Rheology

* What 1s rheology ?

'''''''

From the root work “rheo-" Current: flow
Greek: rhein, to flow (river)

Like rheostat — flow of current



Rheology

* What physical properties control deformation ?

- Rock type
- Temperature
- Pressure

- Deviatoric (differential) Stress
- Others ?

* What are the different types of strain ?

- Brittle Low T.I
- Elastic > //
- Plastic 7

- Viscous > Hig



Rheology

* Strain rate measured by GPS | S Y
in Southern California | )

e
: : . ) e il Bhdh RS
* What do the GPS measurements N“\g L '&’” R e : /
indicate ? R ORI X

* At what depth do these
movements occur ?

* How can we test this ?



Rheology

Guest Lecture from Dr. Miranda!

- Brittle Deformation
- Plastic Deformation
- Brittle/Plastic Transition
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PART |: RHEOLOGY AND MACROSCOPIC DEFORMATION
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Crizipter 16: Mecroscooic Asoecis of

()

Tne narne rneology derives frorr the Greei word “rreo”, wrich)

rreans “flow”.

neoloywl siudizs nandle tne flow cornooriznt of deforrnatior),
Wiy Am,erJlJ orl tne irnterola) /Jerwsen siress, sirain, and ine
rette of flow. I ¢ yos lzrnces, rmeology reoreseris & orarcrl of
tre science of rock rmecnarnics,
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2dg eJ]OJJ cal venaviors range frorn oerfecily glastic solids at one
Eirerme to viscous Newtoniarn fluids et tne otrier
rlowzver, the rnzology of natural rmaterizls such as rocks, falls

oaityweaer) inase airarmeas.

Question: the response of materials to stress depends on what
properties?
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Crizipter 16: Mecroscooic Asoecits of Hoc;

We will now engzage in a rmore quantitatve study of now rrzaierials
oerzve in resoonse (o siress,

A rnatarial can exniolt

JEl\/lOf

0 11 02

.S
) )

Lv (l« L-

P

&L

Q) Q)
()

o O
e
= =

- D

—-

/

J <

@ Q

Q W W
Q ==

\vior
anevior

I Y
~d < a

Powar-lgy

o
(@)
=~ @
-
Q)

o

Triere are otner tyoes of nenavior, out we will focus
rrizlin tyoes in inis course,
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rittle venavior can ve generalized oy Monr Coulorno failure:

nt of friction, g s ine ]

123]or.
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Tne Cornposite Failure Envelope: 3 parts

|: Tensile failure
[I: Coulomb failure
[Il: von Mises criterion (deep crust)
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2. ELASTIC MATERIALS

Int orooortionel to ine
I relezised, ine rnzaierizl
reite, Trie deforrnztiorn) s

clefines slasiic verzvior:

terials deforrn 0y an arnour
aopolied siress, out wrnen ine siress
returns to its origir 1el undeforrned st

sald to ve recoveraole. Tnis relafionsnio ¢

=lasiic el
g

s e linear sirain, 2ind is Youre's ol

j 1
(rnaterial specific).

[—

whnere g is the aoolied siress, £
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2. ELASTIC MATERIALS

Tnis relationsnip defines elasiic oenavior:

whers g is the apolisd siress, .
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2. ELASTIC MATERIALS

g=1

o

elasiic venavior is modeled very well oy a1 soring tnat is cornoressed arid
released. The soring recovers tne deforrnation. Thnis equation is essa0ii]

ine sarne 2s rlooka’s Lawy.
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3. PLASTIC MATERIALS

Plasiic rrnataria s
a00lied SE '5

rezcned, ingy

leforem ¢ J/ 2l elrnournt orogortornzal o ine
1stic) at first, out wnen a critical vield siress is
ow reziclily ~mrl undergo oerrnanert deforrriator):
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iy olastic materials exniolt no deforrnation at all oelow e

Whnere O, Is the snezl
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3. PLASTIC MATERIALS

|

D

A recnznical analog for olastic deforrnztion is tne idealiz
frictional resistance to tne sliding of a1 olock on 2 surface,

Just the plastic deformat
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yield stress
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4. VISCOUS MATERIALS

Viscous rmalterials deforrm oy ﬂow]ru Irl response to ¢ z'fress oLt
wrien the siress Is rermoved, the raterial does not return o ine

uncleformed ¢ fgL ation. It can oz said tnat siress iy
grogor‘r]orel Strain rafe during viscous deformatiorn. Viscous
oenavior is descrioed oy:

(/-

=212
Where o is siress, r) Is viscosity, and € s sriear sirzlir) reis

Viscous oanavior is cornrerion in MNewiorlizin iuies.
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4. VISCOUS MATERIALS

/

[t can e said tnat siress '; or or)orrurml 0 i mm rateg cduririgy
viscous deforrnation. Viscous oenavior is descrived oy:
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13 snesr siralr) raie,
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Where o lis stress, ) is viscosity, and ¢
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Crizipter 19: Meacroscoopic Asoects of Hock Da
4. VISCOUS MATERIALS

A good rmecnarical analoy for viscous deforrnaton s 2 flﬂSh',)O"L
Wrizn 2 force '; er)r)lwrl 2Cross 'Ehe sys‘em, trie rmotion of tne
oiston is governed vy ine rate at wnicn the fluid flows tnrougr the
oores I tne pistor.
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POWER-LAW MATERIALS

Q1

MNor-Newtonian fluids do not niave 2 constant slooe of tne
stress-sirain rate graopn. Instead of viscous oenavior, irgy
oower-law rmeology.

»
»

Nawitorizarn U=
slope = 2

f non-Newtonian

Q%]
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POWER-LAW MATERIALS

Q1

MNor-Newtonian fluids do not niave 2 constant slooe of tne
stress-sirain rate graon. Instead of viscous venavior, iy ax
oower-law rmeology.

l.—l‘

»
»

Nawitorizarn
slope = 2

f non-Newtonian

Q%]
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—r)

POWER-LAW VMATERIALS

Q1

as power-law rraterials in ducile snesar

. O 4if '8
t viscous o
MNewtorizar)
slope = 2

power-law

f non-Newtonian

© 8= A(Gy)
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Nowy tnait we've coverad 9 cornrnon tyoes of rneologies, we car)
use tnern to understand exoperimenial duciile flow.

Who cares?
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Chaoter 16: Macroscoolc Aspects of Rock Deforrmeatior)

Trne g, @erlmen ts Involve tnie slow continuous deforrnaltion,
creeo, of rm specimern. Tney are dorie at rrucn faster
trizin neidreal ¢ J—‘O]OJIQ sirain rates. Lao rates ~107
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Are the results still applicable?

Exr)@rimﬁn"rs are eitner done at 1) constant siress, or 2) consterit
sirair rate.

l fwe went to cornpzare two seits of e@enmér] a1l claital, trigr) we
COMNpars thern in terms of 2 nornologous mr)erﬁuure Wrlle /43
ne ratio of the termperaiure of 2 suostance o s el ¢ Joislt,



Crizipter 19: Meacroscoopic Asoects of Hock Deforrrizltior)

We carn exarnine tne results of an experirnent J/ graoning
strain versus tirne, or differential stress varsus tirme.

Uﬁ

We differentiaie oatween cold workind eoerirnents wriers
Tne rumobJ Ug emr)epuure Iz < 0. 5 and not workirigl
experirnents wnere irie normologous ternosraidrs is > 0.9

D




ocx Deforrnatiorn

73

Crizipter 16: Mecroscooic Asoecis of

i#]: This is = hot-worked, constant stress e oerirneant result,

1) It nas a very snort duration of sorne initial elastic venavior wrer
tne siress s apolied. |t quickly excesds yield siress.
Tertiary

creep

Constant stress (creep)

Steady state

I or
Primary: secondary
creep

Fracture

t
B. High temperature / low stress

r



ocx Deforrnatiorn

7&'
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i#]: This is = hot-worked, constant stress e oerirneant result,

/) Fne rresg relig Is ]n]'t]eH/ Um ouft stez IJI/ declinegs as ine
tnis Is prirnzary creeg

Tertiary
creep,

Constant stress (creep)

I
I
Steady state |
I

Of de *rzasmg | ¢ o
cresp rete witn Primary |~ secondary
, I) E : creep Fracture
CONstarnt sirass n
Js celllad
“work niardening”

t
B. High temperature / low stress
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Crizipter 16: Mecroscooic Asgecis of r

B A J =

Tertiary

Constant stress (creep) < b

I
|
Steady state |
or i
: secondary
V Fracture

t
B. High temperature / low stress

r
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Crizipter 16: Mecroscooic Asoecits of Hoc;

i#]: This is = hot-worked, constant stress e oerirneant result,

9) Sormnetirmes tne steady-state regirme gives way (o teriiary
creso, Wnere tne sirain rate accelerates and ine sarnple fraciur

CD
G

Constant stress (creep)

I
|
Steady state |
I or [
Primary: secondary

creep

t
B. High temperature / low stress

r
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#2: This is 22 hot-worked, constzint sirain raie rirnent result,

&
(D

40

sirnilarly, ine samr)le disolays orirnar Y, st (zz1dly-sitate, arid tertiary
L 1

creso rAJm 23. rloweaver, glastic strain is not oullt uw quickly
oecause ine sirain rate 1s constant, so ine siress oullds slowly.

Constant strain rate

Tertiary
creep

Steady state <™

(secondary) | !
creep |

5{Dif)

t
D. High temperature / low strain rate
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We care cioout inese e oerirnents vecause ducile flow deso

In tne Earin s largely cnaracierized oy steady staie creeo. Large
arnounts of deforrnation can accurnulais ir) these rocis,
oroducing cornolex folds, etc. Tne flow Irlv\s used to descrios
tnis l)eha vior are LSg ful If zornes zrid ife

-

for rnodeling rezl sriga
tney deforrm.

Constant strain rate

Steady state f““";
(secondary) |; !
creep |

F’rumary'

a0l roen

— — -Yield stress Fracture

t
D. High temperature / low strain rate

y
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We will just focus or morle
J cause 1) 's regirme is i
louUgnt to oz most apolicac
Constant strain rate
Tertiary
: CFEEFI
: P’rlm:atr}.a'I {Stead}'dstaiie 1|‘H.:
(Dif) seconda
o7 creep | creep Y : :
| I | I
| X
- — -Yield stress Fracture

felpier

t
D. High temperature / low strain rate

lte-sitress flow laws for tnis course
rmost investgated, and 2) iy
ole for deforrnation in ine =arir.

flow lelws teilke iria forer:

Gzo IOJ]r* rrizlierie Is
r1 =3 zricl ezin o
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ci Deforrnatorn

felpier

\/\/e will Just focus on rmoderaie-siress flow laws for tnis course
cause 1) 's regirme is _r.'me rmost investgated, and 2) iy
llJrJ 0 02 most apolicavle for deforration in tne Earir.

5=27 x10* " T flowy laws taxe tne forrr):
600r p=10°MPa 1027°C
(1300 K) ,

: g = A (U) U dlis st

@ 400

5t re /

= (1400¥ Flow laws zire detarr f for:

= 200

. single rirerzl ¢ e

1227°C /
(1500 K) Multiole rririeral oflzises

0
0.00 001 0.02 003 0.04 005 006 0.07 0.08
Natural strain | = |

olivine experiment
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PART 2: DEFORMATION MECHANISMS

Deforrmnealtion rnecnarnisms are grair scale ¢ processes "
If) respJnﬁ to deforrnation of 2 roci. Tnes |
are occurring at tne rnicroscopic scale,
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Crizipter 17: Microscooic Asoects of Hock Deforrrzltior)

g

Uo uniil now, we considered rock deforrnzation frorn the cortifurs)
oolnt of vigw, wnicr assurnes tnat tne rock s rormogensous erid
neas no discorninuiies. ..

But...this is a question of scale!

ociKs are made of crysial ¢ Jmm; Wricr 2lre er)er f2ct |
ricroscogic scale. Tnese ¢ ryst al irmoerisctions give ine rock
average rnecnarnical ol ; 2lnd corliriguie to ir |
[relcroscooic nenavior of ine rock under siress,
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So...if we want to study the macroscopically ductile behavior o
rocks, we must zoom in to the micro- and submicroscopic S



Cnagter 17: Microscogic Aspects of Rock Deforrnatior

By examining rocks on the micro- and submicroscopic scales,
we will be able to answer:

Wt deforrnation rmecnanisrs permit solid rocks to flow?
Uncder wnat conditions do tnese deformealtion rmecnanisrs ooeraie?

tad witn

m

What rneology is associa

YWzt m]cro~ 2l Jrl sUOMIcroscopic si
| tine lzitior rnecrianisms tnat grocuced i

Wit cain we infer frorn these siruciuraes slooLt |

cleforrnation?




Crizipter 17: Microscooic Asoects of Hock Deforrrzltior)

[t would vz rmost neloft |I "ro unclerst mrl gl
recnanisns dorninzate for 2 given set of siress
conditions for 2 r)~1rr1c,ulf1r rineral. We use ¢
rriecnanisen e to accormnolisn tnis tasie.

cr deforrneliiorn
and ternoperaiure
forrneation

0o
(>
—ia

Deirn. Vlech. iressy neology
Cataclasiic flow nigr)
Dislocation cregp  nign to rned. Power-lziw

e ooriernial-layy

Diffusion cresp rried. Liniezir Viscols
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i's reorJ~1r114 ines
onditions witn wricr

Diffusion cresp

o e

(_Dl

orrneltiorn rnecnearnisms arnd ine s

| tney are tyoically associaiad:

oiress Hrzology
nigr)

rl]

[rl

g to rned. Power-lziw
e ooriernial-law

ac. Linear viscol

L/’

ﬂ)
B

U)
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Crnapter 1 7: Microscoopic Aspects of Hock De
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[t would vz rmost neloft II "ro unclerst mrl WY

/nicr deforrnzaiiorn
recnanisrns dorninzate for a given set of sir 2
LS

233 and ternoerailre
conditions for 2 r)~1rr1c,uI«1r rmineral. We use a2 deforrmatior

rriecnanisen e to accornolisn s tase.
ofr experirneriial claiz,
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Crizipter 17: Microscooic Asoects of Hock Deforrrzltior)

1.

(==
P

sorrle deforrnaltion rrecnaniser (Melps are srowrn in terms of |
nornologous ternoeraill s, 50 that the venavior of different

]

rminerals is norrnalized for ternoeraiure.
T°C
0 500 1000 1500
=t : Olivine
I
~9 S S S S S S 5
1l.'r3
5 3 |
o
S
— -4
= (Linear viscous creep)
-6




Crizipter 17: Microscooic Asoects of Hock Deforrrzltior)

MNotice tnat tne deforrmation rnecnanisen meaos =re consirucied for
cornrnon rninerals in tne crust and rmanie; nis is now we iry o

4 vl ~ — — )
uniclerstand rnaterial flow in e =arirn.
T°C
0 500 1000 1500
- L : .
Cleavage fracture I Olivine I“ mu
1/ Dislocation glide -wuﬂ
(Exponential creep) -2 \\
10-'5/5 = == -, | B "”}3 o DISIQCI“DH g“d-Er
_2 == === s - A0~ -8 -8 -7 -B
: e ol : 100
= = Dislocation cr‘eap__g____ =
. B P S\ SN
< ] R e IR WL 0 | L L WL VLR WA N o) Nl e =
\ c =1 = o
O \ : O 'K\-u =N %
@) < -5 -1 mmegittusion creep
Q ) 105 Maharm-Hemr:%?itpj_ 0.1
-6~ /'_""*-15
Egot b b b AV e )
o 0 400 800 1200
-5 . . P, Bl (Nabar A. Temperature, 'C
\ \ -Herring
1'} | creep)
_E i 1 1 1 Il'll B 1[["1
0 0.2 0.4 0.6 0.8 1.0
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—
(—-

Cis Important to understand tne rmicroscopic evidence for 2 particular
gforrnation rmecnanisen in a naturally-deformed rocik oecause it
S If)

E&l

e these rmaops to see wrere our natural data olot. We cal
our neatural deata in terms of ternoerature or sirain raie!
T°C
0 500 1000 1500
- L : .
Cleavage fracture I Olivine m
/s Dislocation glide \\ -1DDD
10-"%/5 e | -10° e NSO g
-2 - e N 10 -8 -8 ~-7.-6 100
- t 3} ; Dislocation cree —
© o byl 4
. o presmre \ S ——'—10
S _3 *3'1[}2'; O-) -4 soluth . cI:‘_'
o) N - O K\“ : — 1 S
8) g - =5F -1 o mus;m.:-._rég'p-
S 10 5 4l Naharm-HErm_r;w 0.1
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EE b bt LoV i)
L 0 400 800 1200
-5 (Nanan Temperature, 'C
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-6 |10 R, ¢ \ | 10”
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T
Ten




Cnagter 17: Microscogic Aspects of Rock Deforrnatior

By examining rocks on the micro- and submicroscopic scales,
we will be able to answer:

Whnat mecnarnisms oerrnit solid rocks to flow?

Under whnat conditions do tnese rr
Wt rnigology s associated witn

YWzt m]cro~ ar JrI suornicroscoplc struciures car W
| T ine lzitior rriecnanisens inat oroduced |

Wit cain we infer frorn these siruciuraes slooLt |

cleforrnation?




-

Crizipter 17: Microscooic Asoects of Hock Deforrrzltior)

(\'ﬁ

We will now discuss tnesea deforration rnecnanisms =nd ine struciurell affecis
et triese rmecnanisms leave in ine rocKs.

[a—
—_—

We o eg r it Iow-temperature deforrnation rnechanisems tnat are nigrly
sensitive to tne rnagnitucde of cornfining pressure (orittle deforrnzition).

deforrnatiorn).




Crnaipter 17: Microscopic Asgects of Hock Deforrnertiorn

We ¢ Jegm iy Iow-temperature deforrnation rnecnanisems tnat are nigrly

sensitive to tne ragnituce of cornfinirig pressure (orittle deforrnztion).

,.3_

oeravior

laistic

111

Wher siress is add
to gxchange 0osito)

]
relzuc wrnen tne stress IS |




Crzipter 17: Microscogic Asoects of Ho

(\'ﬁ

cik Deforrmnation

This deformation rmecnanisrn can occur =it low-temperature or mid-grade

ternperatures.

2. Solution Creeo, or oressure solutior

_)urmJ solution creso
num COMpre: ssive siress.
the fluid phase o
COrMoressi efz

Trne dis:

[
rrr
=SSk

diss\olution

4 \ B
J

\

N

1 precipitation

= solved cornpornes ts trien difful
12 grain ooundaries and oreciol

rineral grains dissolve rmore readily at faces urnder

ofl nrougr]
of low

| LIS]C
-
tzlie of) surfeicas ¢

stress concentration

pressures solution/solution transfer

\J
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|t

)

We will then continue with high-temperature ceforrnation rmechanisems i
are sensitive to temperailure, ratner than confining oressure (olastic
deforrnatiorn).
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Macroscooic flow of rocks carn result frorn 2 nurnoer of different
rnecrianisms, most of wricn involve gliner tne rmotion of ool
ts called dislocatiors.
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We will then coritinue witr hlgh-temperature deforrnation rmecnanisrns tneat
are sensitive to fermperature, rather than confining oressure (olastic

deforrnatiorn).
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We will then continue witn high-temperature deforrnzaition rmecnanisrerns theat

are sensitive to temperailure, ratner than confining oressure (olastic

deforrnation).

3. Dislocation Creeo

These specific glide olanes and slio directions togetner define 2 slio sysiern |
2l |

a given mineral. zzicn mineral nas a unique crystal lattice, inerefore differerit
t seis of slio systerns,

b We write tnie slio systern for 2 rririerzl |
the following rmanner using Miller iricl
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We will then coritinue witr high-temperature deforrnation rmecnanisrns tneat
are sensitive to fermperature, rather than confining oressure (olastic
deforrnatiorn).

4, Diffusion Creegg

During diffusion creso, rock deforration tarxes olace oy tne migratiorn of aitorns
Of tne rnaterial rrJrOlun tne solid rnaterial itself frorn arezs of nign cornoressive

Stress to arezs of low cornoressive siress,
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We will then continue with high-temperature ceforrnation rmechanisems i
are sensitive to temperailure, ratner than confining oressure (olastic
deforrnatiorn).

4., Diffusion Creso (Volurne Diffusior))

Volurne diffusion is a tnerrmally-activatzd mecnanisen that is very sensiive g
grain size. |t operaies 2t very nign temoeraiures and low siresses, arnd I
criaracterized oy the migration of vacancies.
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We will then continue witn high-temperature deforrnzaition rmecnanisrerns theat
are sensitive to temperailure, ratner than confining oressure (olastic

deforrnation).

4, Diffusion Creso (Grain Boundary Diffusion)

Grain ooundary diffusion is a thermally-activated mecnanisen inat is also very
sensiiive to grain size. |tis characierized oy the rmovernent of sioms zlorig
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We will then coritinue witr hlgh-temperature deforrnation rnech
are sensitive to fermperature, rather than confining oressure (pla:
deforrnatiorn).
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4, Diffusion Creegg

Botn volurne and grain .)ounrlrlr/ diffusion zire very sensitive to gralin size
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srnzll (<< OO llm) flllrJrJJ deforrnation, then ¢ Jra]n oouridary slidirig rrizy be c
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Crizipter 19: Meacroscoopic Asoects of Hock Deforrrizltior)

In 21 nutsnell, nere's now to relate natural and exoerirnenizal
deformation:

carmnine naiurally deforrned sarmples, sucn as mylorites
Identify rneology-c onrroIImJ rnineral onase(s

Determning T, P, 0., grain size in naiurally deforrnead sarmnole:
select experirmenial flow law for sarre rririers 1] r)n [SE!
Use experirneriial flow lzvw equation to find sirairn reiie

£ = A (Gye) 240 [-E/FT]



Rheology: Review

* What physical properties control deformation ?

- Rock type

- Temperature

- Pressure

- Applied Stress

- Deviatoric (differential) Stress
- Grain size

- Others ?

* How are each of these processes related to “strain rate” (€) ?

e = A Gn / dm e-(E-l-PV/RT)




Rheology: Review

0 Y

* What are the different types of strain ?

- Brittle >  Low T,P, Shallow
- Elastic

- Plastic /
- Viscous > High TP, L



Brittle/Plastic Transition

r
strength

* Where do these transitions occur >

in the Earth ?

- Upper/Lower crust
- Lithosphere/Asthenosphere

* Brittle deformation occurs above
The friction limait
(linear differential stress)

* Plastic deformation occurs
where differential stress i1s

non-linear (exp™)




Plastic Deformation

* In the plastic regime rocks deform by creep ?

* What 1s creep ?

* Diffusion creep: diffusion of atoms or vacancies through grains

- stress dependence for O” is linear (n=1)
- strong dependence on grain size d (m = 2-3)

O
O
O
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Plastic Deformation

* Dislocation creep: the motion of dislocations through grains

- stress dependence for G" is nonlinear (n=3-5)
- no dependence on grain size " (m =0)

- strongly dependent on temperature

* What is a dislocation ?

- imperfections 1n the crystalline lattice structure

- All imperfections can be described with the superposition
of 2 basic types: edge and screw dislocation



Plastic Deformation

* Dislocation creep: the motion of dislocations through grains

* Edge Dislocation: the lattice structure i1s not uniform across
the face of the atomic structure causing stress

* Atoms are 1n compression above

O
Py the plane of discontinuity

* Atoms are 1n tension below

© © 0 0
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Plastic Deformation

* Dislocation creep: the motion of dislocations through grains

*Screw Dislocation. the lattice structure 1s not uniform creating
an “out of the plane” discontinuity in the atomic structure

* The atoms (solid black) are in a
d “second plane”




How Creepy is the Earth's Mantle ?

* The upper mantle:

- both diffusion and
dislocation creep are active

- se1smic anisotropy is only
observed 1n dislocation
creep regime

* The lower mantle:

- dominated mainly by the diffusion creep regime



Brittle/Plastic Transition
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Differential Stress (MPa)

* Difterential Stress in C



Brittle/Plastic Transition

> Continental stress envelopes are “bimodal’\

- \

-

Continent \
20— \

-crustal rocks deform faster \
than mantle rocks

-the lower crust deforms rapidly
avolding brittle failure \

40

Depth (km)
-

LIRS

* Continental lithosphere 1s “weaker”
than oceanic lithosphere 0

0 500
Differential Stress

- notice what happens at plate boundaries
- which plate deforms more during collisions



Brittle/Plastic Transition

e = A Gn / dm e-(E-i-PV/RT)

* What other factors effect viscosity of mantle material ?

- Depth (pressure)

- Water content (addition or removal)
- Temperature-dependence

- Partial melt content

e = Ac'/d" f(p+C

(

E = Activation Energy
V = Activation Volume
R = Gas constant

¢ 1s melt fraction
OH describes water concentration



Temperature-Dependence of Viscosity

T o (T - 1/Tr)
I

* In “plastic flow” regime, viscosity can change with temperature

- For a temperature change of 100°C
- Viscosity can change by factor of 10

* Melting Temp (Tm increases with depth giving pressure effects)

* Viscosity 1s not easy to determine in the Earth's interior
* High pressure and temperatures are difficult to achieve in lab.

* Also time scales of flow are long!



Deformation and Flow in the Earth's Interior

Lo wshocity zome (Astenosphess) ¥

Lowsr ol

* The Earth's mantle behaves as brittle material at shallow depths
* But behaves as plastic or viscous material at deeper depths
* We can consider the deep interior as a viscous fluid

over geologic time






























Tne Cornoosite Failure Envelooe: 3 parts

I: Tensile failure
II: Coulomb failure
Ill: von Mises criterion (deep crust)
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Plastic Deformation

* In the plastic regime rocks deform by creep ?

* What is creep ?

* Diffusion creep: diffusion of atoms or vacancies

- stress dependence for G is linear (n=1)
- strong dependence on grain size d"




Plastic Deformation

* Dislocation creep: the motion of dislocations through grains

- stress dependence for G” is nonlinear (7#=3-5)
- no dependence on grain size d" (m = 0)

- strongly dependent on temperature

* What is a dislocation ?
- imperfections in the crystalline 1

- All imperfections can be de
of 2 basic types: edge and




Plastic Deformation

* Dislocation creep: the motion of dislocations through grai

*Edge Dislocation: the lattice structure is not unifo
the face of the atomic structure causing stress




Plastic Deformation

* Dislocation creep: the motion of dislocations through grain

*Screw Dislocation: the lattice structure is not unifo
an “out of the plane” discontinuity in the atomic s




How Creepy is the Earth's Mantle ?

* The upper mantle:

- both diffusion and
dislocation creep are active

- seismic anisotropy is only

observed in dislocation
creep regime

* The lower mantle:

- dominated mainly by the diffusion creep regime


















