Tools I: Diamond Anvil Cell

extreme conditions

in-situ observations (spectroscopy, X-ray diffraction etc etc)
extreme temperature gradients

open chemical system

micron-size samples

good for simple systems and mineral physics questions
not so good for petrology and phase diagrams

Future:
since a few years chemical analyses of run products with
FIP - analytical TEM

Tools lll: Piston Cylinder Solid Media Presses

Boyd & England Type Piston Cylinder

cooling water

Hydraulic sil

0.5 - 4 GPa, 2000°C




Tools lll: piston cylinders

BWC

L} )

end load

The Centrifuging Piston Cylinder

+— cooling water

thermocouple

*—— electrical current

i
§
}

4——— electrical current

25 cm, 38 kg

- typical magmatic pressures: 2-18 kbar ( 5 - 55 km depth )
- standard apparatus: piston cylinder
(with standard size of 80-200 cm height and 200-500 kg weight)

Zwischenrohr

Matrize

STRECON® Bandarmierung

conical steel ring pressed into matrix provides
lateral stress/pre loading

Casing

imh'm
‘//

Strip-winding

Winding care

Dia insart

Tools 3: piston cylinders

Endloaded = two hydraulic cylinders, one for piston, one to pre-constrain
("loading") the pressure vessel axially

Single stage = one hydraulic cylinder to drive piston
piston cylinders are relatively low-tech,
reliable (>95% technically successful experiments)

not so expensive (200 SFr/experiment)

- the work horses of experimental petrology




Belt apparatus - concave shaped bore/cell - max. 70 kbar

Torroidal apparatus (invented in Russia) -
can be used for deformation in torsion geometry

kA WC-Co UTHOGRAPHIC
) wio sor B Msrone

F HARDENED SAMPLE AND
STEEL HEATER

Tools IV: multi-anvils

Prinzip einer 6/8 Multi-Anvil Apparatur

Multi-Anvil Ultra High-Pressure Module (Cross Section)
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UNIAXIAL Multi-Anvil Press: Assemblies

90 kbar 110 kbar 230 kbar 400 kbar

octahedra
after experiment

The Tools Il: Uniaxial Multi-Anvil Presses

1000t Multi-Anvil
Presse

600t Multi-Anvil Presse

3 - 25 GPa, 2500°C

Tools IV: multi-anvils - limit

The inner anvils (8 cubes) are made of WC which best qualities start to deform
plastically at 25 GPa

— use of different anvil materials — sintered diamond (to 90 GPa possible)
cubic Bornon Nitride (cBN)

(Mg,Fe)(Si,AO,
(Mg,Fe)O

CaSio,

~1 wt% Fe-rich metal

3 FeO =Fe,Oyygp,) + Fe°

(system)

(Frost et al. 2004)

A view into the lower mantle

Heterogeneity in the lower mantle

From mineral physics and HP-experiments: no futher phase changes until D*:

=3 e
e
MgPv > ,post-perovskite’ at ~125 GPa (Murakami et al. 2004, Oganov & Ono 2004) i sttt
o
..."geophysical evidence indicates that compositionally distinct, hence convectively i
isolated, mantle domains may exist in the bottom 1000 km of the mantle.” g

van der Hilst & Karason 1999

- Seismic tomography, variations from PREM
- Noble gasses; mantle is not completely outgassed
-,missing heat poducing elements (U, Th)




The uniaxial multi-anvil design is limited to WC (hardmetal) cubes
* WC-cubes deforms plastically at 23-25 GPa
* Thus, lower mantle pressures need better materials (sintered diamond)
but a different design !!!

1000 ton

1000 ton

The Tools lll: Spherical multi-anvil with
diamond-cubes — to 400-500 kbar / 2500°C

MgO-octahedron
7 mm edge lengih

Doing experiments in ,The Bucket'




before after after, with gaskets attached

14 mm diamond cube with edges worn

Spherical multi-anvil for use
with sintered diamond-cubes

40 GPa =600 km into the lower mantle of Earth, core pressure of Mercury and Mars

Lower Mantle and Core Formation (1)

subduction into the lower mantle

17Ma

present

tulure?

880 ken

Izu1 Bonin Mariana

van der Hilst + Seno (1993)




Lower Mantle and Core Formation (3)

“magma ocean” during accretion of the Earth

Magma Ocean Core Formation Model

Pressure (GPa)

60
1000 1500 2000 2500 3000 3300 4000

Temperalure ("C)

\ Magma ocean depth from Co-Ni fractionation

Co and Ni did not fractionate from each other in the silicate Earth (with respect to
Chondrites), i.e. are equally partitioned between metal and silicate Earth.

Magma Ocean Ceore Formation Model
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magma ocean early geotherm

Trace element distribution between lower mantle minerals
and metal melt

The partitioning (redistribution) of elements between the metal core and silicate Earth
depends on the minerals/phases present and on pressure and temperature

Ca-perovskite (lower mantle mineral) metal E
melt
quench

textures

Crater from laser ablation ICP-MS
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A homogeneously accreting Earth
Differentiated Present
bodies with cores Eanh SR

What are the conditions of core segregation ?
How did the Earth’s magma ocean solidify ?

Modes Rainfall X
of metal Rainfall and Percolation of
farmation of metal pands / descending diapirs
mobility eventually percolation

Early P Late




What are the conditions of core segregation ?
How did the Earth’s magma ocean solidify ?

Terrestrial Planets

v v
v ey

Samples at the centre of Mars
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40 GPa, 1323 K (Fe-S)

40 GPa, 1553 K (Feg,Nis-S)

Fe-Ni-S phase diagrams
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Current state and crystallisation regimes - Mars

a (10-14 wt% S)
Gl Liquid +
Liquid + (Fe,Ni) (Fe,Nij+Fe,S

Molten C
et ¥ (Fe,Ni) /{Fe.Ni) (Fe,Nl}
Initial Eutectic Fully
Crystallization Stage Crystallized

Ofs
Liquid Fe,Ni) + Fe.5
b (14-16 wt% S) (Fe.Ni).S !tFe Ni).

Temperature (€}

(Fe Mi) + Fe, 5

106 W% S
162 wths

e REEI

Tools V: others

Deformation apparati: Patterson rigg, Drickhammer, Grigg's

Belt (similar to piston cylinder but with conical/curved piston and matrix) -
makes all synthetic diamond !

Toroidal geometries

Different multi-anvil geometries, in particular for use on synchrotron
Shock waves

1 atm furnaces with/without controlled atmosphere

low pressure (<< 1 bar) evaporation devices

caveats and inconveniences
of experimental petrology
or
"Why aren't all problems solved ?"

1) An experimental project must have
- a bulk composition to investigate
either a given bulk - phase relations
or a given reaction or process - how to investigate ?

what about volatile components (H20, CO2), oxygen fugacity etc. ?

2) Which state does one want his composition in ?

oxide-mixes, glasses, gels, mixtures of seeds and gel/glass, minerals, H20
as a hydroxide, how CO2

Preparation: weighting, grinding, grinding and grinding

weighting and
grinding + grinding

10



Klassischer 1-atm Quench-Ofen

Fi/ Pilds Rh
Probenhalter
(an\d\:tin',PlJ . Thermackement

Proben- & Thermoelementhalterung
(Vierlach ALO,-Rohr)

Inneres Robr iQuench-Tabe)

Elektrische Anschliisse

Heiz-Wicklung (95 1)

Elekirische Anschliisse

T ocler”
Ty flig)

1-Athmosphéarenofen
fur Experimente bis 1600°C

mostly used to make glass
starting materials

Geophysical Laboratory
Design (Bowen, 1906)

Probenhalter (Korund)
mit Quenchdraht (Pt)
und Thermoelement (Pt-Rh)

Quenchdraht (Pt-Draht)

equilibrium textures - disequilibrium textures
B < Khal

o ]
V" en” 45.4m

BE LVEL - 27 kbar - 18782 =
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phase segregation

start of experiment

or: disaster strikes
The starting point.....
P =138 kbar
T=9500C
Si-rich fluid
i L
\ + )
- A -~
.“ oy t
. troiaic Nk
si-
distribution
end of experiment
static

1 turn/ 15 minutes

L LM‘t
Phase A + Phase E

1turn/ 1 minute
ca. 11 ¥ol% hypothetical pure H>0-fluid, i.e. >11 vol% real fluid




®

Soret-diffusion (=diffusion induced by a temperature
gradient) causes chemical zonation in the fluid

®

A time-dependant (but fast) dissolution-repricipitation
process causes concentration of the high entropy fluid
in the hot spot and zonation in the solids
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Major problem: melts and fluids are often not-quenchable

needs extraction techniques if amounts are small (which is the situation
normally relevant in nature)
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wherlite-AME, 1320 °C, 3.5 GPa, 28 h

10 pm

ol+opx+cpx, quench (mainly dp+phl) is only interstitial

melt in vitreous carbon sphere layer (30 um @)

fP—AM.E, 1
.

diamond-trap experiments - strategy:

- rigid diamonds keep “open space” which is then filled by supercritical melt
during the experiment

- after quench and depressurization, capsule is frozen before opening and
kept frozen during analyses

- we measure the composition of solidified mud/ ice, that retains all

- no rocking |
BT = 1500V [T R ——— Fwith rocking:homogeneous ecl
Photo No. = 3407 T)

WO= 11mm e 141640

BoE 4B oS a0 a00,

Unit ¢al velume [A')

The making of ..... thermodynamic data

wer RES—
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@ a3 @ s e M oW

muscovite aluming celadenite
WAL IAIEI]0 4 olOH)z KMQANSI4J0gI0HIg

composition - volume
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The making of ..... thermodynamic data

Cp-function, Hy, Sy, a, K, dK/dT

813000
813600 |
B14000

#1450 |

G [stishovite)

#8800

M M0 Men  mm0 M ms0 @0
5% [stishavite)

Fiunk 2. Feasible region of 7., and G, of stishovite
for differemt values of (dKAdT), of kvanite (numbers at the lower
left comer of shaded areas, in megapascals per kelvin). The thick
lines represent limits on G2, from calorimetry measurements of
et al. (1995). The area losed by the thick and thin
lines represemt feasible solution: pnly calorimetric results and
experiments on coesite = stishovite from Zhang et al. (1993, 1996)
are considered. The shaded polygons represent feasible solutions for
-5, pairs calculated from calorimetric results, experiments
on coesite = stishovite and experiments on kyanite = stishovite
+ corundum for feasible values of (dKAdT), of kyanite.

&l
.
S
i
10t
A

800 1000 1200 1400 1600 1800 2000 Z00
Temparature (°C)

3 3. Experimental brackets on kyanite = stishovite +
corundum from this study and on coesite stishovite from
Zhang et al. (1993, 1996). Thick lines repre:

action boundaries from our best it T
represent all possible P-T-loc of reaction bound beulat-
ed from feasible thermodynamic properties (see text and Fig. 2)

1680 rpm = 1000 g, 2200 g at outer rim which travels at 412 km/hour

2890 rpm = 3000 g , 6700 g at outer rim which travels at 860 km/hour
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The Centrifuging piston cylinder:
18 kbar — 1800 °C — 3000 g

(or the use and abuse of gravity for understanding physical and
geochemical processes in magmas)

Viscosity Determination by Falling Sphere Method:

. . time *g )
VISCOSItY ~ Sinking distance PhD Paola Ardia

radiography in dental clinic Uni-ZH

b crystal settling in magma chambers

¥ viscosity of hydrous magmas

E melt extraction processes / compaction

E chemistry of immiscible liquids

B migration of fluid inclusions in a gravity field

crystal settling in a ==
magma chamber | o /
b f
system olivine+MORB @ 1 GPa, 1270 °C 5 i —T
! 4

72 h static

24 h static

50h @400 g

Centrifuged immiscible melts

— trace element partitioning as a function of melt composition

16



liquid-liquid partitioning
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