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1. Field of investigation
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Characterization

Physics of the HP / HT
deep Earth ]
of earth/space and planets experiments
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“.... Earth scientists should be able to explain the few meter

slip of San Andreas Fault during an earthquake on the basis of
the breaking of chemical bonds in silicate minerals...”
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“I think you should be more explicit here in step two.”
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nm
scale

Cement particles and fillers
(Sub-| microscale

CSH-gel [15)
Nanoscale

> mm
scale

Fig. 8. Multiscal

Delenoration of
concrete structures
Meso- & macroscale

Micr clure and
pore sfructure [11)
Nano-j& microscale

Hardening cement paste
(Sub-) microscale

Micreoracking in cement paste
Microscale

P

Cracking and debonding in
reanforeed concrete [16]
Micro- & mesoscale

¢ modellmg of cement-based system: from micro- to macrostructure (compilation picture with input from Refs. [13,15]16] and Concrete
International).
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2. Materials to be investigated

"You're proposing tG e iy, "
cubic zirconias?... But, you're
a diamond dealer!"
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Avallable materials:

» Extraterrestrial materials
> Deep Earth samples
» Rocks from Earth surface

Potential materials:
» Planetary materials
> Earth’s core
> Synthetic analogues
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Structure of the Earth

The Earth Is made up of a sernies of layers
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Crater facies
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A fine-grained particle captured
on the ISS

Cometary dust found on the
surface of the earth
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Martian meteorites
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Big Sky and Greenhorn Drill Holes and XRD Patterns
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WATER ON MARS

Internet: 1
NASA: 0
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High Structural Complexity of Potassium Uranyl Borates Derived
from High—Temperature/High—Pressure Reactions

Shijun Wu, Shlnu Wang, LA M“Ltthc,w Puhnslu O]wt,r Bc,c,mnnn, Phlhp Kr.,blc,r,
Thom’m M11c11ch,L, Astrid Holzheid,” Wulf Depmeier,” Dirk Bosb’lch
Thomas E. Albrecht-Schmitt,® L# and Evgeny V. Alekseev®®
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Figure 2 Experimental distribution of the electron charge den-
sity (A) in the H-O—H plane of the water molecule in the zeolitic
channel of natrolite obtained from single-crystal X-ray diffraction
data. Detailed interpretation of the chemical bond features, in-
cluding the position and character of the critical points, is possible
through the analysis of the maps of the Laplacian of the charge
density (B).




SOLID SOLUTIONS

>

The structural relaxations associated with the element
substitution, which affect the stability of the solid solution:

the relationship between local structural deformation and the
deviation from the ideal behavior of the solid solution;

the location of minor and trace elements, which can explain
v' a) the element partitioning between coexisting phases
v b) the modification of the technological properties of
materials

the detection of order versus random distribution of specific
elements or clustering effects.
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Pyrope Mg3Al2 (Si04)3
Grossular  Ca3Alz (S5i04)3
Almandine Fe3Al2 (SiO4)3
Spessartine Mn3Al2 (SiO4)3
Andradite Ca3 Fe3,(S5i04)3
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: ; _ ; FIGURE 2. Crystallite size (top) and RMS strain (bottom) for pyrope-
g5 R . grossular solid solutions as a function of the mole fraction of Ca in garnet.

FIGURE 1. (a) Example of the variations in peak shapes for enc = o . . i =
The error bars represent 2o variations in the determinations. The dotted

member pyrope (solid line), grossular (dashed line) and an intermedial
composition (py60gr40 = dotted line); (b) example of the model fit fc lines are given to 2111 de the eye

pyrope showing experimental data, the calculated spectrum, and th
difference between the experimental and calculated intensities.
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1 - eX strain 2 strain 2
Astram T Mg—Ca (1 IR ‘xCa )XC.‘a + (1 o ‘rCa ) ‘)C(.‘a

Ca—Mg
12 0.0010
® AHgyc (Newton etal., 1977)
s Excess RMS strain
10 Fit of excess RMS strain . 0.0008
— 8 1 .E
o 0.0006 &
o 2]
E 6 W
- =
x 0.0004 @
3 0.0002 §
<] - . X
0 - 0.0000
000 0.20 040 060 0.80 1.00
Pyrope Xc Grossular
a

FIGURE 3. Experimental values of the excess enthalpies of mixing
(open squares from Newton et al., 1977) and the excess RMS strain (black
circles). The error bars represent 2o variations in the determinations.
The solid line is a two parameter asymmetric fit (Eq. 4) to the excess
RMS strain data.
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Tade 1. List of some of the major physico-chemical factors contributing to the atomic distribution in crystals
as seen by Bragg diffraction.

thermal vibrations

(harmonic and anharmonic)
dynamic effects diffusion

(i.e. due to atomic motion) curvilinear molecular motions
(libration, rotation efc.)
collective excitations

(i.e. phonons)

static effects displacive disorder

(i.e. due to unresolved nearby (chemical substitutions)
crystallographic sites or bonding | charge density distribution and
effects) chemical bonding effects

Time- and volume-averaged
atomic distribution
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FIG. 4. Temperature dependence of the components of the diagonalized tensor of second rank
of the atomic displacement of magnesium in pyrope. The lines have been obtained by
least-squares fits of the components above 250 K.
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F1G. 6. Temperature dependence of the third-rank ;| component of the atomic displacement
tensor of the oxygen atom in pyrope.
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Fig. 1. Temperature dependence of the ,;,, and 9,,,, fourth-rank components of the atomic displacement tensor
of the Cu atom in cuprite (modified from Artioli, 2002).
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The ADP parameter as measured by EXAFS is defined as:

o’ = (u —u )-R“2 = (u'-RU')2 - (u -R”)z -2 (u -R“Xu ‘R’
i J 0 J —\\W J 0 7 J AN v/
006 T'cu0-Firstshel ™ = 7 Cu,0 - Second shell i
®\SD (3.2 THz) /7 ® \ISD (2.3 THz) rd
“MSRD (15.3 THz) . < ¥ MSRD (3.1 THz) P
0.04 - e g 7
& .',--/ ri/
E d ".' -
S Al 5% o
@ 0.02 e -t WWM
o o, o |
- pe jazﬂeﬁ-
e
b s N o —
0.00 e . | - ' '
0 100 200 300 400 O 100 200 300 400
T (K) T (K)

Fig. 6. Comparison between the MSDA of the Cu atom in cuprite resulting from diffraction (MSD: filled cir-
cles) and from absorption spectroscopy (MSRD: open circles). The fitted lines follow the Einstein model, and

the Einstein frequency relative to each fit are reported.
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3. Techniques
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Earth Sciences in general adopt the techniques
developed by other disciplines (Physics, Chemistry, etc)

In a few areas the Earth Sciences were the driving force
to develop and optimize novel instrumentation/methods:

o High-pressure and ultra-high pressure research
(XRD-XAS)

o High sensitivity — high spatial resolution crystal
chemical mapping (XRF-XAS-XRD)
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> Applications of conventional techniques,  Diffraction
with better performances in terms of (5x-XRD, XRPD)

 Resolution (spatial, energy) Imaging
« Smaller samples (radiography,
* Faster measurements tomography)

> Use of techniques not available in the XAS
laboratory XRD-uCT

> Exploit the flexibility of synch radiation SAXS-WAXS

for combined and/simultaneous WAXS-FTIR
experiments, or in conditioning XRD-XAS

environment XRD-DLS
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fast high resolution
measurements instruments

t = T
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e 10—
£
g energy dispersive
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time scale of experiments

fab X-rays
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Non ambient XRD has been performed in the last 10-15 years in
several operating modes:

“slow”
(tr > 1 sec)

“fast”
(tr < 1 sec)

kinetic studies

(i.e. qualitative
and quantitative
phase info)

routine in the lab

state of the art in the
lab

routine @ SR and
neutron facilities

equilibrium studies

(i.e. direct
refinement of
structure details)

state of the art in the
lab

routine @ SR and
neutron facilities

state of the art

@ SR and neutron
facilities
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Helium Powder Cryostat
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Mono X-rays

HP apparatuses
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Mg,SiO, Beta-Phase MgSiO; Majorite
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Degfth (km)

-\mﬂ phase
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Fig. 2. Pressure (Pyq)-temperature conditions at which XRD patterns have been collected.
Different symbols correspond to different Fe phases and textures. The continuous black lines correspond
to Egs. 1, 2, and 3. Data are in table S1.

J
"~ Conrad discontinuity
* Moheravicié discontinui

UNIVERSITA
DEGLI STUDI
DI PADOVA




[T 1 T T | 1 1 1 T | 1 1 1 T | 1 1 1 1 T 1 1 1 | T 1 1 1 | 1 T I= ]
) 4
. Diamond anvil cell .7 + 4
| —— 8 » H _
- §g§ Ab initio O N B
[ = =(10) —--(12) RO s
6000~ ~_ (1) o E;ﬁg .7 ___,:,:‘a@oni i
- ---(22 ® Liquid RN i b
- o (29 A (15) g PE ,/} 08 &1
| Shock 7. gt
— - ] (5) ’.-‘f-f - m I -
X L v (6 ° b
~ T e @ ) - '
ool Melting of Iron at Earth'’s
B '4':';‘."#
: L Inner Core Boundary Based on
- P
s Fast X-ray Diffraction
i This Study: . S. Anzellini,l* A. Dewaele,l M. Mezouar,2 P. Loubeyre,1 G. Morard?
i —— phase boundaries
2000 — — extrapolated melting line
e-Fe .- .- fast recrystallization threshold
AN I T T T I T T N N T A N A YT [N YT T T Y T N |
0 100 200 300
P (GPa)
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field for e-Fe is based on the current study data and data from (19).
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High Poisson's ratio of Earth’s inner core explained

by carbon alloying

C. Prescher?*, L. Dubrovinsky', E. Bykova'?, I. Kupenko?, K. Glazyrii
M. Mookherjee'$, Y. Nakajima'’, N. Miyajima', R. Sinmyo', V. Cerantc
V. Prakapenka?, R. Riiffer4, A. Chumakov*® and M. Hanfland*
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Figure 3 | Varlation of Debye sound velocity vp, bulk sound velocity vg,

shear wave velocity vs and compressional wave velocity vp of FezCz with

denslty. Linear fits to the non-magnetic data for compressional (green} and

shear wave (red) velocities were used to extrapolate sound wave velocities

and Poisson's ratios to conditions of the Earth's inner core. ——Uppar CHagE
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Figure 1| Volume-pressure data for o-Fe; C3 with the fitted third-order
Birch-Murnaghan equation of state (Kzgp =168(4) GPa, K' =6.1(1)). The
upper inset shows the variation of mean carbon to iron distances, (dra—c), In
0-Fe7C3 with pressure, whereby the data show three linear regions with
transitions around 16 GPa and 70 GPa, marking the ferromagnetic to
paramagnetic and paramagnetic to non-magnetic transitions, respectively
(further details are given in the text). The lower left inset shows a
polyhedral model of the crystal structure of o-Fe;C3 projected in the
b-direction.

" Conrad discontinuity
LN
" Mohorovii€ discontinuit




Experimental determination of the electrical
resistivity of iron at Earth’s core conditions

Kenji Ohta', Yasuhiro Kuwayama?, Kei Hirose®*, Katsuya Shimizu® & Yasuo Ohishi®
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» combined experiments = the sample is measured at

different times using different techniques and experimental
settings in sequence.

» simultaneous measurements = the sample is

excited and different signals produced by the sample are
measured at the same time
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WAXS does not mean only Bragg-Diffraction:

= Total scattering

......

,‘J( b,.p,m

\\\\\\\\\\

UNIVERSITA
DEGLI STUDI
DI PADOVA




APPROACH

Pair Distribution Function from total scattering experiments

How can we get short range structural information?
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X-nCT of HPSS pellets
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Uniaxial compression
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Fig. 3 Images of dense
and porous patch areas as
seen at the same
magnification, derived,
respectively, from
backscatter SEM (left)
and micro-CT (right)

Microstructural features of a mortar as seen by computed
microtomography

Sidney Diamond - Eric Landis

Materials and Structures (2007) 40:989-993
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conventional [ Fo 3 phase retrieval
reconstruction F&& 2 (ANKAphase)

Weitkamp et al., J. Synch.
Rad. 18, 617, 2011
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3D textural features in

u-CT tomography =~ === non-invasive mode

3

Time- resolved time evolution of 3D
u-CT textural features
XRD- M CT | 3D distribution of
crystal phases
T|me resolved Time-resolved 3D distribution
XRD-pu-CT of crystal phases: kinetics of

dissolution and precipitation
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Pencil beam tomographic scan

u-XRD-CT
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VOLTOLINI M., DALCONI M.C., ARTIOLI G., PARISATTO M., VALENTINI L., RUSSO V., TUCOULOU R.:
Understanding cement hydration at the microscale: New opportunities from "pencil-beam™ synchrotron X-ray
diffraction tomography. J. Appl. Cryst. 46, 142-152, 2013. DOI: 10.1107/S0021889812046985
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A = total surface

F = ettringite fraction in slice

a = area of pixel

f = ettringite fraction in i ™" pixel
N = number of pixels

k = normalizing factor

| = grayscale value of i ™ pixel
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Time-resolved diffraction tomography == A-maps
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Radial distribution functions
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Radial functions pertaining
to different nucleation
mechanisms.

The blue curve indicates
heterogeneous CSH
nucleation from the surface
of the dissolving C3S
particles, whereas

the red curve indicates
homogeneous growth from
the CSH seeds dispersed in
the cement pores.
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SAMPLE S3 (OPC)

time = 1 week
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Earth scientists are Earth lovers
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