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We Discuss ...

Rheology and the Lithosphere .

Ouanl,do,mn“ed

* Whatis rheology?
* (Insights from rock deformation experiments
« P, T,P; €
* Rock experiments: rock creep curve
» Composite elastic and viscous (=linear)
rheologies _——
» Characteristic stress-strain behaviors
b=

F
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» Strength and Competency
* Time-dependent rock behavior
* Maxwell relaxation time
* Non-linear rheologies

Elastico-viscous

* Plastic flow stresses ‘ e
» Crust and mantle strength Ja=={
» Defining lithosphere: lithologic vs rheologic
layering
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Rheology is ....

... the study of deformation (flow)
of materials.

Associated concepts:

m Stress, 0

m Strain, Strain rate; e, é
m Elasticity, E

m Viscosity, n

m Failure and Friction

m Plasticity

o
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Malaspina Glacier, AK (NASA)
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Earth’s Conditions and Layers
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Insights from Rock Experiments

Triaxial deformation apparatus

As = Differential stress

Piston
P¢= Pore fluid pressure

Chamber
and heater

Jacket
Specimen
P.= Confining pressure  —
=p-g-h
=P

(@)

(b)

Frictional | Plastic

o
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Characteristic Stress-Strain Behaviors

® Yield stress
X Failure stress
l Failure

Differential stress (MPa)

4

8
Strain (shortening or elongation; %)

12 16 20

Yield stress marks stress at change from elastic
(recoverable) to viscous (permanent) strain;
Failure stress is stress at fracturing.
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Compression

Extension
of>0=0=P.-P oij<of=o,=P-F

o;=Ds+P.-P o3=P.-P-As

of, 65 03%= Maximum, intermediate, minimum effective
principal stresses

P. - P¢ = Effective pressure

Compression and extension experiments

Representative stress-strain curves.
(A) Elastic behavior followed by failure.
(B) Small viscous (permanent) strain
before failure.
(C) Significant viscous (permanent) strain
before failure.
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Confining (= Lithostatic) Pressure
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Temperature
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Reduces strength
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Fluid Pressure

ol
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P.=70MPa
50 30 MPa
-~ 35MPa
£ wp
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60 MPa Pf
10 -
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Strain

(a)

Differential stress (MPa)

Strain (%)
(b)
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Strain rate
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T, 400°C (dry)
4000 —
Increasing
temperature

©
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o
o
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o

1000 —

950°C (wet)
L1 1 1
0 4 6 8
Strain (%)

Inverse form P P; ~ 1/P,
Peff = Pc - Pf

The Lithosphere

40x10"Vs

40x10°%s
40x10-¥s

33x10~¥s

33x107%s

33x1079s

Differential stress (MPa)

33x10-7s

33x107%s

500°C

2 4 6 8 10 12 14
Strain (%)

€ = 10%/sec is 30% change in 4 days

é = 10'%/sec is 30% change in 1 million years

Small é (significantly) reduces rock strength
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Summary of Rock Responsesto P, P;, T, é

Effect Explanation
Suppresses fracturing; increases Prohibits fracturing and frictional sliding;
High P¢y plasticity; increases strength; increases higher stress necessary for fracturing
work hardening exceeds that for viscous flow
Decreases elastic component; suppresses
High T fracturing; increases plasticity; reduces Promotes crystal plastic processes

strength; decreases work hardening

Decreases elastic component; promotes
P P Decreases P (Pe = P — Pf) and weakens

High Ps fracturing; reduces strength or promotes Si-O atomic bonds
flow
Decreases elastic component; increases
Low é flow; reduces strength; decreases work Promotes crystal plastic processes
hardening
Low Pc, high Pf, low T, (high &): promotes fracturing = upper crust
High Pc, low Pf, high T, (low é&): promotes viscous flow = lower crust, mantle
M?‘ © Ben van der Pluijm The Lithosphere

Rock Experiments: the Rock Creep Curve

Fracture
Failure stress

Viscous

Strain (e)
Strain (e)

I
Yield stress

Stress removed

Elastic

L - .
- Time () (b) Time (t)

Creep: I. Elastic; Il. Viscous; lll. Accelerated viscous.
a) Under continued stress a material will fail.

b) If we remove stress before failure, material relaxes (elastic
component) while permanent (viscous) strain remains.

Mf‘ © Ben van der Pluijm The Lithosphere
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Rheologic Models: Elastic and Viscous Behavior

Elastic Strain-Time Stress-Strain

. Elastic behavior

rubber band
- ] c=E.e(os=G.y); Pa

e

(a)

Viscous
®)

Stress-Strain rate ViSCOUS behaViOI‘

’ water, syringe
F “‘i i 6 =n1.é;t-dependent; Pa.s

Jodt=0c1t

Matching the general creep curve with elastic and viscous rheologies ...

=
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Elastic+Viscous Rheologies: Elastico-viscous

Strain (e)

General creep curve (strain —time)

Stress removed

Time (t)

Elastico-viscous
@ es | Vi |

YV e Elastico-viscous behavior
ey mayonnaise, toothpaste

=
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]
Elastic+Viscous Rheologies: Visco-elastic
E General creep curve (strain —time)
Stress removed
Time (t)
Visco-elastic
28410 Visco-elastic behavior
water-soaked sponge, memory foam
c=F-e+n-é
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]
Elastic+Viscous Rheologies: General Linear Behavior
E /
Stess removed General creep curve (strain —time)
Visco-elastic e
(€) ' ¢
S
F el
‘ E}_‘ . Visco-elastic behavior
water-soaked sponge, memory foam
Elastico-viscous
(d)
[E 00— Elastico-viscous behavior
mayonnaise, silly putty
General linear
(e) o *
{ i ]H]:l‘” Vs - General Linear behavior
[ A ~natural rock
] of | na
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Summary: Linear Rheologic Models

Elastic Strain-Time

(a) e

AP

Viscous
i) ¢

=

Visco-elastic

Stress-Strain

Stress-Strain rate

A o=tann

e

a

3

(0 i
ratel
—F el

Elastico-viscous

() —*

General linear

M
HE=N—
=

=
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Strength and Competency

e
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|

el
T, t
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Elastic behavior
rubber band
c=E.e(c;=G.v)

Viscous behavior
water
G:n.é;jcdt:cs.t

Visco-elastic behavior
water-soaked sponge, memory foam

Elastico-viscous behavior
mayonnaise, silly putty

General Linear behavior
~rock

The Lithosphere 20

Differential stress (MPa)

~~Permanent strain

Elastic strain

Work hardening

\_Ultimate
strength

0 4 8
Strain (shortening or elongation; %)

=
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The Lithosphere

Rock strength is maximum
stress value a material can
support before deformation.

Competency is relative strength
term that compares resistance
of rocks to deformation.

Rock competency scale:

Low-grade: rock salt < shale <
limestone < greywacke <
sandstone < dolomite

High-grade: schist < marble <
quartzite < gneiss < granite <
basalt

22



Time-dependent Rock Behavior

1020
Age of Universe
Age of Earth
9 —10%y
1015
Tectonic processes 5
10%y
< Rocks Rocks deform
W deform byieree
S by fracture y creep 4103y
=100
Seismologic !
processes s
|
5| Crust | Mantle |
10 ' ! 1day
T I I .~
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=
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Time-dependent Rock Behavior

The Lithosphere
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Maxwell Relaxation Time:
ty =n/E
is ratio of viscosity (n) over
elasticity (E)
Unit: ty, = (o/(elt)) / ole = time

Viscosity (strain rate) is
temperature-dependent, so
ty is T-dependent.

ty, range plotted in time-
Temperature space.

23

1020
Age of Universe
Age of Earth
9 —10%y
1015
Tectonic processes 5
10%y
< Rocks Rocks deform
W deform byieree
S by fracture y creep 4103y
=100
Seismologic !
processes s
|
5| Crust | Mantle |
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=
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Temperature (K)

The Lithosphere

Elasticity dominates on seismic
timescales (failure).

Viscosity dominates on tectonic
timescales (flow).

Rock is like silly putty®:
elastic/breaks (fast
deformation) or viscous
(slow deformation),
so fion of time (strain rate).

Both elastic earthquake waves
and viscous flow in Earth’s
mantle.
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|
Elastic and Viscous Earth
10% Elastic Earth:
Age of Universe Mantle viscosity of 102! Pa-s,
AgeiofEarth T100y elasticity of 10 Pa (olivine-
1015 dominated mantle)
Tectonic processes 108 ty = 1010 g
2 odks Rocks deform that is, order of 1000 years
kS by fracture by creep 4103y (Earth’s glacial rebound).
IV
Seismologic . .
S——— <1 year Vlscous_Earth.
Mantle viscous flow stress:
105 Crust | Mantle - 1day o=n e
0 l 10IdO 20I00 30IOO 4000 = 1021 ) 10-14 = 107 Pa
Temperature (K) = 10MPa
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|
Linear vs. Non-linear Rheologies
General linear behavior (from analogues)
General linear
il )
({1 —r o=é
el
ty t2
Non-linear (or elastic-plastic) behavior (from experiments)
e c exponent
t e
(a) (b) (c)
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Quantification from Rock Experiments

As = Differential stress \1

P¢= Pore fluid pressure

Piston

Chamber
and heater

Jacket Brittle | Plastic

Specimen

P.= Confining pressure —

=p-g-h =P,

Triaxial deformation apparatus

=
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Plastic Flow Stresses

Rock type A n E*
(MPa_ns_le) (k3-mol™)
2.6 %10 3.9 234
log(a1 - 03) (MPa) Albite rock
0o —T—1s 7 Anorthosite 32x10°% 32 238
™ : == Clinopyroxene 15.7 2.6 335
[rec D Diabase 20x10° 34 260
-Salt ST TSNS Granite 18x10° 32 123
“Quartzife” 7 Granite (wet) 20x10°% 1.9 137
g L Anorthosite e Granulite (felsic) 8.0 x 10:3 31 243
£ | Frictiondi Granulite (mafic) 1.4 x 10_9 4.2 445
2 | behavior TK) Marble (< 20 MPa) 2.0x10 4.2 427
o | Orthopyroxene 0.32 24 293
sl s Peridotite (dry) 2.5 x 10‘3‘ 35 532
= Peridotite (wet) 2.0x 10 4.0 471
- Plagioclase (An75) 3.3x 10_: 3.2 238
- Quartz 1.0x 10 2.0 167
= Quartz diorite 1.3 x 10‘2 2.4 219
150 Quartzite 6.7 x 10_4 2.4 156
é=A 6" exp(—E*/RT) Quartzite (wet) 3.2x10 2.3 154
Rock salt 6.29 5.3 102
solve for o
N Experimentally-derived creep parameters for common
o = (¢lA)"" exp(E*/RT) minerals and rock types. From Ranalli (1995) and other
sources.
Mi © Ben van der Pluijm The Lithosphere 29
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Friction vs. Plasticity (strength curves)

Depth (km)

o

log(o1 - 63) (MPa)

3 4 5

50 {500
Frictiona: i
L behavior W
100 - — 1000
150
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Composite Strength Curves

Depth (km)

log(o1 - 63) (MPa)

The Lithosphere

0 -1 0 1 2 3 4 5 7 8 _9
. o -1500
Anorthosite

- Frictiona,

- behavior TR
100 -~ —{ 1000
150

“Stacked sandwich” lithosphere model
(deluxe peanut butter-jelly sandwich)
The Lithosphere
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Frictional behavior (T-independent):

Oy =20,. 1

[Gd = 26s]

Plastic behavior (T-dependent):

O,

Depth (km)

4 = (e/A)V® exp(E*/RT)

o, (MPa)

1000

Quartz plasticity (U Crust)
Feldspar plasticity (L Crust)

Olivine
plasticity
< (Mantle)

Frictional
strength

Qz: Strong
Qz: Weak

Fsp: Strong
Fsp: Weak
Ol: Strong

30
0 o, (MPa) 1000
o
Quartz-dominated
Feldspar-dominated
Olivine-dominated
2
31
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Earth’s Lithosphere and Properties

P/og(MPa)  T(C) ;g:let FauLt Deformation

500 regime
- |
Frictional
regime
Cataclasite 4 ey
discontinuity
| L Frictional-
1 Plastic
1 [ Quartz transition
plasticity
Plastic Ridipae
Mylonite regime plasticity Gutenberg

=
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Lithospheric Deformation Regimes

Frictional Regime

- Pressure (P, and P;) dependent
(frictional law)

- temperature and strain insensitive
- Shear/differential stress is primarily

P/oy

function of normal stress:
o, = f(cp)
g 1
Plastic Regime j, ;;,
. . h‘"
- Pressure (P, and Py) insensitive (crystal 5+ \ *1
plasticity laws) o

- temperature and strain rate dependent ,"

- Shear/differential stress is primarily
function of temperature and strain rate:
o, ~f(T,8)

=
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Mohorovicic _¢&

discontinuity

Continental crust Sea level Oceanic crust Ocean ridge

N O ® O »

Lithologic layering ; Rheologic layering
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[ Quartz transition
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