Deformation of the lithosphere
and what microstructures can
tell you about it
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mammoth and lithosphere

Gary Larson: Early microscopy



deformation <= weakening
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Our vision of the mechanisms of lithosphere dynamics and mantle-
lithosphere interactions becomes less and less blurred. Yet, many key
questions remain open due to the (principally) insufficient
observational and experimental constraints.

Evgueni Burov (Stephan Mueller Medal Lecture 2015)
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Renée Helibronaes - Steve Barrett
Image Analysis in Earth Sciences
Micrestructires and Textures of Eath Materials

Image Analysis in Earth Sciences s a graduate hevel textbook for researchers a0 students
interested in the quantitative miceostructure and texture analysis of carth materials
Methods of analysis and spplications are introduced using carcfully worked exampies.

the analysis of volumes and grain size distributions, on shaps f3bric analysis (particle
and surface fabrics) aad the analysis of the frequenicy domain (FFT and be last
chapers ace dedicated to the analysés of crystallographic fabrics and oricatation imag-
ing, Throughout the book the frec software Image SXM is used.

Rende Heilbronnes has many years of expericace in the fickd of Image analysis and bas
developed several software packages for microstricture analysis of grain size, shape
and strain determinations, She has also developed the CIP method for crystallographic
texture determination and orientation imsging based on polarization microscopy and
digital image processing. Shie has contributed to the development of the freeware image
analysis software (mage SXM. former NIH muage). a0d f5 3 member of a growing geoop
of international image analysis cxperts who are sctting up worksbops and bailding a
network for microstrocture and textuze rescarch involving mathematicians, material
sclentists and geologists. As an expecienced teacher of image analyis at different levels
ranging from general introductory courses to specialized texture workshops, sbe has
taught at various uaiversitics all over the world. http:/pages, unibas.chiearth/miro

Steve Bactett s the author of the internationally renowned fmage analysis software
Trmage SXM. He has been developing the softwiace continuoonly over the past two dec-
ades, (rom its orlglng & & spin-off from the freeware NIH Image,to the extensions that
allow i to handle images from ovee Gfty types of optical and Kanning miceoscopes. A
customized version of this software (PAnCIPia) based oa the CIP method can handle
the calculation, display, analysis and manipalation of images representing the crystal-
lographi arfentation of grain in rock samples Imaged by polarizing mkroscopes. He
has poblished widely in the field of nanascience and biss aljo collaborated with medics
10 Create microscopy image analysis software for medical applications (MIASMA). He
has over tweaty.years expecience teaching to undecgradustes and postgraduates.
Dipierwwlivac.ok/-sdd
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how to observe by watching ...
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what we see in an image

Cecl nest nas une fufle .

Maguid

microstructure is... applies to...

2D section of 3D body ? statistics

deformed geometry ! mechanics (rheology)
particles ? quantified geology

patterns ! geophysics




learning from stereology

Achille Ernest Oscar Joseph Delesse (1817-1881)
VV = AA

August Karl Rosiwal (1860—1923)

A.E.O.J. Delesse VV — AA — LL

Andrei Aleksandrovich Glagolev (1894 —1969)
Vv =AA = LL = Pp

Stri Pstar ® 06 A heilbronner — bash — 91x27

Last login: Thu Apr 14 ©9:30:29 on console
gpi-rh-macbook2:~ heilbronner$ stripstar

**  stripstar *** 2016-03-01, rh

A’K' ROS'WaI this program derives a possible distribution of spheres
J from measured distributions of sectional areas.
it requires input in the form of binned data:
—~F ? histogram h(r) where r = radius, h = number frequency

calculates means of all calculated distributions
) upgrade: max = 100 bins - variable output

indicate if input is manual (@) or by file (1) >

R 1
|
R3 file must contain list of h(r)
- Y. L S line 1: no. of bins (max. = **), width of bin

d R: _ A line 2 ff.: h(r)
) k_rd3
] t name of input file >

S

oY DTS d2 do I.r'eally hav? to tyy..ae in a filer.wame !?!???
At line 66 of file stripstar.f (unit = 1, file = '')
ri r2 r3 Fortran runtime error: File 'do I really have to type in a filename !' does not exist

gpi-rh-macbook2:~ heilbronner$ l

Glagolev and Goldmann (1934)



getting into digital image analysis

" File Edit Options Enhance Analyze Special Stacks Windows )
LUT

Results
Area Mean

‘ 74.76 184 .60
255.28 186.00
460.12 192.51

Map Info
Plot
Lower: 36
Upper:232 245
Count: 3
Pixels: 1150
Mean: 192.51
p——w——| |Std Dev: 109 80
c—a— Min: 0.00 o Pixels S?E
z @ Max: 255.00 I

Wayne Rasband

1987 NIH Image (Pascal)
1997 Image ] (Java) B
2007 — Fiji (Fiji is just Image))) == m s s o oo =0 =

I8 Qlc|o|<| £ |+ [N |AlA|o] £lpalsfual 4] 4 |&| 2] |»

ImageJ 1.38e / Java 1.5.0_09

Lazy Macros

v 1.98 ‘ Projects & Software Workshops
f\2 —+ Download
~ i ;

~
Febmary 201 6 ~ ~ @ image SXM 198 File Edit Options Process Analyze Video JUNL) Stacks SEM_SPM_ Windows _Help Thu 14 Apr. 11:48:30
~ ~

. : || Lazy CIP LUTs
Steve Barrett

Load Macros...

import raw image (0]
crop and scale - fast (1] Lazy EBSD
crop and scale - smooth [2] :

Median filter stack [U] g Lazy Pole
Sobel filer stack (0] |

sharpen stack [H] W Lazy Prepstack
enhance stack (C]

equalize stack [E] i

threshold stack (6] \
adaptive -mean- threshold stack [G] > \ Lazy ACF Tiling
density slice stack [D] ¢ 3 \ D
skeletonize stack K] 3 azy D-m:
prune stack [P} 3 Dig 2p
Lazy Digitze
max of stack (2] o
max of windows into first W] N Lazy Erode Dilate
Median filter image [M] Lzzy Grain Boundaries ]

prune image [1}

average of stack (A]

Steve Barrett

keletoni; u & 2 2
= A Lyzy Grain Mgy |
: 1 density slice image about 128 (L] % * .
|nage aSCa B Lazy Lighting
h i (S]
ot et e » - Lazy LUTs

cut away rim (4] Lazy Voronoi Contacts
black rim for boundary map [5]

white rim for grain map (6]

smooth enlarge of outlines [8]

invert image [Y]

info on histo [F]
black area percent of bitmap []




shape and strain of particles

John G. Ramsay

Edwin A.Abbott

Rf - ¢ method

B(x)
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shape descriptors:
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orientation imaging
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lithosphere deformation in the lab

Ao (MPa)

‘ | Carrara marble
calcite triaxial gas apparatus
quartz

/ Texas A&M University
K Y < 3
el Moho eeeseaeaaaaannnnnns

2 Black Hills Quartzite
solid medium apparatus

olivine

o Brown University
| ductile <

2| =

0

3 Olivine-Orthopyroxene
, torsion apparatus
lithosphere : : :
..1 ............................ Un|vers|ty Of M|nnesota
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P Yy <30




motivation

| Carrara = | Strain > deformation mechanism

2 BHQ texture, grain size > regime, flow stress

3 OI-Opx | spatial distribution> deformation mechanisms!?




kilometers of displacement
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from twinning to superplasticity

T(MPa) regime @ d|slgcat|on glide
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displacement in - shear strain out!

CTI 600°C  “so0um

L 4 o
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particles and surfaces

SURFOR



describing 'shape’
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CTIl 600°C

lobate boundaries
A

PARIS (%)
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what do we learn ?

* every grain bglindary is a strain marker

* one mineralogiMal phase implies one rheology

* srain boundary *ding implies straight
boundaries

* texture and microsjfucture go together

1 visually defined grain boundary

2 visually defined grain

/3 mechanically defined grain boundary region

T, o mechanically defined core of grain




lithosphere deformation in the lab

Ao (MPa)

. | Carrara marble
calcite triaxial gas apparatus
quartz
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"...der freche Gassenjunge ..."
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Quartz

"....the cheeky street urchin”

* regime |, 2, 3 (lab) versus
* bulging - sgr - gbm (field)

The eastern Tonale fault zone: a ‘natural laboratory’ for crystal plastic
deformation of quartz over a temperature range from 250 to 700 °C

Michael Stipp™, Holger Stiinitz, Renée Heilbronner, Stefan M. Schmid

Department of Earth Sciences, Basel University, Bernoullistrasse 32, 4056 Basel, Switzerland

Received 30 November 2000; received in revised form 24 January 2002; accepted 26 February 2002

® quartz piezometer

The recrystallized grain size piezometer for quartz
Michael Stipp and Jan Tullis

Department of Geological Sciences, Brown University, Providence, Rhode Island, USA

Received 18 August 2003; revised 24 September 2003; accepted 30 September 2003; published 4 November 2003.




BHQ - texture and grain size

T

JanTullis and ... her Grigg's apparatus

W935

Dislocation creep regime 3
pc= 1.5 GPa T=850-915°C
v=12-105¢"

circular
polarization

regime 3



do the CIP - get the texture

Dislocation creep regime 3

circular
polarization

180°

c-axis coloring




in map
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why stripstar ?
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regime 3 ...2 ... | - go EBSD !

— 100 pm

regime | (w1092) regime 2 (w946) regime 3 (w935)
¢

The effect of static annealing on microstructures and
crystallographic preferred orientations of quartzites
experimentally deformed in axial compression and shear

()}

RENEE HEILBRONNER' & JAN TULLIS? U]

o . Euler coloring
could not do grain size for regime | and 2




put the C|P glasses on

oo |
Euler: LUT

convert

compare




comparing CIP and EBSD

regime | (wl092) ——
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Spectrum CLUT



optical microscopy in the SEM
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do the stripstar again !

W h(r)(%)

W V(R)(%)

regime 3

RMS = || um

D=15pum
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W935 regime 3

Heilbronner & Tullis (2002)
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recrystallized grain size [um]

L.hmmm...

quartz piezometer
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regime 1

@® shear

100

flow stress [MPa]

1000

CIP grain boundaries
RMS of 2D sections

Stipp & Tullis (2003)
original data

EBSD grain boundaries
mode of 3D grains

Heilbronner & Tullis (2002, 2006)
re-measured



recrystallized grain size [um]

re-measure piezometer in EBSD

quartz piezometer

Z @® shear
30 - @ coaxial
9-._,00
20 - N > “m
regime 3 || %; v 6
_ um
] s k 2 5.0
; 0 um
D 1 regime 2 #5 ©
2 .
regime 1

100 1000
flow stress [MPa]

CIP grain boundaries
RMS of 2D sections

Stipp & Tullis (2003)
original data

EBSD grain boundaries
mode of 3D grains

Heilbronner & Tullis (2002, 2006)
re-measured

EBSD grain boundaries
mode of 3D grains

Stibp & Tullis (2003)
original data re-measured by Prior



recrystallized grain size [um]

difference # measuring artefact

quartz piezometer

I @ shear
30 - S @ coaxial
S
O
20 - )
regime 3
10 - Vi
) : regime 2
3. 3
regime 1 : -
e
1 ——— i
100 1000

flow stress [MPa]

CIP grain boundaries
RMS of 2D sections

published piezometer
d(um) = 3631 Acg-'%

EBSD grain boundaries
mode of 3D grains
shear

D(um) = 1473 Ao 086

EBSD grain boundaries
mode of 3D grains



check the grain size in the Y domain

Evolution of ¢ axis pole figures and grain size
during dynamic recrystallization:
Results from experimentally sheared quartzite

Renée Heilbronner' and Jan Tullis?

"...the recrystallized grain size of

the rhomb domain is approx. 12 um and

that of the prism domain 1s approx. 19 um,
corresponding to shear stresses of 93 and 64 MPa..."

grain boundary density
”-*//‘h“"//“0 ——girdle30
AAB —e—basal

—e—rhomb
—&—prism

o bulk
(average of
all domains)

o 1 2 3 4 5 6 7 8 Y

grain size w/r to average

—e—basal
—e—rhomb

—&—prism

RS0, " W1010b 1~ 4 RO At e : o 1 2 3 4 5 6 7 8 Y




Y domain = 2 subdomains
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we actually got it

m v(D) 3D
B h(d) 2D

12

10 +

17.6 pm

2Ys - domain

= T = 86 MPa

12

0 - I 50 pm
d (um)

10 A

3.8 um | non-2Ys - domain

= T =114 MPa



what do we learn ?

* orientation images "... says more than a
thousand pole figures”

* EBSD grains = optical grains (CIP grains)

* 3D grain size distributions are not what we
see in 2D

* shear piezometer # coaxial piezometer

* recrystallized grain size depends on CPO

* one mineralogical phase # one rheology



lithosphere deformation in the lab

Ao (MPa)
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getting weak in the knees

from dislocation creep to diffusion creep

| GPa

¢ =A- 00" - exp(-Q/RT)
"~\.
\\\\\ S -

d|sIocat|on creep——

10 MPa

“"‘" -
{‘j"j" I B B
¢ =A-AG" - d - exp(-Q/RT)




how diffuse is diffusion creep!?

diffusion creep

grain boundary sliding

granular flow

100 90 80 70 60 50 40 30 20 10 O B(%)
1.00

0.90
0.80
0.70
0.60

ordered
(anti-clustered) |

0.50
0.40 |
0.30 |
0.20 |
0.10 -
0.00

ordered clustered

:

:

——clustered

7% phase A

% contact surfaces

:




going to high strains

powder mixture

/0% iron-rich olivine
30% orthopyroxene
hotpressed @ 1200°C

L PT-1006
, € =2.5%104s1
108 vy =26.2
50 -
0

O & 110 15 20 25

Pc = 300 MPa

T =1200°C
Y=26-10°t0c 6.8 10*s"
T =35t0 226 MPa

uptoy ~ 26

Miki Tasaka Mark Zimmerman | David Kohlstedt



diffusion creep # random

=

 PT-994
£=2.1%x104 s

0 1 2 3 4

Tasaka et al. (in prep)

100 100
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60 - 60 -
. = '
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40 | 40 - o
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o
0 L 0

T T T T T T T T
0 20 40 60 80 100 % Px 0 20 40 60 80 100 % Px



what do we learn

* random does not look random'’

e diffusion process does not always create
random distribution

* starting material is not randomly mixed



so what do microstructures tell us ?

more than you want
not what you expected
confusing stories

1%
SlOW FOOd ... for thought




"Finally..."
G

bla bla bla "... Finally, Heilbronner has also
been very involved in creating
better acceptance and working
bla bla bl conditions of women in the
a bla bla scientific community.”
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% of talk
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