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Outline:

Composition and P/T state of interiors

How materials deform at these conditions
(timescales, mechanisms, T/T, )

Overview of lab studies
Comparison of icy vs. rocky worlds (scaling)

How material properties influence global-scale
properties/dynamics
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Fig. 2. The temperature-depth profiles for a typical old oceanic upper mantle (age of
80 Myrs) and for continents. For continents, two geotherms are shown corresponding
to typical shield and Archean craton. Geotherms below 100 km are considered in the
present study. The green region represents the temperature-depth data from mantle
xenoliths, and the orange region corresponds to the temperature-depth profiles
inferred from the inversion of seismic surface wave data from continental up per mantle.

[Karato, 2010]



Interiors: lo
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Interiors: Europa
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Strength envelopes:
From rheology of relevant minerals and T,P profiles

Differential Stress (MPa)
800

0 200 400 600

1 I

I

-

EARTH
- OCEANIC

LITHOSPHERE

Olivine

Dry Rheology

1 | 1

1

[Kohlstedt et al., 1995]

200

Y
o
o

(o))
Q
o
(0,) @inyosadwsa]

800

Differential Stress (MPa)
O_ 100 200 300 400 500 600

0

1 | I I I I

200

>
o
o

(D,) 2@inypssdwa)

(o]
o
o

800



Depth (km)

W
o

>
o

S0

60

—

Strength envelopes:
From rheology of relevant minerals and T,P profiles
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Homologous temperature
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Homologous temperature

Earth’s
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Deformation of polycrystalline
materials occurs by motion of:

second
phases,
porosity

e 1D: point defects
e 2D: dislocations
e 3D: grain boundaries

time,

freq.
(more than one happening at any given time.
under different conditions and timescales
one or more may dominate. They have
different “signatures”.)

Dislocations,
fabric

ALSO inﬂuenced by A polycrystalline viscoelastic solid,
warts and all
melt and second phases



Viscoelasticity:
Deformation at a range of time scales

viscous anelastic elastic
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<709 10° 107 107 10°¢
time since loading (Years)
10°°Hz 10°“Hz 10 °Hz 1Hz 10°Hz >

frequency (Hz)



Viscoelasticity:
Deformation at a range of time scales
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Viscoelasticity

How do we measure viscosity and elasticity in the lab?

Creep experiments
Steady-state viscosity
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[Fujisawa & Takei, 2009]
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Viscoelasticity

Elastic behavior is

Viscous behavior; strain rate is instantaneous elasticity and
proportional to stress: instantaneous recovery.
o =né Follows Hooke’s Law:
o=Ee¢
[T > —WW—
| l ”
Steady-state viscosity Elastic Modulus k or E
Crus‘t(?sljl%:ience 4
"'""""ZZ:ZIZI?I::IiZII'.‘_'.“'":::::j//‘ 1 a
t . Simplest form of viscoelasticity is

the Maxwell model:

Jo)=— 1!
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Viscoelasticity:
in between the two extremes?

VISCOUS anelastic elastic
tectonics 9 lacial tidal seismic waves ultrasonic
loading deformation Seismograph
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Viscoelasticity
Time domain

creep curve, constant stress
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Mechanical models for dissipation

Burgers Model
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Mechanical models for dissipation

Burgers Model
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Mechanical models for dissipation

Burgers Model
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Fig. 7a,b Andrade and extended Burgers model fits (Table 2) to a the
modulus dispersion and b the dissipation information extracted from
microcreep record 890-5 at 1300 °C. The alternative rheologies fit the
data (indicated by the plotting symbol) equally well but diverge
substantially in the description of Q™' at much shorter and longer
periods

[Tan, Jackson and Fitz Gerald, 2001]



* 1D: point defects

0.002

0.001}

0.000

Snoek-type and Zener relaxation in Fe — Si — Al alloys

I. S. Golovin'?, S. Jager?, V. A. Semin’, G. V. Serzhantova’,
H.-R. Sinning?, O. A. Sokolova', F. Stein®, S. A. Golovin'

Deformation of polycrystalline
materials occurs by motion of:
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Deformation of polycrystalline
materials occurs by motion of:

e 3D: grain boundaries

No slip
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How can we identify the mechanism of attenuation
in experiments?

* Look at the spectra. Are there peaks (i.e. narrow
relaxation times) or a broad bands (distribution of relax.

time)?

* Look at the apparent thermal and grain size
dependences. Can you find internal scaling? How does
the activation energy and gs-dependence compare to
steady-state processes?

* Look at the microstructure.
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Viscoelasticity
How do we measure anelasticity in the lab?

=21 steel jacket
Al ~1— internal furnace

~—1  rock specimen

' {34 alumina spacer

=i elastic
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electromagnetic
drive

=

[custom apparatus used in many Jackson,
Faul, Farla papers; described in Jackson and

Paterson, 1993]
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pressure
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Jackson, Figure 4

GRIBB AND COOPER: SHEAR ATTENUATION IN OLIVINE
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Viscoelasticity

How do we measure anelasticity in the lab?

L Crosshead

Transducer
— Housing and
- Cage

=]

Sample Platens
and
—Pistons
Load Cell
and Cage

EXTENSOMETER DETAIL

LvDT
core—|

i

Large standing Instron
with cryostat used at Brown

Table top Instron
with cryostat used at JPL



Viscoelasticity
How do we measure anelasticity in the lab?

Crosshead
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Viscoelasticity
How do we measure anelasticity in the lab?

10um

Control grain size, T, impurities etc.

Piezoelectric

crossbar actuator
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motor —— ' [sample | | meter
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movable barri ; : :
stage 4 Pemen Forsterite| gq00c  i11000¢ ¢
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[Takei, Fujisawa, McCarthy, JGR116, 2011] (273K)  (293K)  (313K) (333K)



Confining pressure (MPa)

Comparison of forced oscillation rigs
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Empirical Observations:

Normalization by Maxwell frequency

comparison of multiple studies
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Empirical Observations:

Normalization by Maxwell frequency
how we can compare apples to oranges

Europa tidal Seismic
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Maxwell curve approach: take a description of the HTB and normalize by Maxwell
frequency for the material or planetary setting of your choice

-P
1 d U 1 1 ViP P
L @T,P)=J,(T.P)yn| | ex exp| | £ —Lr

Moduli and viscosities of Earth and planetary materials pretty well known

[OLIVINE from Karato, 2010] [ICE from Prieto-Ballesteros et al., 2010]
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The fine print: problems with Master
curve approach

Some disagreement about d-dependence

ANU essentially melt-free olvine, 800 < 7(C) <1200, 7 < 7,(8) < 1000
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The fine print: problems with Master
curve approach

A peak at high frequency overlays the HTB
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Effect of melt on GBS and master curve
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The fine print: problems with Master

Melt squirt:

curve d p p FoacC h pressure drillcn melt flow

Melt effect on GBS known, but “squirt” not well known o

T

after Mavko and Nur, 1975
Temperature, C

0 0
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S 5
8 e
E9-1.5 ; 215
g 8

o

2] / Temperature, C

-1 0.1 2 6
log4p(oscillation period, s)

7 8
104/T(K)
[Jackson et al., 204; Faul et al., 2004]



The fine print: problems with Master
curve approach

 Water effect not well known

* Dislocation effect not well constrained

This study used samples
pre-deformed in the
dislocation creep regime
(longitudinal and torsional)

In both cases, the Q! was
greater than the
prediction (of diffusion-
GBS)

[Farla et al., 2012]

A

750 e e
70.0f
« 65.0F

Compressively pre-deformed olivine

o 4
O 60.0gXC

4 55.0f
-§ 50.0f
= 45.0f
3 40.0f
L

@ 350f

30.0

25.0
0

log,, (strain energy dissipation, QahHo

«duas 900°C
] 5= 1000°C
D6646 == 1100°C

log,, (oscillation period, s)

.0 0.5 1.0 15 2.0 2.5

3.0

Torsionally pre-deformed olivine

75.0
70.0f
65.0F
60.0£
55.0F
50.0F
45.0F
40.0%

35.0F -+t.. 900°c
E £~ 1000°C
200 0436 —+— ttooc
P L & A e S
0.0 0.5 1.0 1.5 2.0 25 3.0

log,, (oscillation period, s)

D6646

.0 0.5 1.0 1.5 2.0 2.5
log,, (oscillation period, s)

“%0 05 10 15 20 25 3.0
log,, (oscillation period, s)



Defining J1 and J2

—i4— J1

© T=299K; d = 3um
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Defining J1 and J2
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tidal forcing seismic ultrasonic

Takeaways /~

QwK

107-10°Hz ~1Hz ~10°Hz

Material properties are frequency dependent frequency
Anelastic behavior depends on mechanism (defects)

Mechanical models can describe behavior of materials
(Andrade, Burgers etc.)

Although “apparent” relationships of Qtond, T, P, ® etc.
exist, these are related through viscosity, so use Maxwell
freq. scaling to compare apples to oranges.

The “high temperature background” observed in labs is
also observed in seismic studies (absorption band).
Similitude in experiments suggests same mechanism
(GBS). (some of the nuanced differences may come in the
“fine print”)



