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Seismic waves and bulk elastic properties of rocks

Study of elastic waves propagating through the Earth is necessary to derive models of Earth’s
internal structure; models/prognosis of earthquakes; geophysical prospecting (e.g., oil and

gas deposits).

CONSORTIUM

http://www.iris.edu/hg/

T. Wang et al. (2015). Nature, DOI: 10.1038/NGEO2354
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The Earth’s inner core 1s
solid and exhibits strong
elastic anisotropy due to
. the preferred orientation
»= of iron crystallites.
Recently, observations of
seismic waves resulted in
a two-component inner
core model with different
anisotropy types of both
components.
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http://www.iris.edu/hq/

Seismic waves and bulk elastic properties of rocks

Study of elastic waves propagating through the Earth is necessary to derive models of Earth’s
internal structure; models/prognosis of earthquakes; geophysical prospecting (e.g., oil and

gas deposits).

Figure 2. Spatial limits of Zealandia. Base map from Stagpoole (2002) based on data from Smith and
Sandwell (1997). Continental basement samples from Suggate et al. (1978), Beggs et al. (1990), Tull-
och et al. (1991, 2009), Gamble et al. (1993), McDougall et al. (1994), and Mortimer et al. (1997, 1998,
2006, 2008a, 2008b, 2015). NC—New Caledonia; WTP—West Torres Plateau; CT—Cato Trough; Cf—
Chesterfield Islands; L—Lord Howe Island; N—Norfolk Island; K—Kermadec Islands; Ch—Chatham
Islands; B—Bounty Islands; An—Antipodes Islands; Au—Auckland Islands; Ca—Campbell Island.
Mercator projection.

N. Mortimer et al. (2017). GSA Today, DOI:
10.1130/GSATG321A.1

“A 4.9 Mkm? region of the southwest Pacific
Ocean is made up of continental crust. The
region has elevated bathymetry relative to
surrounding oceanic crust, diverse and
silica-rich rocks, and relatively thick and
low-velocity crustal structure...

The identification of Zealandia as a
geological continent, rather than a collection
of continental islands, fragments, and slices,
more correctly represents the geology of this
part of Earth...”



Crystallographic texture

Many materials (metals, ceramics, rocks,...) are polycrystals; they consist of grains
(crystallites) of different shape, size and orientation.

Crystallographic texture is the lattice (or crystallographic) preferred orientation of
crystallites of some phase (e.g., one or other mineral in case of the multimineral rock) in the

chosen (macroscopic) coordinate system.

Common abbreviation: LPO (or CPO).

Random/chaotic orientation: Aligned grains: Multi-component

NO crystallographic texture One-component crystallographic texture
crystallographic texture (different colors =
(= single crystal) different orientations, not

different phases!)



Crystallographic texture Is:

« a factor of «genetic memory» about the deformation and metamorphic processes
(crystallization, recrystallization, plastic deformation, sedimentation, ...);
— Its possible to deduce what processes formed a certain rock!

« one of the factors controlling physical properties of polycrystalline materials and their
anisotropy.

— Its possible to calculate elastic, plastic, thermal, magnetic, ... properties of the
polycrystal!

Peculiarities of the texture formation and texture types are influenced by:

* type of the stress tensor (confining pressure, uniaxial compression, three-axial
compression, simple shear, flat stress state, etc.).

* temperature conditions (temperature, rate of temperature change, temperature gradient,
etc.).

» polymorphism (structural phase transitions, transformation superplasticity, twinning, etc.).



A possibility to study the ‘history’ of rock-forming processes
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Crystallographlc texture as a way to deduce the deformation history

Initial state (= random texture)

Uniaxial compression (g3 = -1.53,
o =400 MPa)

| Uniaxial tension (g4; = 0.37,
o = 300 MPa)

Flat compression (g, = 0, &35 = -1.54,
o = 350 MPa)

Experimental pole figures (111) of the copper
sample, T = 25°C, strain rate = 0.001 s1.

C.A. Bronkhorst et al. (1991) Textures and
microstructures 14-18,1031-1036.

Measured LPO
a[100] b [010] c [001]

v~ 0.5
J=14

2.0 0.4 1.8
Jo=1.2

4.4 01 l 3.2

Jo=1.8

0.0 “16.3 0.0 7 0. Al ¢
Ja~173 Jp=6.3 Jo=4.1

Experimental pole figures of olivine,
deformed in dextral shear; different shear

strain.
M. Bystricky et al. (2000). Science 290, 1564-1567.



Bulk physical properties of polycrystals

Crystallographic texture is one of the factors controlling physical properties of polycrystalline
materials and their anisotropy. Elastic properties of the single crystal + measured Orientation

1092 GPa

°Cyji Of graphite single-
crystal (Young’s modulus
., distribution is plotted in Kg
- . _— Crystal coordinate system)

equal area yeo).

Knowledge of single crystal
properties is essential!!

Averaging
procedures

100 (~1 mrd)

3 min.

Carbon 49, 1374-1384.

T. Lokajicek et al. (2012).

Distribution Function could be combined to estimate elastic properties of polycrystal.

171 GPa

114

log. nale
opnl sres o).

Cijii Of graphite polycrystal
with measured ODF, GEO
average (Young’s modulus
distribution is plotted in K, —
sample coordinate system)



Bulk elastic properties of rocks and seismic waves

Study of elastic waves propagating through the Earth is necessary to derive models of Earth’s
internal structure; models/prognosis of earthquakes; geophysical prospecting (e.g., oil and
gas deposits)

Post-perovskite pole figures along
5% %" tracer #189, based on plasticity
e el mL SRl model assuming (001) slip
\ \\ \ 001 pole figures
et 3 By CEH‘JO csnmo?&aunmn S
.ivommmr g LITHOSPHERE ;\‘; 3 \
— ~ .‘4”; i '1"l -—
1200 steps 2400 steps 3800 steps
A
J > 1 J W \ﬁ/ C
4800 steps 6000 steps 6420 steps m.r.d
£ “""'\_\.\_ "'"—---;;\\xx\\\\ _5 :(K) . .. .
".’;:1\:?:":”*“"’"'7 g("*® | Dominant (001) slip in post-perovskite
x o de;i?es | A combined with {110} and {111} slip in

magnesiowuestite best explains the seismic
observations: high anisotropy and polarization
of fast S-waves parallel to the CMB, as well as
anti-correlation between P and S-wave
anisotropies.

Geodynamic model — convection cell — in the
lower mantle (D).

H.-R. Wenk et al. (2011). EPSL 306, 33-45.



Orientation distribution function (ODF)

Each grain of the polycrystal possesses its own orientation g (defined, e.g., by 3 Euler
angles).

Let dV be the total volume of grains of orientation g within dg interval, and let V be the total
volume of the polycrystal (the same reasoning could be applied for the mass element — dm).

dV
The 3D ODF f(g) isdefinedas __ — f d
ALY
It is normalized to unity:

T

[ riaras - #Ef d [ sinpdp Tf({fr.ﬁ-r})d}f -1
G 0 0

0

ODF is the probability density to find the volume element of the sample with the
orientation g within dg interval.
This infers that ODF is nonnegative!

Extreme cases:
random distribution f(g) =1

single-crystal f(9) = 3 (90)



Pole figures

Pole figure (PF) is the angular distribution of some chosen crystallographic direction (e.g.,
normal to the {hkl} planes) in the sample coordinate system, mapped on the crystallographic
(stereographic, equal area, ...) projection.

Meaning in the texture analysis: the distribution of the probability

density to find the volume element with {hkl} normal || to different
directions in the material (i.e., it is the ODF integrated over a certain C
path in the orientation space)._Usually presented as contours of the
“pole density” on the projection.

Min. pole Max. pole Contours,
density value  density value m.r.d. values

1 - P~ —_ o~

P = 5 | FUh ) 3,00 g
0 + Normalization!

(so absolute peak intensity is not important)



Pole figures

Muscovite
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Linear Scale

MaxPf = 10,04 med
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MinPlot = 0.08 med
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Linear Scale
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MinPiot = 0,43 med



Inverse pole figures
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The distribution of the
probability density to find the
volume element, for which a
chosen direction in the
material || to different
crystallographic directions.
Usually presented as contours
of the “pole density” on the
projection.

Inverse pole figures of a-quartz (trigonal!) in uniaxially deformed (different p, T conditions)
novaculite. Compression direction. Equal area projection.

Wenk H.-R., Rybacki E., Dresen G. et al. Dauphine twinning and texture memory in polycrystalline quartz.
Part I Experimental deformation of novaculite. // Phys. Chem. Minerals. 2006. V. 33. Nel0. P. 667-676.



Measuring the texture

1. Measure the orientation and the volume of each grain by optical or electron microscopy
(only surface/or we need to destroy the sample...) — get the ODF as a set of Dirac delta

functions with corresponding “weights”.

2. Use diffraction to measure several pole figures — somehow derive 3D ODF out of finite

number of its flat integral projections (PFs).
mcommg
beam, k

sample coordmatct/

2d -sin 6 = nA

+k-k.

diﬁ‘racLed
beam, k

system K,

‘J»

detector



Why the diffraction (and specifically, neutron diffraction)?

* bulk texture investigation (linear dimensions of samples are ~ several cm);

« very high grain statistics: hundreds of thousands or millions of grains (necessary to
get truly quantitative description of ODFs of all minerals composing the rock with

5°x5°x5° or better resolution);
« complex sample environments (low/high temperatures, high pressures, etc.);
* no special sample preparation;
« TOF (time-of-flight neutron diffraction on pulsed sources): each TOF spectrum

contains information on one inverse pole figure. Using TOF it is possible to make a
“bargain”: measure more PF but with a lower angular resolution (less data on each PF
— less sample rotations — less experimental time).

» neutron diffraction experiments started with minerals!

Table 1

Pole figure maxima and minima for antigorite in multiples of random distribution (m.r.d.).

Antigorite ( 100)

Max.

Min.

Antigorite (010)

Max.

Min.

Antigorite (001)

Max.

Min.

Serpentinite A
U-stage

EBSD

EBSD (manual)

228
7.2
13.1

0.0
0.0
0.0

355
125
263

0.0
0.0
0.0

31.6
19.1
12.3

0.0
0.0
0.0

Serpentinite B Ty
U-stage 104
EBSD ~10

X-ray ~ 106

134
5.1
24

0.0
0.0
0.6

34.1
8.8
3.9

0.0
0.0
0.2

202
9.6
6.0

0.0
0.1
0.2

Serpentinite C
X-ray

1.6

0.7

26

0.4

4.2

0.3

Grain size < 5um

Y. Soda, H.-R. Wenk (2014) Tectonophysics 615-616 199-212.




A bit of History

Ernest Omar Wollan Cllfford Glenwood ShuII (The Nobel Prize in Physics 1994)

A double-crystal neutron spectrometer,
installed on the ORNL graphite reactor in 1949,

T.E. Mason et al. (2013). Acta Cryst. A69, 37-44

Lyle Benjamin
Borst,

first director of
ANL (Argonne)

http://www.biography
ofpeople.com/borst-
lyle-benjamin-
biography



http://www.biographyofpeople.com/borst-lyle-benjamin-biography

A bit of History

T.E. Mason et al. (2013). Acta Cryst. A69, 37-44
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Wollan & Borst’s first neutron diffraction results from December
1944; typical rocking curve experiments.

Diffraction patterns are fingerprints of crystal structures. The number of peaks and their

positions tell about symmetry and size of the unit cell. Peak intensities depend on atom
positions in the unit cell.



A bit of History

T.E. Mason et al. (2013). Acta Cryst. A69, 37-44

|
|
!
y
z

ci-20e1
S (4-30a0)

~

* 1 n'n.w! E
s ‘ EESEEEE: Walter Henry Zinn, a photo
e e t,.m‘:' - back from 1‘3/46- o
Zinn’s first results from August 1944, CP-3 heavy Don’t you see something
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Why neutron scattering?

C.G. Shull and E.O. Wollan (1948). Science. 108, 69-75.

“The newly developing field of neutron diffraction

would appear to have advantages over the older fields
C.G. Shull et al. (1948). Phys. Rev. of X-ray and electron diffraction in some problems
73, 842-847. involved in the determination of crystal and molecular
structures... It must be borne in mind, however, that
really rapid progress along this line cannot be
expected, ...; also, the very limited facilities for work
in this field which result from the requirement of a
chain-reacting pile as a source will make progress less
rapid than in the corresponding fields of X-ray and
electron diffraction, for which adequate sources can
be procured by any laboratory”.

Na(h Be Qquares Mg

Laue photographs, first three (NaCl, Be, quartz) are
made with neutrons, fourth is made with X-rays.

“...crystallographic analysis of
hydrogen atom positions should
be readily possible.”

INTENSITY (NEUTRO!
-
-

COUNTER AMI‘I.OI
Fig. 8. Neutron powder diffraction patterns taken

with samples of ordered and disordered preparations
of Fe-Co alloys.




Neutron scattering in geography
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SKAT texture diffractometer in FLNP JINR

~ 105,000

Beamline 7a of IBR-2.

~ 102,000

Main objectives: investigation of
crystallographic textures of rocks
(and engineering materials).

K. Ullemeyer et al. (1998).
NuclearInst.Meth.A 412, 80-88.

Total flight path: = 104 m.

19 3He detectors on the mounting
& ring, unigue scattering angle of 20 =
- 90°.

Range of d-spacings: 0.5-5.4 A
(with 90° ring & w/o A-chopper).

Resolution Ad/d up to 0.55% (d =
2.2 A) with 18" collimators.

Sample size up to 5x5x5 cmé,

(Usually) 1368 spectra from sample.



IBR-2 pulsed reactor at
Frank Laboratory of Neutron Physics of JINR

http://finp.jinr.ru/



http://flnp.jinr.ru/

SKAT texture diffractometer: after the upgrade
S ) | AN Y
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Photos: courtesy of Dr. Klaus Ullemeyer
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TOF texture diffractometers

~ (_R?‘!am-.g 150
a olimator  o3nels

neutrons

HIPPO diffractometer (LANSCE)

d-resolution: 0.4-9.2%

Flight path ~ 10 m

Sample dimensions ~ 2.5 cm
Range of d-spacings: 0.12-47.5 A

H.-R. Wenk et al. (2003) Nuclear
Inst. Meth. A 515, 575-588.

iIMATERIA (J-PARC)

d-resolution: 0.16-5.0%
Flight path ~30 m
Range of d-spacings: 0.09-800 A

T. Ishigaki et al. (2009) Nuclear
Inst. Meth. A 600, 189-191.

.
! w

!

i 3
.
:

Fig. 2. IBARAKI Materials Design Diffractometer, iIMATERIA without detector for
each bank and instrument shieldings. High-resolution bank, special environment
bank (90 bank), low angle bank, can be seen from right to left, and small angle
detector bank, which are not shown in the picture, are situated in the low angle
vacuum chamber (left hand of the picture).



SKAT data (micaceous quartzite)
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SKAT data (micaceous quartzite)

Dots = measurements, line = Rietveld fit
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Properties of polycrystals: bulk elastic properties

What is required:

1. Properties of single-crystal (e.g., elastic tensor °Cyjy; = OSl-jkl_l)
2. ODF

3. Micromechanical model, that defines the averaging procedure

For single crystal: € = °So; o = °Ce  Don’t forget about indices! o;j = 0

Cijki * €k
_ —— _ > Denotes some averaging
For polycrystal: c=C5= 9¢qs. F=(Csg =0
polycry €=50= "50; 0=1C_¢ Ce procedure over all
l orientations

The simplest way to proceed is to assume that
does not depend on orientation and apply

arithmetic averaging over ODF; then °C = C

Cijkl = OCstuvj Wis(g)w/jt(g)wku(g)wlv(g) f(g)dg
G

W(g) is the orthogonal transformation matrix corresponding to rotation g,
f(g) is ODF
The case of random ODF (=1) has been already reviewed 130 years ago...



Woldemar Voigt, 1887

5@ W, VOIGT, DIE ELASTICITATSVERHALTNISSE DER KRYSTALLE.

E-Axo (mdom wir dber vine Kogelfiiche integriren; dor Neuper ist hier
ulso 57, So erhillt man:

@1 =g [ o [z 1y oy _[" oo =

“_’('m - U';rr[h*tdl’vﬂ'zﬂ—*"dl‘ﬂfhm’(’-—n)- -'15
(03 =
é}"}wummr—mmvm. [ dwomaconis—a)

1
=W
Sotzt man kurs:
D,+D, 4D, =38\, D 4D, 4D, =38, D 40D +D, =13,
w0 erglelt sich llernach aus (63):
A= (3, w= | (3A 420 4 4T),
(&) B o= () = | ApdB20),

o= (80 = §( A— B30
Hiernns folgt:

¢ A5
oy
in Uebercinstimmung mit dem Rewoltate aflor snderen Theorien; ahor
die anstiesige Relation
A = 3B

ergiebt sich nuy fir den speciellon Werth B = I, der gwar, wie wir ge-
sehon huben, nothwendig suftritt, wonn man Molekiile olne Polaritit
voraunsetat, dor nber durch div allgemeine Thoorie nicht golivfirt wird.

Durch die Aunahume polarisivtor Molokille, welohe aus vielen
undern Grilndea geboten ercheint, wird also der Widerspruch awischen
der molekularen Elnsticititstheorie und der Beobachtung vollstindig
gehoben.




Properties of polycrystals: bulk elastic properties

Micromechanical models:

- Voigt averaging (1887) ~Voigt — 0, A[ va. _:
(arithmetic mean of C) ¢ C(g) e(g)=¢

§Reuss + (C_Vc-igt)—l
* Reuss averaging (1929) oA < ( )a ( )
59(9)% o(g)=a

(arithmetic mean of S) GReuss

« Hill (1952) & SuperHill (1995)

« GEO = geometric mean (1925-1965-1995) (COEO)™ = S99 = exp [In °S4(g)"]
» Self-consistent constructions (Eshelby 1957...) — stress field in ellipsoidal inclusion...

* SC+GEO = GeoMIixSELF (Matthies 2010)

o be fulfilled:

1)S=C!

2) Group principle: for any division of a sample into a set of small volumes, the
averaging over the whole volume of the sample is equivalent to the averaging of the averaged
values of those small volumes



Properties of polycrystals: bulk elastic properties

Simple model: isotropic polycrystal, only two different grain orientations are possible (denoted
by blue and red colors).

Hill’s
suggestion:

L LS ///!i//
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Equal strain
‘VOIGT?
deltal./ L
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o
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Equal stress

‘REUSS’

$,85,;

S\

%
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S. Matthies. On the combination of self-consistent and geometric mean elements for the calculation of the
elastic properties of textured multi-phase samples. // Solid State Phenomena. 2010. V. 160. P. 87-93.



Properties of polycrystals: bulk elastic properties

Eshelby’s procedure and its extensions.

There is an inclusion in a homogenous stress-free matrix Cg,.

1. Remove the inclusion and allow it to undergo the stress-free strain (transformation) €°,,
without altering its elastic constants.

2. Apply the surface traction -¢"},dS, to the inclusion. This brings it back to the shape and
size it had before transformation. Put it back in the matrix and reweld across S. The
surface forces have now become a layer of body force spread over S.

3. Let these body forces relax, or, what comes to the same thing, apply a further distribution
of +6",,dS, over S. The body is now free of external force but in a state of self-stress
because of the transformation of the inclusion.

At this point, the total deformation of the inclusion is €%,

The stress-free and total deformations are proportional:

P __ G
gtv - Ttvnwgnw

Eshelby tensor, depends on ratios of elastic constants and axes of the ellipsoidal inclusion.

Eshelby: the strain and stress inside an ellipsoidal inclusion are uniform. Thus, T, could be
solved (initially only the isotropic inclusion in an isotropic matrix has been considered, but
soon it was extended for the case of general anisotropy).

J.D. Eshelby. (1957) Proc. Roy. Soc. London A 241, 376-396.



Properties of polycrystals: bulk elastic properties

Eshelby’s procedure and its extensions.

What if “matrix” elastic constants are not known, and all the inclusions are known?

(How to assemble a polycrystalline body from single crystals of different phases with
different orientations)?

It is possible to build an iteration procedure:

i+1C:i C+i p:i C + (i C_i E-1)‘i u iu :(OC _(i C_i E_l))_l.i E—l _I i E:i T'i S
"1S='S+'g='S+'u'S lig = (630, + 0,6, ) /2

But p- and g-branches will only coincide for spherical grains!
To obtain a single solution (Geo-Mix-Self method):

1,GMS CEi’GMS S—l _ SQRTSYM (i C'i S—l):i Cl/2 .(i C—1/2.i S_l'i C—l/2)1/2.i C1/2

E. Kroner (1958) Zeitschrift fiir Physik 151, 504-518.

S. Hirsekorn (1990) Textures and Microstructures 12, 1-14.
S. Matthies (2010) Solid State Phenomena 160, 87-93.

S. Matthies (2012) J. Appl. Crystallogr. 45, 1-16.



Properties of polycrystals: bulk elastic properties
GEO-MIX-SELF

1.

2.

4.

considers a macroscopic system with practically infinite (or at least very large) number of
grains and thus is ‘dimensionless’, i.e. the ellipsoidal grain shape with axes {a,, a,, a5} IS
equivalent to {1, a,/a,, a;/a, }, etc.

takes no correlations between grain positions and orientations into account (as the ODF is
not a correlation function).

allows no gaps or overlaps in the ‘infinite’ volume of the macroscopic material. This
automatically leads to the conclusion that the GMS approximation virtually considers the
distribution of the grains on size. For example, to fill the 3D volume with spheres without
gaps, one has to assume a power law size distribution ~ R%; R are the sphere's radii, o is
close to 3 for the disordered packing [T. Aste (1996) Phys. Rev. E 53, 2571-2579].

allows for cracks/pores to be considered as inclusion with zero stiffness.

What is needed to “make” the elastic tensor of rock:

single crystal stiffness constants °C;

volume fractions of minerals and pores/cracks;

the ODFs of the minerals;

mass densities p that determine the density of the sample;

grain shapes and pores/cracks geometry approximated by ellipsoids;

shape orientation distribution functions F(€) for grains as well as for cracks and pores.

R.N. Vasin et al. (2013) J. Geophys. Res.: Solid Earth, doi: 10.1002/jgrb.50259.



GMS averaging including grain shape: making shape ODF from ODF

We should consider the shape of
biotite grains that are platelets (oblate

spheroids). T X,
YE

Xe = min. Young’s modulus
Y e = max. Young’s modulus
Pt otobo bt

© 66666 6 6 6
Relationship between crystal coordinate
system K and grain coordinate system
Ke should be taken into account when
considering the grains shape and shape
preferred orientation.

1mm

H. Kern et al. (2008. Tectonophysics 457, 143-149.



Tambo gneiss from Promontogno, Switzerland

Tambo gneiss from Central Alps.
A particular property is that the rock easily cleaves
into perfectly planar sheets that extend over meters

and are used for large stone tables, roof plates and
floors.

R.N. Vasin et al. (2017) Geophys. J. Int.
doi: 10.1093/gji/ggw487




Tambo gneiss from Promontogno, Switzerland
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Tambo gneiss from Promontogno, Switzerland
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Framework of mica grains in the gneiss and their shape preferred orientations



Tambo gneiss from Promontogno, Switzerland

Texture-based recalculation of elastic wave velocities for different minerals



Ultrasonic experiments on spherical samples

Institute of Geology, Academy of Sciences of Czech Republic, Prague

Measuring head in high pressure chamber. Sample
diameter is 5 cm (same as the sample size for th
SKAT diffractometer). Two resonant longitudinal
wave transducers, 2 MHz, can be used up to 400
MPa; pairs of shear wave transducers, 0.8 MHz, can
be used up to 100 MPa.

0°-360
mot
e <
? 75°
(“-’

High viscosity layer
L

; MEBS
gTv (] 'A(D' |
e T — T 7 X

: L
v
arm movement direction Z
A B

T. Lokajicek and T. Svitek (2015) Ultrasonics, Velocity measurement grid,

DOI: 10.1016/j.ultras.2014.08.015 15° steps, 132 directions



How to compare measured velocities and model Cy,’s?

1. Recalculate wave velocities from Cy;, set — often large sets of velocities are available (>
than number of independent elastic constants), and numerical comparison is troublesome.

2. Recalculate Cy, from measured velocities — complicated, not always possible with only
one type of waves (e.g., only P-waves & isotropic or transversely isotropic or hexagonal
symmetry).

Either way, we need a relation Cy;,, <> measured velocities.

Common approach:

Flat wave:
u = Ap exp[% (n-r—-"Vt);
Ofuy_ 0%u;,

For displacements in the elastic field: Cijki 5 0%k =Pz

Christoffel equation:  C;jin;ngp; = Myp; = pV2p; Eigenvalues problem.

Things to remember: Christoffel equation is for a flat wave. Thus wavelength of the elastic
wave should be << size of the sample.



V phase (m/s)

Phase velocity with eigenvector of Christoffel tensor M (that is the polarization vector p)

closest to propagation direction n is V;; it is not necessary the fastest velocity in anisotropic
material!

Fastest of two remaining waves is Vg, slowest is Vg,.

It is tricky to construct the refinement of C;;,, from measured velocities of strongly anisotropic
material because of this ‘ordering’ part!

®  phase velocity /fastest | . o /T
20000 @ phase velocity /second 80 ll.p ange. Tt
< A phase velocity /slowest ® n*p angle /second
5 | A n*pangle /slowest
60 ~
15000 -~
-
L)
S
=
20 40 +
10000 s
(=%
#*
(=
20
5000 -
0 f.
I Ll I 15 T T ! ' ! o !
] 20 10 &0 80 0 20 40 60 80
theta (deg.) theta (deg.)

Graphite single crystal (hexagonal symmetry)
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velocity, m/s

Group velocity?
dw

W=ﬁ

Using Christoffel equation solutions, e.g., Wf|p = Cijki * Pilp* pr|p - 7y (and + similar

pPVp
2 for S-waves)

Situation is more complicated in this case!

Different waves propagating in different directions could be detected by the same single
sensor (in some cases, for 1 ray direction there are up to 5 different waves).

- : PR % 8000 -
R000 — ® phase velocity vs. propagation direction, V_ [ -
group velocity vs. group velo. direction for V u Vi
- - . 7000 - y
» ¥
o1l
iy A V|
7000 < 6000 Vs
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;" 5000 —
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S 4000
-
=%
2 ann
5000 — & 3000 —

o 2000
4000 +
1000 -
1 \d | » T % 1 A : I ’ I v I y |
0 20 40 60 80 0 20 40 60 80
theta (propagation for phase. group velo. direction for group). deg. group velocity direction, deg.

Biotite single crystal (quasi-hexagonal symmetry!



But if phase and group velocities are plotted against the wave front normal direction, group
velocities always should be greater (or equal) because phase velocity is group velocities’
projection onto the wave front normal.

3200 | . ,

T

3100
3000 -

2900

Velocity (m s™1)

2800 |
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2600

B

2500 L 1

0 (degrees)

Figure 5. Group and phase velocity surfaces for the Muderong Shale at

one effective stress condition.

D.N. Dewhurst, A.F. Siggins. (2006)
Geophys. J. Int. 165, 135-148.



Things to remember: model ‘averaged’ Cyy, represent ‘effective medium’ properties, thus
they will work if wavelength of elastic wave is >> size of heterogeneities in material.

This condition depends on the “contrast” of elastic properties and proportions of materials.

If elastic constants are about the same, “>" 1s practically sufficient.

Velocity
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K. Helbig (1984) Geophysics 49, 364-373.

Elastic wave velocity in stratified
steel-plastic composite.

T. Mukerji et al. (1995)Geophysics 60,
1222-1233.



Extra complication

If we are particularly unlucky to have quartz, we have to account for the spacial dispersion

Z z
7\ . Left-handed quartz Right-handed quartz
TN YR structure: structure:
¥ Lo ' ) A
RONEE S P3,21 (Nel54) P3,21 (Nel52)
1 =1 X XTTzr 1 . )
Wl oo Si: 3a (x, 0, 2/3); Si: 3a (x, 0, 1/3);
> —--{\ S x"{{
N 774 N O: 6¢c (X, Y, 2) O: 6¢ (X, Y, )
0%y, d3u, 0%u;
ijkiz-a— 1 bijkin =P . .
0x;0xy, 0x;0x,0xp, dat b — acoustic gyration tensor
. 2 7-[
(M1 461 Q)pr= PV “pj Qs = 3 Osjicbijrinmiminn

In quartz for n||3-fold axis and w = 3 MHz rotation of the polarization plane is = 10°/cm,
while relative correction for the velocity values is less then 102,

And we need to know whether there is left or right quartz in the material, or their ratio and
orientation distributions for each of them



Tambo gneiss from Promontogno, Switzerland
V; Vs, Ve,

Measured, 0.1 MPa (@

1.13
133kmis 9.8%

Measured, 100 MPa ®)

341 km/s

Model, no cracks (c)

3.62
3.75 km/s 0.2%

Model, 0.1 Vol.% of )
cracks || mica

563
6.28 kmi/s

3 I
10.0% 3.67 kmis 0.3%



Tambo gneiss from Promontogno, Switzerland

Measured, 100 MPa

3.14 0.04

557 N
341 kmls 3.2% 042 km/s

6.17 km/s 96%

Model, with 0.1 ()
\Vol.% cracks || mica
and 0.6 Vol.% of

3.48 ‘
3.62 km/s 1.3% 0.27 km/s

5.60 0.00

6.18 km/s 9.3%
secondary cracks
(normal to mica
grains and || Not a very good agreement of a room pressure measurements with a
lineation) model (probably, due to lots of cracks produced by blasting, which

makes measurements and modelling significantly more complicated)

AnlSOgOPX coef(;ﬂClent: R.N. Vasin et al. (2017) Geophys. J. Int.
A-Vp[%] = 100% " (Vpmax—Vpmin) Vemean doi: 10.1093/gji/ggwA487



Tambo gneiss from Promontogno, Switzerland

Table 5. Bulk elastic properties of Tambo gneiss calculated from ultrasonic measurements (second run, with both P and
S velocities) on the spherical sample, as well as elastic constants of two Tambo gneiss models including crack systems
(all values are in GPa).

Model: 0.1 vol.% of Model: 2.6 vol.% of
Inverted from primary cracks and Inverted from primary cracks and
measurements at 0.6 vol.% of measurements at 1.0 vol.% of
100 MPa secondary cracks 0.1 MPa secondary cracks
Cn 09.2 09.8 429 43.8
Ci2 30.3 23.1 17.0 5.9
Ci3 27.8 21.9 15.0 29
Cis —14 —0.1 —0.5 —-04
Cis —1.5 0.9 —14 1.6
Cie — 1.7 —0.8 —28 —2.1
Cx 03.8 05.6 26.8 40.3
C23 323 21.0 9.7 29
Cos —0.9 —1.2 —0.8 —-19
Cas 1.0 0.1 —0.6 0.3
Cae 0.4 —0.6 —-25 —2.0
Css 82.2 82.7 12.3 13:1
C34 —0.7 —0.5 —0.1 —-1.0
Css —0.1 0.3 —-0.5 0.8
Cse 3.6 0.0 —-19 —0.2
Cas 26.4 32:1 3.6 9.7
Css —1.0 —0.2 0.2 —05
Cys 0.5 0.3 0.2 0.7
Css 28.6 329 43 10.1
Cse 0.6 —-04 —-04 —-09

Cet 326 3722 8.5 18.1




Micaceous quartzite

A muscovite-bearing quartzite sample
from the TRANSALP seismic traverse
(Eastern Alps, Austria)

A small amount of pores and cracks is
present in the rock; now we can include
them into models of bulk physical
properties

R.N. Vasin et al. (2014) ICOTOM-17, Book of
Abstracts, Dresden, Germany, 2014. P. 182.
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Results of ultrasonic measurements — amsotropy changes due to pores

Popecse wy

0 MPa

10 MP

1936 m/s

2894 m/s

T ews o Pt

L\ e o

VWi

20 MP

50 MP

4372 m/s

5384 m/s

5817 m/s (100.1%) 6005 m/s (69.9%) 5892 m/s (29.6%) 6168 m/s (13.6%)
— Follatlon |
100 MPacamimm 200 MPa 300 MPa 400 MPa B

5614 m/s
6261 m/s (10.9%)

Stereographic projections, linear scale contours, k, = 200% * (Vpax

5740 m/s

6340 m/s (9.9%)

5652 m/s

6207 m/s (9.4%)

5756 m/s

6316 m/s (9.3%)

o VPmin)/(VPmax + VPmin)



Adding pores at higher pressures...

Model with 0.08 Vol%
of pores || to y
muscovite grains

Model with 0.09 Vol%
of pores || to
muscovite grains
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Adding pores at 0.1 MPa pressure

Model with 0.3 Vol%

of pores || to
muscovite grains &
2 \Vol% of pores || to
foliation
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Porosity vs. pressure

Most of pores (‘meso’) close at

2.5 1 pressures below 50 MPa, but a
: small fraction remains even at
50 high pressures (up to 400 MPa).
It means that even at depths
S 15- 1...10 km some pores/fractures
S | remain open in crystalline rocks.
~ 1m
'z 1.0
S
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0.5
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Elastic anisotropy of rocks containing sheet silicates

» Sheet silicates are constituents of many minerals: gneisses, shales, ... — interest to the
seismic anisotropy.

* Distinct morphology of grains — platelets (= oblate spheroids). Simple common averages
—\Voigt, Reuss, Hill — do not really work.

» Usually it is believed that taking into account sheet silicate grain shapes will result in
more elastic (seismic, if we talk about elastic waves propagation) anisotropy — not
always true!

Platelet Sphere  Platelet Platelet
{1.0.2:0.05} {1:1:1}y {1:1:.0.1} {1:1:0.05}
5464 5535 5311 5285
6235 6366 6067 6017

13.2 14.0 13.3 12.9

530 379 338 327

R.N. Vasin et al. (2014) Geophysics. doi: 10.1190/GEO2014-0148.1



Elastic anisotropy of rocks containing sheet silicates

Here spheres are
more anisotropic!
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Textured biotite platelets in an isotropic matrix with Young’s modulus of 40 GPa and

Poisson’s ratio of 0.3.

Depending on the strength of the texture and elastic properties of matrix, there is a biotite
content where certain elastic constant, or wave velocities, or anisotropy coefficient do not

depend on the shape of biotite inclusions.

R.N. Vasin et al. (2014) Geophysics. doi: 10.1190/GE02014-0148.1



Texture analysis from synchrotron diffraction experiments

Reflections from {hkl} planes

X-ray beam stop

Incoming monochromatic X-ray

Sadly, special sample preparation
Is often required
(cutting/polishing).

And that sample is too small for
lab ultrasonic experiments.

If the sample is fine grained, or contains
lots of hydrogen (e.g., clays), then
synchrotron diffraction is the instrument
of choice!

Data acquisition is really fast, even
when several o rotations are necessary.




A bit of History

Origin of synchrotron radiation

It is indeed unfortunate that the infor-
mative article on synchrotron radiation
in the July issue (pages 30-37) contains
no reference to the original discovery of
the effect, although, less relevantly and
somewhat accurately, it does mention
the “invention” of the betatron. Those
who predicted the existence of this re-
markable radiation and those who dis-
covered it deserve recognition along
with those who have since found inter-
esting uses for it, so well described in
your article.

Tha dicsnvaruy af concdhentvan saudia.

Radiation from Electrons in a Synchrotron

F. R. ELpER, A. M. GurEwITSCH, R. V. LANGMUIR,
anp H, C. PoLLock
Research Laboratory, General Electric Company,
Schenectady, New York
May 7, 1947 o
IGH energy electrons which are subjected to large
accelerations normal to their velocity should radiate
electromagnetic energy.'”* The radiation from electrons
in a betatron or synchrotron should be emitted in a narrow
cone tangent to the electron orbit, and its spectrum should
extend into the visible region. This radiation has now been
observed visually in the General Electric 70-Mev synchro-

Synchrotron radiation from 70-MeV machine
at General Electric Research Laboratory
where It was first discovered in 1247

F.R. Elder et al. (1947) Phys. Rev. 71, 827-828.
G.C. Baldwin & D.W. Kerst (1975) Physics Today, doi: 10.1063/1.3068762

with negative results. That convinced
us, but not Blewett, who suggested that
we look for other evidence, in particu-
lar, energy losses. We knew, in fact,
that the orbit radius began to shrink
when the electron energy neared 90
MeV, so that the beam would contract
to target at about 106 MeV., We esti-
mated the orbit radius at each interme-
diate energy by measuring the deflec-
tion current required to bring the beam
to target, and found that it did indeed
behave in accordance with Blewett's
calculations* based upon the Ivanenko-
Pomeranchuk hypothesis.” Because an
alternative hypothesis (phase difference
between center flux and guide field)
also accounted satisfactorily for the
data, no radiation had been detected,
and our consultant, Marcel Schein,
agreed with our objections to the Ivan-
enko-Pomeranchuk paper, we remained
unconvineced.

Blewett correctly surmised that the
radiation would be found to be distrib-
uted over a great many harmonics? and
found support for this belief from J.
Schwinger But, with an opaque
doughnut coating, complete concrete
radiation shield, and closed minds, the
rest of us did not see the light, literally
or figuratively. We also were very busy



A bit of History

434 NATURE VOL. 230 APRIL 16 1971

DESY, Hamburg

Synchrotron Radiation as a Source for Diffraction from flight

X—ray Diffraction muscle fibers of water
2 ROSBHRAUM & K. & HOLMES bug Lethocerus maximus
J. WITZ

Laboratoire des Virus des Plantes, Institut de Botanique de la Faculté des Sciences de Strasbourg, Strasbourg

o

0009

230, 434-437.  R.S. Goody et al. (1975) Biophysical J. 15, 687-705.



KUMMEPHUHKCKUM CIIAHEI]

CrnaHIIbl — 0CaJI0YHbIC TOPHBIE MOPOJIbI, YACTO SBISIOTCS KPOBJICH WIJIM BMEIIAIONUMU
nopofamu Jjist HeTIHBIX/Ta30BbIX MecTOpoXkAeHM. CBONCTBA MHTEPECHBI: TeOpa3BeIKa,
n00bI4a/o1IeHKa 3a11acoB, 3aXOPOHEHHUE OTXO/IOB.

Kummepumxckuii cnanen, copmuposapmmiics B FOpckom niepuone (= 155 MutH. J1eT); monydeH
U3 CKBaXUHBI B CeBepHOM Mope ¢ Ti1yOuHsbl 3750 M 1o ypoOBHEM MOPSI.

OnuH 13 HEMHOTHUX, JIJIs1 KOTOPBIX YIPYTUe CBOMCTBA U3yUYEHBI U JOCTYIHBI (CIaHell MTOTIEPEUHO

M30TPOIIEH — TIATh YIPYTHX KOHCTAHT). B.E. Hornby (1998) J. Geophys. Res. 103, 29945-29964.

R.N. Vasin et al. (2013)
J. Geophys. Res.
doi:10.1002/jgrb.50259

Cnrona
Topsr (illite-mica)
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JIn(pakMOHHBIN SKCIIEPUMEHT: paclpeIeICHUE
3€pPEH MUHEPAJIOB 110 OPUECHTALUAM
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HNEESpEEicH 0.42 3.04 1.26 57
PaBuomnomniaaarie IPOCKINH HA INIOCKOCTh

Gonranuu. bonemme f;,! (O6b14nO cunrarores =0...)

KBapii, anb0uT, MUPUT — XaOTUUECKOE

TexkcTypbl akCHaIbHO CUMMETPUYHBI, )
pacnpeneneHue 3EpeH.

MOCKOJIBKY C(POPMHUPOBAHBI OCAXKICHUEM
(sedimentation).



[TopucTocTh?

* [Hornby, 1998] — 2.5 06.% nop (3ameiieHue
reJiieM) npu arMoc(epHOM JIaBiIeHUHU, OKOJIO 1.5
00.% mipu 80 MIIa (omieHka).

* IInmorHocTs mpu 80 MIIa paBHa 2.648 r/cm? (He
MIPUBOJIUTCS B CTAThE, MOTYyUYEHA U3
CONIOCTABJICHUSI CKOPOCTEN YIIPYTHX BOJIH C
yIOPYTUMHU MOJIYJISIMU ); 00bEMHBIE 10U +
IJIOTHOCTA MUHEPAJIOB JIA0T IJIOTHOCTH 2.854
r/em3, T.e. 7.2 06.% ‘nycteix’ wim 11.1 06.%
BOJOHACHIILIEHHBIX MOP.

» CunxpotpoHHas Tomorpadus: 6.3 06.%
BKJIFOUEHUM C HU3KOW MJIOTHOCTBIO (ITYCTOTHI,
¢uron b1, OpraHnyecKkue BKIIroueHus). He
YUYUTBIBAET NOPHI pa3MepoM MeHee | MKM,
KOTOpbIE€ BUAHBI HAa KapTuHKax [EM. Onnako npu
MOBBILICHHBIX JABIIEHUAX 10 KpAaHENW MEpPE YacCTh
TIOp 3aKpbITa (0COOCHHO ‘TyCTHIE’).

s ‘mycteix’ mop mioTHOCTh =0, ynipyrue moaynu =0.
JIJ1st BOIOHACKIIIEHHBIX TIOP IUIOTHOCTE paBHa 1 r/cm3, Momyns 00séMHOr0 cxkarus = 2.2 I'Tla
(= Takol e y He()TU U OPraHUYECKUX BKIIOUCHUN).



CKOpOCTH YIIPYTHX BOJIH B CIAHIIEC: DKCIEPHUMEHT

Vev Vovi Vevz Ven Vev Vau Varus Vasvas Vsius
|
- - - L
2
0 90 45

/Css /666 Cyaq Ci1 3C44 + Cop
Vpy = 7 Vs = 7 Vsy1 = Vsyo = Vy = 7 Vpy = 7 Vshzo = 4p

jcll + 3Cy + 4C,, + \/6121 +12C% + 9CZ + 16C2, + 4C11Cay + 24C13C4q — 6C11C33 — 12C33Cay

VqP30 = 8p
C11 +3C33 +4C44 — \/Cfl + 126'123 + 9C§3 + 166'54 + 4C11C44 + 24C13C44 — 6C11C33 — 1203304
VqSV30 = 8p

B.E. Hornby (1998) J. Geophys. Res. 103, 29945-29964.



anyme KOHCTAHTHI CJIAHIA: MOJEIIN

# Cu [Cis [Cs [Cu |Cos [Remarks

.562 20.5 36.4 10.3 18.9 ©*C;at80 MPa [Hornby, 1998]
.56.0 16.3 36.3 10.6 19.2 GMS, 6.5 \ol.% pores

€484 164 273 7.8 17.0 ©°C;at5 MPa [Hornby, 1998]
129 27.6 83 16.0 GMS, 7.3 \Vol.% pores

J

[Imockue nopbl MPUOIU3UTEIBHO NapasIeIbHbI 3€pHAM CIIOUCTHIX CUIIUKATOB.

N3 ananuza ®PO CIOUCTHIX CUIIMKATOB U X 00BbEMHBIX J0JIeH osrydaeTcs, uTo 31.2 06.%
CJIOMCTBIX CUJIMKATOB XaOTUYECKU OpUECHTUPOBaHbI. T.e. MogenabHas @PO s miockux nop
noJbkHa uMeTh PoH = 30% + gosKHa OBITh AKCMAJIbHO CUMMETPHUYHAS <~ TayCCOBAa KOMITIOHEHTA
C WMpHUHOM OKOJI0 cpeaner mupuHbl PO cnouctsix cunukaroB MJIN HeckobKO OCTpee, T.K.
€CTh MAaKPOCKOIMYECKas MIIOCKOCTh (OJIMAIMN U CBA3aHHBIC ¢ HEH TPEIINHbI/ME30-TI0PHI.

Mogens ¢ 3.5 00.% mnockux nop u 3 00.% cheprueckux onuceiBaet C,; cnanua npu 80 MIla.
Moguensb ¢ 4.3 00.% mnockux nop u 3 00.% cepuueckux onucsiBaet C,; cnanua npu 5 MITa.

B utore, u3MeHeHHne yIpyrux CBOMCTB CilaHla ¢ NIyOWHOM, B IPUHITUIIE, OIMChIBaeTCA 1
MIapamMeTPOM — KOJIMYECTBOM IUIOCKHUX TTOP.

R.N. Vasin et al. (2013) J. Geophys. Res. doi:10.1002/jgrb.50259
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