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Rheology of the Mantle and Plates (part 1):

Deformation mechanisms and
flow rules of mantle minerals
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Topics covered in this class

« Rheology of Earth (viscous limit)

« Fluid Dynamics for geological phenomena

« Composition of the Earth

« Thermodynamics and high-pressure mineral physics

« Seismological structure of the mantle

« Geochemical structure of the mantle

« Dynamic processes of the Earth (plumes, slabs, thermochemical piles)
« Heat and mass transport in the deep Earth (convection, thermal history)

- Energetics of the core (magnetic field generation)
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Where to turn to for more help..

Mantle Convection in Earth + Planets
Schubert, Turcotte, and Olson (2001)

« Papers by those lucky people in the

Numerical Geodynamic Modelling Rheology fan club (partial list only):
Gerya (2009)

« numerical modelers:
Hirth and Kohlstedt (2003) Podladchikov, Solomatov, Burov,

Gerya, Bercovici, Tackley, Yuen

Regenaur-Lieb and Yuen (2003)

« experimentalists:
Treatise on Geophysics V. 7, Ch. 2 Karato, Kolhstedt, Hirth, Jackson
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What is rheology?

- Rheology is the physical property e _ _
that characterizes deformation g = E g  solid mechanics
behavior of a material (solid, fluid, .
etc) 0O — 2775‘ fluid mechanics

« Rheology of Earth materials includes
elasticity, viscosity, plasticity, etc

« For the deep Earth: mantle is fluid
on geological timescales so we
focus on its viscosity

« For tectonic plates: still viscous on
geological timescales, but the
effective viscosity is a subject of
debate

SIO 224: Internal Constitution of the Earth,
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What is viscosity?

« constitutive relation between stress
and strain-rate (deformation rate)

* In the continuum description, it is
the analog of the elastic moduli
which relate stress and strain

« measure of a fluid’s ability to flow

 diffusivity of momentum
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Definition of creep

« movement of crystal defects
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Definition of creep

« movement of crystal defects

« point defects - extra atoms or
vacancies

« line defects - dislocations which
represent a rearrangement of
atomic bonds
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Definition of creep

« movement of crystal defects -0t )
eezss
egEc

« point dt_afects - extra atoms or ..0‘9.., D—D =
vacancies (PP O Eh-¢ dam
(b QO— cp=a) b—— P W<

(L6 EEd bddddde

- line defects - dislocations which e il L T
represent a rearrangement of @,ﬂﬁﬂ,ﬂ, L’_-.._Q_-.g L&

atomic bonds

« two types of dislocations:
“edge” and “screw”

« each described by parallel or
normal Burgers vector (b*)

\
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Definition of creep

« movement of crystal defects -0t )
eezss
egEc

« point dt_afects - extra atoms or ..0‘9.., D—D i
vacancies b O P~ P dem

G P-—PP —b '"‘v.ﬂ.:

..,--.. c.. D4

- line defects - dislocations which e il L T
represent a rearrangement of @,ﬂﬁﬂ,ﬂ, L’_-.._Q_-.g L&

atomic bonds

« two types of dislocations:
“edge” and “screw”

« each described by parallel or
normal Burgers vector (b*)

- creep will occur through
whichever mechanism requires
least amount of energy
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Diffusion creep

point defects move by diffusion

« through the crystal matrix
(Nabarro-Herring)
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Diffusion creep

point defects move by diffusion
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« through the crystal matrix
(Nabarro-Herring)
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- along the grain boundaries (Coble)

a) Vacancy Flux b) Formation of a Vacancy

Crystal Surface

c¢) Vacancy Destruction

0:0:0 00 Q0000

Crystal Surface
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Diffusion creep
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Dislocation creep

line defects move by dislocation

« two types of dislocations:
“edge” and “screw”

« any line defect can be represented
by linear combination of the two
(simply add Burgers vectors)

 line dislocations have two types of
motion: glide and climb

- independent of grain-size (point of
difference with diffusion creep)
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ion creep

ide process of dislocati
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Climb process of dislocation creep

« climb dislocation occurs outside
the glide surface The Climb Process
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Deformation maps

- for any given stress + temperature,
one mechanism will be weaker (and
preferred) over all others

TEMPERATURE (°C)

-
o

€ = Ega T Eqifr

 map assumes constant grain size

N

Dislocation glide
-8 -7 -8B

NORMALISED SHEAR STRESS, O/l
SHEAR STRESS AT 20°C, (MPa)

02 04
HOMOLOGOUS TEMPERATURE, T/T m

Fig. 3 Dcformation mechanism map for olivine,
with grain sizc 1 mm, showing iso-strain
ratc contours (after Frost and Ashby, 1982).
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Creep mechanisms in the mantle

AR\
[Basalticcrusti «7  .Erittle-piastic Melt

\ ylelding ~~“weakening

Dry-harzburgitic mantle ~ \ B (~10' Pa s)
_ S Visco-plastic & \ | Serp: a\~ e

. . @ n
a , ylgldlng ’0\_\ ' Dislocation
(~‘;(_)‘? 102 Pa's) Nr & i it creep
5 Water S
weakening

Olivine
diffusion + dislocation creep
(low strain rates) ~10®°Pas N S
\\ -*70/
D »%  Delayed
‘g\}-’/\ grain growth?

Wadsleyite/ringwoodite
diffusion + dislocation creep ? ~5x10%-10%' Pa s

660 km

Perovskite + MgO
diffusion + dislocationcreep ? ~3x10?' Pa s

Billen, Annual Rev. Geophys., 2008
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Flow rule

- relates the deformation (strain rate) o .
to the applied deviatoric stress 0 =— 775
through a viscosity

- deformations add in series 5 ——
(viscosities add in parallel) 77

N SIO 224: Internal Constitution of the Earth,
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Flow rule

« for isotropic fluids, we can describe
the flow rules with an effective strain
rate, an effective stress, and an
effective viscosity

« 2nd invariants of deviatoric stress
and strain rates are scalars

« in practice, we know the strain-rates
from the velocity field rather than
stress, so viscosity is normally
rewritten in terms of strain-rate

O] — \/O’ . 0O
Err = VE:E
OI1 = Nef fEII

NOTE: contractions of these tensors
usually have a 1/2 term times the sum
of the squares of the components
(when assuming co-axial compression
| pure shear)

e
%7\ LIFE TECTONIC
"
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Rheology: land of jargon and confusion

 Newtonian strictly means linear e
viscosity, but is commonly used to | T2 pastc yets
refer to diffusion creep with stress |

exponent (n=1)

« Non-Newtonian usually refers to
non-linear rheology resulting from
dislocation creep that is stress 0. . 20 30
dependent through power law on strain rate
stress with an exponent
(n=3.5, or historically n=3)

| — — Newtonian |

| — n=3

| = == plastic yield !

g
o

« Example: diffusion creep is
thermally activated and pressure
dependent, and thus has exponential
sensitivity to T,P but is sometimes
referred to as “Newtonian” even
though it is a non-linear f(T,P) 00 10 20 30 40 50

sirain rate

Tackley, 2000

-
o

effective viscosity
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Comparison of deformation processes

« any non-linear rheology can be N == e
represented by an effective linear | 22 prasic yets

rheology

« the effective viscosity is simply the
slope of the line drawn from the

origin to the stress-strainrate curve

2.0 3.0
strain rate

« example of effective viscosity for
several different rheologies that may
be important for the mantle + plates

| — — Newtonian |

| assssnsas n=3

| = == plastic yield !

o
o

« think a little more about these curves
stress vs. effort, efficiency vs. effort,
and total productivity vs. effort

effective viscosity

-
o

0.0 1.0 2.0 3.0 4.0 5.0
sirain rate

Tackley, 2000
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Arrhenius dependence

« one can use thermodynamics to
describe the sensitivity of diffusion [) — D()e:l?p
when it is thermally activated RT

« the diffusion of vacancies, etc has
an exponential dependence on T,P

« this can also be understood in terms D=1D
of the homologous temperature — LJp€xp

« the deformation resulting from the
diffusion creep is the strain rate and £ = —0O
is inversely proportional to viscosity 7

 the Arrhenius term describes the
exponential behavior of viscosity - ( EA n P VA) i}

n(T, P) = noexp BT

- also valid for dislocation creep

SIO 224: Internal Constitution of the Earth,
Rheology of the Mantle and Plates
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General flow rule for mantle material

. AN AN | (EA—I—PVA)-
=4(3) (5) e |- 5r
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General flow rule for mantle material

. A AN ) (EA—FPVA)-
~4(3) () o |5

=A%) (0)(5) e[

\ [
g;:l’\'y'r%_‘g SIO 224: Internal Constitution of the Earth,
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General flow rule for mantle material

\ [
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General flow rule for mantle material

(@) G)G) e [P

1 A(N\N" o\ [ (Ea+PVy)
— = —\| = — TP
(L RT

\ [
g;:l’\'y'r%_‘g SIO 224: Internal Constitution of the Earth,
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General flow rule for mantle material

n—1€$ - (Ea+ PVy)
¥ RT

=1 (Exa+ PVy)
) P RT

SIO 224: Internal Constitution of the Earth,
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General flow rule for mantle material

(A () [
T= A\ b P RT

étot 5dsz + é'falz'sl
| | |

Nerr  Ndiff  Ndisl

« note: diffusion and dislocation creep have different activation enthalpies

\ [ ]
233:{\‘;,',5,5'2:‘ SIO 224: Internal Constitution of the Earth,
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What is “n” for dislocation creep?

Etot = Ediff T+ Edisl

wet dry
- 0
T =1250°C BN /Y

Pi300 MPa P =300 MPa
d=15um d=15 pum

S
L

constitutive
equation
\ _

-

constitutive

equation \ o
O

O MK (2000)
O MK (2000) n 34 0O MK (2000)
® dislocation creep component @ dislocation creep component

Strain Rate (s'l)

—
‘»

j—

L

k=

o 10
R=

fan

i

—

N

S
=)

10
Stress (MPa) Stress (MPa)
Hirth and Kohlstedt, 2003

- note: different y-intercept corresponds to different activation enthalpies
which is due to the influence of water

.;"""" ~ SIO 224: Internal Constitution of the Earth,
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Extrapolating to mantle conditions

——-V*=11x10 6 m3/mol
. —_— VF = V*(T,P)

T, =1350°C

rebound
Con = 1000 H/10°Si

V* = VXTP)
T,=1350°C
Con = 1000 H/10°Si

e
=
=k
o
=

V*= VXT,P) 0=0.3 MPa

T, = 1350°C V* = V¥T,P)

Con = 1000 H/10°Si T, = 1350°C
10 10'® 10% 10" 10% 107
Viscosity (Pa s) Viscosity (Pa s)

<Ni%
Pz g
—'(;/\ THE

€%\ | IFE TECTONIC /
% i

Hirth and Kohlstedt, 2003
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Just add water...

« contour lines are strain rates in (1/s) - dislocation is horizontal because it is
independent on grain size but diffusion creep shows grain size dependence

« much lower stresses required to achieve same strain rate when water is
present (note different y-axis) which translates into lower activation enthalpy

Dry Olivine T = 800°C Wet Olivine T = 800°C

[c] dislocation
creep dislocation creep

diffusion
creep

Stress MPa

1
e
=

27

7]

2
=

0.1
0.01 e
0.001 0.01 0.1 1 0.001 0.01 0.1 |

Grain size mm Grain size mm
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Just add water...

« contour lines are strain rates in (1/s) - dislocation is horizontal because it is
independent on grain size but diffusion creep shows grain size dependence

« much lower stresses required to achieve same strain rate when water is
present (note different y-axis)

« translates into lower activation energy and volume (E* and V¥)

. b\ o\ - (B + PV
— Al — —
£(Con) y P exp | BT |

=2

O\H 7y
BN
S\Wrea
P\ THE

©%i\ LIFE TECTONIC
% i

&
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Grain size sensitive creep

GSS creep relies on combination of
mechanisms: grain boundary sliding
(GBS) and basal slip along the
easiest slip system (easy)

€ = € gig t Egier T [1/€ gos T 1/€ gy !

Olivine (250ppm H/Si) 1300°C, 0.3GPa

GSS operates at small grain size 0 ¢ e e

only relevant to diffusion creep e i

\ GSl-power law -J

crecp 3

accommodates large amounts of ETT N S AB& AR ]
strain without deforming crystals = [g;ss- . S dlon

(referred to as superplasticity) z %L‘,’.}‘;;," [ oo 7 aw

; P " 2 _. -7 (A j

GSS important process in lower L S A & \__‘* 7am 1

mantle with small grain size (Karato SV AN N 3

et al., Science, 1995) through N S S S VIR

0.01

extrapolation to high P, low strainrate 10 10°* 00001 0001

Grain size um

Drury, 2005
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Recrystallization

« dynamic process changing the

distribution of grain sizes linear (n=1) power law (n=3.5)

« grain size reduction (large grains
fracture) and growth (small grains
fuse together)

« microstructure important feedback
with dislocation creep

Jessell et al, EPSL, 2005

SIO 224: Internal Constitution of the Earth,
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Grain growth in the lower mantle

« recrystallization for material going down through 660 phase change

 diffusion creep likely dominant mechanism for lower mantle but if the grain
size is sufficiently small, then superplasticity could be important mechanism

Hot mantle (past)

A

Solomatov, EPSL, 2001
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Harper-Dorn creep

- low-temperature plasticity OR Peierls stress mechanism*

| '\ (o\" - (Eq4+ PVy) o \?
—A(=) (2 1
- i) \p) |7 RT o,

*read about Peierls other contributions to science here: https://en.wikipedia.org/wiki/Rudolf Peierls

« applicable to the interior of a subducted slab (below: 4 cm/yr and 10 cml/yr)

slab deformation map

depth (km)
140 280 420

slab viscosity field

depth (km)
280 420

effective viscosity

dominating

creep mechanism > 1026Pas

26
l 1025 ..10 Pas

spinel diffusion
spinel dislocation
spinel

olivine

olivine dislocator
olivine Peierls

4
10°
2.
10 3

25
..10 Pas
24
..10 Pas

23
1024 ..10 Pas
22
<10 Pas

Karato et al, PEPI, 2001
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https://en.wikipedia.org/wiki/Rudolf_Peierls

Generalized flow rule for a slab

Etot = Ediff + Edisl + EH-D
1 1 1 1

Nefr  MNdiff  Mdist  T/H—D

 diffusion, dislocation, Harper-Dorn creep mechanisms work independently, so
in general, only a single power-law (m,n,q) is in effect at any given time

« usual values for exponents (m,n,q) are (2.5,1,0) + (0,3.5,0) + (0,2,2)

« each mechanism has a different value for A; E and V depend on water content

| b\ (o\" [ (Es+ PVy) o\ 7"
_A4(2) (2 1
i) \u) " RT o,

\ |
X1

~?1i243‘ /d( ﬂ SIO 224: Internal Constitution of the Earth,
eV

IIFIlTIjFETECTONIC Rheology of the Mantle and Plates

\
“\‘\"”/5"‘

.
A



Viscoplasticity

- most materials have finite strength
described by limiting stress and
materials cannot support stresses in
excess of their yield stress

« upon reaching their yield stress they
deform through plastic flow (a solid
beam starts to act like toothpaste)

von Mises yield envelope

suy
e,
SNy "
B\, THE
"lf’llnl LIFE TECTONIC dQ\/l
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Viscoplasticity

- most materials have finite strength
described by limiting stress and
materials cannot support stresses in
excess of their yield stress

« upon reaching their yield stress they
deform through plastic flow (a solid
beam starts to act like toothpaste)

- actually, care must be taken to
guarantee one is actually on the
yield surface and remains on it (i.e.
use harmonic avg at your own risk)

von Mises yield envelope

n=z= (0 < Oyied)
U o
Neff = —£= (0 > 0yica)

/dfevl
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Viscoplasticity

- most materials have finite strength
described by limiting stress and
materials cannot support stresses in
excess of their yield stress

« upon reaching their yield stress they
deform through plastic flow (a solid
beam starts to act like toothpaste)

- actually, care must be taken to
guarantee one is actually on the
yield surface and remains on it (i.e.
use harmonic avg at your own risk)

« visco-elasto-plastic behavior can be
written as generalized flow rule with
an associated flow for each of the
viscous, elastic, and plastic parts elastic  viscous  plastic

%

S
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Strength envelope for an oceanic plate

maximum stress that is supported is
equivalent to a yield stress

Differential Stress (MPa)

three layer lithosphere: brittle crust, 200 400 600 800

strong core, ductile underside Digbase

based on extrapolating the
deformation behavior of crystals
(microscale) to that of a rock scale
(macroscale)

OCEANIC
LITHOSPHERE
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=
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\
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role of large scale faults and tectonic
fabric (mesoscale)

o
o
o

Olivine

w
o
(0,) @injpledwa]

N
o

likely mechanism in strong core is i=10""s"
Peierls creep (low strainrate, high Dry Rheology
stress)
Kohlstedt et al, JGR, 1995
> SIO 224: Internal Constitution of the Earth,
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Anisotropy

- dislocation creep (n=3.5) and dynamic recrystallization during deformation
generate crystal alignments and lattice preferred orientation (LPO) of crystals

« significant seismic anisotropy observed in the upper mantle ->
implies dislocation creep is the dominant mechanism

-_lack of anisotropy seen in lower mantle -> diffusion creep is dominant

) R

"
,,,,,,

\\\\\\\\

Gyt — 20 um
Blackman, Rep. Prog. Phys, 2007
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Anisotropy

« significant seismic anisotropy observed in upper mantle ->
implies dislocation creep is the dominant mechanism

- lack of anisotropy seen in lower mantle -> implies diffusion creep is dominant

distance from axis (km) P-wave P-wave S-split

50 100 150 200 250 300 350

3 - 7/
i ) J:,,.'a ‘ ‘) Lower Bound
¥ Lo |
: “".' ’r e : '

. ™ »
mwm;@.-,;;@ ™« ,,An < ,m < :.A it

& q e B Ko K Aol e VPSC
‘ W Ty o i ok
‘is ) !‘

depth (km)

0B
7 YR 2R Y 3
D 4»’/ P LA L

,’
N £\
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VPSC
“ / rxlsn

Velocity gradient along path

f du/dx
0 ,_f__'—fé\/\t\ —_—

0.4 A -
0 Jf // L«\_}

du/dz

z=depth (km) 80

0 40 80
x=distance from spreading axis (km)

Blackman, Rep. Prog. Phys, 2007
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www. thelifetectonic.com

e & @ Thank you! Questions??


http://www.thelifetectonic.com

