


Schedule
• Rheology basics 

• Viscous, elastic and plastic 
• Creep processes 
• Flow laws 
• Yielding mechanisms 
• Deformation maps 
• Yield strength envelopes 
• Constraints on the rheology from the laboratory, geology, 

geophysics and numerical modelling (next time)
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Rheology: What is it?
• The branch of science concerned with how material 

“flows” 
• More precisely, “the response of a material to deformation 

(e.g. applied strain, or strain-rate, or stress)” 
!

• Some examples
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Rheology of Fluids



… steel …



… concrete …



… visco-elastic fluids …



Strain

Tensile strain - or - direct strain

Shear strain

Volumetric strain (dilatation)
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Strain-rate
• Analogous to the strain tensor, but involves gradients of 

velocity (and not displacement) 
!

!

!

!

!

!

• Strain-rate invariant: a scalar measure of the magnitude of 
a tensorial quantity
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World strain-rate map
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Three basic rheologies

• Elastic 
!

• Viscous 
!

• Plastic
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0D elastic and viscous media
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Elastic Straintime

Viscous

Visco-elastic

Elastico-viscous

General l inear

t'r tz
Figute 5.2 Models of linear rheologies. Physical models consisting o{ strings and dash pots and associated strain-time, stress-strain, or stress-strain rate
curves are given for (a) elastic, (b) viscous, (c) visco-elastic, (d) elastico-viscous, and (e) general linear behavior. A useful way to examine these models is to
draw your own strain-time curves by considering the behavior of the spring and the dash pot individually, and their interaction.

(a)

(b)

(c)

(d)

(e)

rocks to deform elastically also resides in nonpermanent
distortions of their crystal lattice; but unlike with rubber,
the magnitude of this behavior is relatively small in rocks.

Expressing elastic behavior in terms of stress and
strain, we get:

o = E.e Eq. 5.3

where E is a constant of proportionality called Young's
modulus that describes the slope of the line in the o-e dia-
gram (tangent of angle 0; Figure 5.2a). The unit of this

elastic constant is Pascal (Pa = kgm-ls-2), which is the
same as that of stress (recall that strain is a dimensionless
quantity). Typical values of E for crustal rocks are on the
order of -10llPa.4 Linear Equation 5.3 is also known as
Hooke's law, descrlbing Hookean behavior.s Typically we
use a spring as the physical model (Figure 5.2a).

aWe require a negative sign here to produce a negative elongation
(shortening) from applying a compressive (positive) stress.
sAfter the English physicist Robert Hooke (1635-1703).

0 = tan-l  E

Rheology 81
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Figute 5.2 Models of linear rheologies. Physical models consisting o{ strings and dash pots and associated strain-time, stress-strain, or stress-strain rate
curves are given for (a) elastic, (b) viscous, (c) visco-elastic, (d) elastico-viscous, and (e) general linear behavior. A useful way to examine these models is to
draw your own strain-time curves by considering the behavior of the spring and the dash pot individually, and their interaction.
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rocks to deform elastically also resides in nonpermanent
distortions of their crystal lattice; but unlike with rubber,
the magnitude of this behavior is relatively small in rocks.

Expressing elastic behavior in terms of stress and
strain, we get:

o = E.e Eq. 5.3

where E is a constant of proportionality called Young's
modulus that describes the slope of the line in the o-e dia-
gram (tangent of angle 0; Figure 5.2a). The unit of this

elastic constant is Pascal (Pa = kgm-ls-2), which is the
same as that of stress (recall that strain is a dimensionless
quantity). Typical values of E for crustal rocks are on the
order of -10llPa.4 Linear Equation 5.3 is also known as
Hooke's law, descrlbing Hookean behavior.s Typically we
use a spring as the physical model (Figure 5.2a).

aWe require a negative sign here to produce a negative elongation
(shortening) from applying a compressive (positive) stress.
sAfter the English physicist Robert Hooke (1635-1703).

0 = tan-l  E

Rheology 81

� = E✏

� = 2⌘✏̇



Some Representative Poisson's.Ratios
(at 200 MPa conflnlq PressurE

0.25
0.33
0.27
0.25
0.32
0.27
0.10
0.26
0.31
0.26
0.30

portant characteristic of elastic behavior is its re-

once you remove the stress, the material returns

ral staie. Reversibility implies that the energy in-

emains available for returning the system to rts

rte. This energy, which is a form of potential en-

nerally called internal strain energy' Because the

undistorted after the stress is removed, we call

recoverable. Thus, elastic behavior is character-

coverable strain. A second characteristic of elas-

or is the instantaneous response to stress: finite

:hieved immediately. Releasing the stress will re-

instantaneous return lo a state of no strain (Figure

h these elastic properties, recoverable and instan-
rain, are visible in our rubber band experiment' A

of the elastic constants is given in Table 5.4'
we return to our original question about the tm-

rf elastic behavior for rocks. With regard to finite
,rmulation, elastic behavior is relatively unimpor'
turally deformed rocks. Typically, elastic sffans
.an a few percent of the total strain. So the answer
)stion on the importance of elasticity depends-o'
t of view; a seismologist will say that elastic be'

important for rocks, but a structural geologist will

is not very important.

liscous Behavior
of water in a river is an everyday example ol

er, (1 995)

. tr ' . r r  r :_-  +L^ rr ,^rar rrqt fe ls fef thgf

Table 5.4 Elastic Constants Table 5.5 Some Representative Viscosities (in pa .s)

Bulk modutus (K)

Compressibility (1/K)

Elaslicity (E)

Poisson's ratio (v)

Risidily (G)

Shear modulus (G)

Young's modulus (E)

Ratio of pressure and volume change.

The inverse of the bulk modulus.

Young's modulus.

A measure of compressibility of a
mater)al. lt is delined as the ratio between
e normal to compressive stress and e
parallel to compressive stress.

Shear modulus.

Ratio of the shear stress and the shear
strain.

Ratio of compressive stress and
longitudinal strain.

Air i 0-5
Water 10r
Olive oil 10-l
Honey 4
Glycerin 8A
Lava 10-104
Asphalt 105
Pitch 10e
lce 1 012
Rock salt 1017
Sandstone slab 1018
Asthenosphere (upper mantle) 1020
Lower mantle 1021

Linear viscous behavior. Do not confuse the use of .linear'
in l inear viscous behavior with that in the l inear srress-
strain relationship in the section on elasticity. Linear is
used here to emphasize a distinction with nonlinear vis-
cous (or non-Newtonian) behavior that we introduce later
(Section 5.3.6).

To obtain the dimensional expression for viscosity,
you must remember that strain rate has the dimension of
[rr] and stress has the dimension [ml-rgz1. Therefore 11 has
the dimension [ml-t;t1. In other words, the SI unit of vis-
cosity is the unit of stress multiplied by time, the pa . s
(kgm-ts-t;. In the literature we may still find the unit poises
used, wi th I  poise = 0.  1 pa.s.

^L 
The example of flowing warer brings out an important

cnaracteristic of viscous behavior. Viscous flow is irre_
versible and produces permanent or nonrecoverable strain.
fle RhVsical model for this type of behavior is rhe dash por
\qgure-5.2b), which really is a leaky piston that moves in_
-uc-a fluid-filled cylinder.e The resistance encountered by
.jl 

touing piston reflects the viscosity of the fluid. In the

#::l*t 
you can model viscous behavior by using a righr

,i^'ila. wlrn one end open to the air. To give you a sense of
i^;1.8. variation, we list the viscosities of some materials."  table 5.5.

^ . Table 5.5 shows that the viscosity of water is on the

Soarces: Several sources, including Turcotte and Schubert (1 gg2).

calculating the slope of the lines for water and mantle mate-
rial in the stress-strain rate diagram; they are 0.06o and
nearly 90', respectively. Thus there is an enormous differ-
ence between materials that flow in our daily experience,
such as water and syrup, and the 'solids' that make up the
Earth. Nevertheless, we may approximate the behavior of
parts of the Earth as a viscous medium given the large
amount of time available to geologic processes (we will re_
turn to this with modified viscous behavior in Section
5.3.4). Note that a mantle viscosity of l02l pa . s and a dif-
ferential stress of 50 MPa, gives a strain rate of 5 x lO-tals.

5.3.3 Visco-Elastic Behavior
Consider the situation in which the deformation process is
reversible, but in which strain accumulation as well as strain
recovery are delayed; this behavior is called visco-elastic
behavior.to A simple analog is a water-soaked sponge that is
loaded on the top. The load on the soaked sponge is distrib-
uted between the water (viscous) and the sponge material
(elastic). The water will flow out of the sponge in response
to the load, and eventually the sponge will support the loatl
elastically. For a physical model we place a spring (elastic
behavior) and a dash pot (viscous behavior) in parallel
(Figure 5.2c). When a stress is applied, both the spring and
the dash pot move simultaneously. However, the dash pot
retards the extension of the spring. When the stress is re-
leased, the spring will return to its original configuration,
but aeain this movemenf is. delarrcd hrr rhp rtacl, nat

Characteristic values



Visco-elasticity
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Figute 5.2 Models of linear rheologies. Physical models consisting o{ strings and dash pots and associated strain-time, stress-strain, or stress-strain rate
curves are given for (a) elastic, (b) viscous, (c) visco-elastic, (d) elastico-viscous, and (e) general linear behavior. A useful way to examine these models is to
draw your own strain-time curves by considering the behavior of the spring and the dash pot individually, and their interaction.

(a)

(b)

(c)

(d)

(e)

rocks to deform elastically also resides in nonpermanent
distortions of their crystal lattice; but unlike with rubber,
the magnitude of this behavior is relatively small in rocks.

Expressing elastic behavior in terms of stress and
strain, we get:

o = E.e Eq. 5.3

where E is a constant of proportionality called Young's
modulus that describes the slope of the line in the o-e dia-
gram (tangent of angle 0; Figure 5.2a). The unit of this

elastic constant is Pascal (Pa = kgm-ls-2), which is the
same as that of stress (recall that strain is a dimensionless
quantity). Typical values of E for crustal rocks are on the
order of -10llPa.4 Linear Equation 5.3 is also known as
Hooke's law, descrlbing Hookean behavior.s Typically we
use a spring as the physical model (Figure 5.2a).

aWe require a negative sign here to produce a negative elongation
(shortening) from applying a compressive (positive) stress.
sAfter the English physicist Robert Hooke (1635-1703).

0 = tan-l  E
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Kelvin-Voigt body

Maxwell body
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Visco-elasticity
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Maxwell relaxation time

Parameters values: E ~ 1010-1011 Pa, η = 1017 -1027 Pa s!

Implying tM = 11 days – 3000 million years  

Maxwell relaxation time:

Time required for initial stress to reduce by 1/e

tm = 2⌘/E



Material behaviour classification

• Linear 
• Non-linear 
• Ductile 
• Plastic 
• Brittle

300
. Yield stress
X Failure stress Work hardening

\Permanent strain

- Elastic strain

\Ultimate
strength

while increasing temperature (T) and lowering strain
(e) have the same effect. Conflning pressure and teml
ture, which both increase with depth in the Earth, resr
rocks that increasingly resist failure, while at the same
they allow larger strain accumulation, that is, they inct
the abil ity fbr rocks to flow. High fluid contenr rs I
complex and may promote tiacturing if P1 is high or
mote flow in the case of intracrystalline fluids. From I
observations we would predict that brittle behavior (fra
ing) is largely restricted to the upper crust. while du
behavior (flow) dominates at greater depth. A natural
supporting this hypothesis is the realization that fau
and earthquakes generally occur at shallow crustal lt
(<15 km depth),re while large-scale ducti le f low clomir
the deeper crust and mantle (e.g., mantle convection).

5.5 CONFUSED BY THE TERMINOLOGY?
By now a baftling array of terms and concepts have pa
before your eyes. If you think that you are conlused,
should look at the scientiflc literature on this topic. Lr
therefore try to get some additional order in this term
ogy. Table 5.8 lists brief descriptions of terms that are <
monly used in the context of rheology, and contrastt
mechanical behavior of rock defbrrnation with operi
deformation mechanisms. A schematic diagram of s
representative stress-strain curves summarizes the nrosl
portant elements (Figure 5.16).

Perhaps the two most commonly used terms in the
text of rheology are brittle and ductile. In fact, we use I
to subdivide rock structures in parts B and C of this tex
let us first turn to their meanins . Brittle behuvior descl
deformation that is localized o-n the mesoscopic scale
involves formation of fiactures. For example a tiacture
tea cup is brittle behavior. In natural rocks. brittle liar
ing occurs at strains of -57o or less. In contrast, tluctile
havior describes the abil ity of rocks to accumulate sig
cant permanent strain with defornration that is distrib
on the mesoscopic scale. The shape change fiorn pres
our plasticine cube is ducti le behavior. A fractured rock
a folded rock are examples of brittle and cluctile beltar
respectively. These two modes of behavior do not d(
the mechanism by which the defbrrnation occuls. This
trnction betryeen behavior and mechanism is an impol
one that we explain with a simple example. l'Consider a cube that is filled with small undefornl
SDhereq 1^.  mqrhlac\  qnr l  q cannnd nrrhc fhr f  i .  f i l lcd l

: 2OO
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Strain (shortening or elongation; o/o)

Figure 5.16 Representative stress-strain curves of brittle (A and B), brittle-ductile (C), and ductile behavior (D-F). A is elastic behavior followed immediately
by failure, which represents britt le behavior. In B, a small viscous component (permanent strain) is present before britt le failure. In C, a considerable permanent
strain accumulates before the material fails, which represents the transition between brittle and ductile behavior. D displays no elastic component and is work
softening. E is ideal elastic-plastic behavior in which permanent strain accumulates at constant stress above the yield stress. F is the typical behavior seen in
many experiments, displaying a component of elastic strain followed by permanent strain that requires increasingly higher stresses to accumulate (work
hardening). The yield stress marks the stress at the change from elastic (recoverable or nonpermanent strain) t0 viscous (nonrecoverable or permanent strain)
behavior; farlure stress is the stress at fracturing.

Figure 5.16 (curve D displays work softening and curve F 5.4.7 StgnifiCanCe Of EXpe1nents
displays work hardening). tO NatUral COnditiOnS

Work hardening and work softening are fully explained We close this section on experiments with natural rocks with
by the atomic-scale processes that enable rocks to flow. a table summarizing the results of varying confining pres-
However, unless you already have some background in sure, temperature, fluid pressure, and strain rate (Table 5.7)
crystal plastic processes, any brief explanation here would during experiments on rocks and examining their signifi-
have to be incomplete. We therefore defer this explanation cance for geological conditions.
of the physical basis of these processes until the time we From Table 5.1 we learn that increasing the confining
discuss crystal defects and their movement (Chapter 8). pressure (P.) and fluid pressure (P1) have opposing effects,

Table 5.7 Effect of Experimental Parameters on Rheologic Behavior
Eflect Explanation

Suppresses fracturing; increases ducti l i ty;
increases strenoth: increases work hardenino

Prohibits fracturing and frictional sliding; higher stress
necessary for fracturinq exceeds that for ductile flow

High P.

Stress and strain (strain-rate) relationships



Non-linear (non-Newtonian) behaviour

• General stress - strain-rate relation 
• n = 1: Newtonian 
• n > 1: non-Newtonian (shear thinning) 
• n infinite: pseudo-brittle 

• Local slope: Effective viscosity 
• Application: Different viscosities within the lithosphere due to 

different absolute plate motions

✏̇ / ⌧n

!18



Rocks are not rheologically simple: 
Loading experiment

• Simple compression experiment 
• Constant stress loading 
• Many effects observed (viscous, elastic, brittle)



Rocks are not rheologically simple: 
Unloading experiment

!20



Combined effects

(such as fault-propagation and fault-bend folds, see chapters
l0 and 17). If we assume that faulting and folding occurred
simultaneously, then we are left with a situation where both
brittle faulting and ductile folding took place at essentially
the same level in the Earth. How can we explain this situa-
tion and why does it only appear to be a paradox? There is
no reason to expect that P., T, and Pi are sufficiently differ-
ent over the relatively small volume of rock to account for
the simultaneous occunence of these two behavioral modes
of deformation. Strain rate and therefore strain rate gradi-
ents, on the other hand, may vary considerably in any given
body of rock. Recall the Silly Putty experiment (Section
5.4.4) in which fracturing occurred at high strain rates and
ductile flow at lower rates. Similarly, faulting in nature
may occur at regions of high strain rates, but some distance
away the strain rate is sufficiently less to give rise to ductile
folding. So strain rate gradients are an explanation for the
simultaneous occurrence of britt le and ducti le behavior,
which resolves the apparent brittle-ductile paradox.

Competency and strength are two related terms that de-
scribe the relationship of rocks to stress. Strength is the
stress that a material can support before failure.2l Compe-
tency is a relative term that compares the resistance of
rocks to flow (for example, Figures 5.5 and 5.11). Experi-
ments and general field observations have given us a quali-
talive competency scale for rocks. Increasingly competent
sedimentary rocks are:

rock salt - shale - limestone - gravwacke - sandstone -
dolomite.

For metamorphic/igneous rocks, the corresponding compe-
tency scale is:

schist - marble - quartzite - gneiss - granite - basalt

Note that competency is not the same as the amount of
strain that accumulates in a body. Therefore, ductility con-
trast between materials should not be used as a svnonvm
for competency contrast.

5.6 CLOSING REMARKS
With this chapter on rheology we conclude the block on
fundamentals of rock deformation, which should give us
the necessary background to examine the significance of
natural deformation structures on all scales, from mountain
belts to thin sections. In fact, we can predict broad rheolog-
ical properties of the whole Earth, given assumptions on
mineralogy and temperature structure. Figure 5.18 uses ex-
perimental data, such as those shown in this chapter, to cal-
culate the rheologic stratification of the crust and upper
mantle. Such models provide reasonable, first-order predic-
tions on the rheology of the lithosphere, which can then be
used in numerical models of whole earth dynamics.

2rln the case of work softening, we use the term ultimate strength
(Figure 5. l6).

Differential stress (MPa)
10 100

-20

-25

-30

-35

-40
-45

Depth
(km)

1 000
Figure 5.18 Rheological stratif ication ol the l ithosphere based on the
mechanical properties ol characteristic minerals. Computed lithospheric
sti'ength (i.e., the differential stress) changes not only as a function of
composition, but also as a function ot depth (i.e., temperature).

Much of the material on rheology took a basic ap-
proach. We mainly examined monomineralic rocks, such as
marbles, as opposed to polymineralic rocks, such as gran-
ites. Intuitively you will realize that polymineralic rocks re-
quire an understanding of the behavior of each of the vari-
ous constituents, but it is more complicated than that.
Consider glass needles, a material that breaks quite easily,
that are embedded in flexible resin (epoxy). The composite
material is unexpectedly strong and resistant to breaking.
Fiberglass, consisting of glass and resin, combines the
strength of glass with the flexibility of resin. Thus, the be-
havior of composite materials, and therefore polymineralic
rocks, is not simply a matter of knowing the behavior of its
constituents.

We have chosen to subdivide tectonic structures into
brittle and ductile structures. In spite of the sometimes con-
fusing use of these terms, they do allow a convenient dis-
tinction for the behavior of natural rocks. Figure 5.19
schematically highlights the observational aspect of this

Brittle Brittle-ductile Brittle-ductile Ductile

NNNN
Figure 5.19 Britt le (a) to britt le-ducti le (b, c) to ducti le (d) deformation,
reflecting the general subdivision that is used in the subsequent chapters.
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Figure 10.8 Chevron folds in Franciscan chert of California (Marin County).

a single l imb are pretty much alike (Figure 10.8). How-
ever,  in fo lds wi th curving l imbs, th is wi l l  not  be the
case. So what do we measure if we want to describe the
orientation of a fold to another geologist? The first mea-
surement we take is the orientation of the hinge line (Fig-
ure 10.9). On the scale of an outcrop, the hinge line typi-
cally is fairly straight, and we determine its plunge (20')
and direction of plunge (190'). We can now say, for ex-
ample, that the fold is shallowly plunging to the south.
Secondly, we measure the orientation of the axial sur-
face. We measure a dip direction/dip of 270"/70" for the
axial surface, which then completes our description of the
fold: a shallowly south-plunging, upright fold. Remember
that the hinge line always lies in the axial surface. Test
your measurements in a spher ical  project ion to see
whether this relationship holds. What constrains these
terms shallow and upright? As a practical convention, we
use the angular ranges given in Table 10.2.

In Figure 10.10 some representative combinations of
hinge line and axial surface orientations are shown with
their terminology. A fold with a horizontal axial surface (as

214 Ductile Structures

Axial surface
Figure 10.9 Fold orientation. Note that the axial surface is a plane, whose
orientation is given by a strike and dip, whereas the hinge is a l ine whose
orientation is given by a plunge and bearing.

in Section 10.2.3) by definition will have a horizontalhingc
line, and is called a recumbent fold (Figure l0.l). In the
Alps of Europe are large-scale recumbent folds often asso
ciated with thrust faulting; they are called nappes (see
Chapter l7). Another term that is used for a steeply plung-
ing, inclined fold is reclined fold In all cases, remembet



Pressure-temperature effects

(Ranalli, Rheology of the Earth, 1995)!22



Temperature dependence

!23

• SHIVA test 
• High speed, torsion experiment 
• Gabbro test sample 
• Axial load of ~ 8 MPa 
• Rotational velocity ot 5 m/s



Creep
• The slow, continuous deformation of a material over time 
• Mechanism occurs under applied stress, due to thermally 

activated motion of atoms and ions associated with 
crystal defects 

• Thermally activated diffusion process 
• Viscous behaviour (strain-rate) 
• Flow law 

!

!

• Solid state creep is a major deformation mechanism in the 
Earth’s crust and mantle

✏̇ = f(�, t, T, ...)

!24



Creep processes
• Diffusion creep!
• Migration of atoms through the (i) interior of the crystalline 

lattice (Herring-Nabarro), or (ii) along grain boundaries 
(Coble) 
!

!

!

!

!

• Dominant at low stresses!
• Linear (Newtonian) flow law

✏̇ = Adi↵ ⌧ Function of: 
 * crystal grain size (d) 
 * pressure (P) 
 * temperature (T)



Creep processes
• Dislocation creep!
• Migration of defects (dislocations) within the crystalline 

lattice. Dislocations may assume line or point geometries !
!

!

!

!

!

• Dominant at high stresses!
• Non-linear (non-Newtonian) flow law

Function of: 
 * crystal grain size (d) 
 * pressure (P) 
 * temperature (T)

✏̇ = Adisc ⌧
n

!26



Viscous creep law
• Experimental data 
• The viscosity of rocks is strongly dependent on

pressure, temperature, stress (strain-rate),!
grain size, water content, melt and mineralogy, …

Arrhenius flow law

Effective viscosity

✏̇ = A ⌧n d�p Cs
OH exp(�↵�) exp


�(E + PV )

RT

�

!27

⌘e↵ective =
⌧

2✏̇



Viscous creep laws typically used

⌘e↵ = B (⌧II)
1�n

exp


E + pV

RT

�
, ⌧II =

q
1
2⌧ij⌧ij

• B depends on grain size (in the linear domain) 
• n = 1 —> diffusion creep 
• n > 1 —> dislocation creep 
• Common simplification —> Frank-Kamenetskii approx. 
  
 Satisfactory for a limited p,T  range

✏̇ij =
1

2⌘e↵
⌧ij

⌘ / exp(�✓T )

!28



Upper mantle
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5.9 Physics of Mantle Creep 243

Slipped Volume
of the Crystal

5.20. Boundaries of slipped por- Screw
Dislocationof a crystal lattice. (a) The shaded

of the crystal has slipped relative
unshaded part. The boundaries of the

/ide plane are an edge and a screw dis-
hation. (b) View of the glide plane. The

area is the area over which slio has
The boundary is an edge dislo-

ation where b is normal to the boundary.
lhboundary is a screw dislocation where
lisparallel to the boundary. Dotted and
&shed lines show planes below and above
teglide plane, respectively. After Twiss
mdMoores (1992).

b) Gl ide Plane

The two principal ways in which dislocations can contribute to creep are by dislocation
dip or glide and dislocation climb. In dislocation slip, the dislocation line moves through
te lattice breaking interatomic bonds as it moves (Figure 5.21). This motion conserves
nass because it does not require the addition or removal of atoms. Edge dislocations (or the
dge components of mixed dislocations) also move by dislocation climb (Figure 5.22).In
dislocation climb, the dislocation line moves by the addition of atoms. This is not mass con-
$crving because it requires the diffusion of atoms from elsewhere in the lattice. Dislocation
fieep can also be thermally activated at relatively low stress levels. Again, the Maxwell-
Boltzmann distribution gives the number of atoms that have sufficient energy to overcome
fie interatomic bonds restricting the motion of a dislocation.

Experiments and theory indicate that a general form of the relationship between strain
rate ti and deviatoric stress r valid for both diffusion and dislocation creep is given by
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e: (1)- *'[-"=#2] (5.e.3)

where A is the pre-exponential factor, p" is the shear modulus, d is the grain size, and D is
themagnitudlof the Burgers vector. Typical values of n and m are n : I and, m : 2.5
fot diffusion creep and n : 3.5 and m : 0 for dislocation creep. For diffusion creep,
the relation between strain rate e and deviatoric stress z is linear, resulting in a Newtonian
viscosity. For dislocation creep, the relation between strain rate Z and deviatoric stress r is
stongly nonlinear, resulting in a nonlinear viscous rheology. Another difference between
these mechanisms is the dependence on grain size. The diffusion creep viscosity decreases
$tongly with decreasing grain size d, while dislocation creep is insensitive to changes in
gain size.

Grain boundaries are two-dimensional defects separating adjacent crystals with different
lattice orientations. Grain size is controlled by grain growth and, in the dislocation creep
rcgime, by dynamic recrystallization (De Bresser et al., 1998). Grain growth is a process that

^ ( ; ) '
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Question 5.5: What is the dependence of grain size on deviatoric stress in the
mantle?

The major minerals in the upper mantle are olivine, orthopyroxene, clinopyroxene, and
garnets (see Chapter 3). One mineral can control the rheology of a rock if its volume fraction
is greater than 20-307o, if it is significantly weake r than the other minerals, and if it forms
an interconnected matrix. Olivine is the most abundant mineral and it is also probably the
weakest. so that its rheology is likely to be dominant.

Laboratory experiments provide a direct means of determining the creep properties of
mantle minerals (Goetze and Kohlstedt, 1973; Kohlstedt and Goetze, 1974). However. this
approach does have serious difficulties, as noted in Section 5.1.6. In order to achieve steady-
state deformation on reasonable (laboratory) time scales, the measurements must be canied
out at much higher strain rates or higher temperatures than those associated with mantle
convection. The laboratory results must then be extrapolated over many orders of magni-
tude in strain rate for application to the mantle. Also, laboratory experiments are generally
carried out at much lower pressures than encountered in the mantle, again requiring a large
extrapolation of results to mantle conditions.

Many laboratory measurements of olivine deformation have been carried out. These have
been reviewed by Tsenn and Carter (1987), Karato and Wu (1993), Evans and Kohlstedt
(1995), Kohlstedt et al. (1995), and Drury and Fitz Gerald (1998). The parameters for dif-
fusion creep and dislocation creep in a dry upper mantle, as summarized by Karato and
Wu (1993), are given in Table 5.3. An important question is whether diffusion creep is the
applicable deformation mechanism in the upper mantle. The transition between dislocation
creep and diffusion creep occurs when, for a given stress, the strain rates given by the two
mechanisms are equal. In general, for a given stress, the defbrmation mechanism with the
larger strain rate prevails. One way to delineate the regimes of applicability of rival deforma-
tion mechanisms is to use a deformation map (Frost and Ashby, 1982). A deformation map
generally gives the stress as a function of temperature for several values of the strain rate.
A deformation map for a dry upper mantle with p : 0, based on (5.9.3) and the parameter
values in Table 5.3, is given in Figure 5.24.The diffusion creep values are based on a grain
size d : 3 mm. This is a tyical value fbr mantle rocks found in diatremes and in ophiolites.
Dislocation creep is the applicable defonration mechanism for high stress levels and high

Thble 5.3. Parameter Values for Dilfusion Creep and Dislocation Creep in
a Dry Upper Mantlea

Quantity Diffusion Creep Dislocation Creep

Pre-exponential lactor A (s-l)
Stress exponent n
Grain size exponent m
Activation energy E* (kJ mol r)

Activation volume V* (m3 mol l)

8.7 x l0r5
I
3

300
6 x 10-6

3.5 x 1022
3.5
0

540
2x105

Figure 5.24. Deforma
perature Z for several
creep regime. The soli

temperatures, whil
Uncertainties in flc
deformation maps.

Typical values r
these values locate
This point clearly 1
If (5.9.4) had beer
sizes would have bt
over the entire upl
have published lab
creep is the applica
consistent with alm
the mantle. In asses
mantle, it must be e
the dominant mech
creep in the deeper
et al. (1995a) have i
evidence for disloci
mantle is evidence
may well be a funcl
mantle.

" AfterKaratoandWu(1993).Otherrelevantparamctervaluesarepshei l .  :80GPa,
nodulus

h :  0.55nm. and R -  8.3144JK I  mol-1.



More experimental data

I| ,-1t/  \
t l

(b)(a)

Figure 5.{ Nonlinear rheologies: elastic-plastic behavior. (a) The physical model consisting of a block and a spring, (b) the associated strain-time curve,
(c) stress-strain rate curves.

Rock type
tolog A
(MPa-ns-r)

E*
(kJ.mol- l )

An important consequence of nonlinear rheologies is
that we can no longer talk about (Newtonian) viscosity, be-
cause as the slope of the stress-strain rate curve varies, the
viscosity also varies. Nevertheless, as it is convenient for
nodeling purposes to define viscosity, at individual points
along the curve, we define the effective viscosity, r1":

Ie=o€ Eq. 5.11
This relationship is the same as that for viscous or New-
tonian behavior (Equation 5.7), but in this case you have to
remember that the value for 1" changes as the stress and./or
the strain rate changes. From Figure 5.4 you see that the ef-
fective viscosity (the tangent of the slope) decreases with
increasing stress and strain rate, which means that flow pro-
ceeds faster at these conditions. Thus, effective viscosity is
nOt a material property like Newtonian viscosity, but sim-
ply a convenient description of behavior under known con-
ditions of stress or strain rate. For this reason, 1" is also
called stre s s-rtrpendent or strain rate -dependent viscosity.

The constitutive equation describing the relationship
between strain rate and stress for nonlinear behavior is:

e=A.onexp(-E*/RT) Eq.5.12
Equation 5.12 introduces several new parameters. A is an
empir ical ly der ived constant typical ly in the range
100-500 kJ . mol-l, and n is the stress exponent that lies in
the range I > n > 5 for most natural rocks. The crystal
processes that enable creep are temperature dependent and
need a minimum energy before they are activated (see
Chapter 9); these parameters are included in the exponen-
tial part of the functionl3 as the activation energy (E*) and
the temperature (T in degrees K); R is the gas constant.
Table 5.6 lists experimentally derived values for A, n, and
E* for some common rock types.

From Table 5.6 we can draw some first-order conclu-
sions about the relative strength of the rock types, that is,
their flow stresses. If we assume that the strain rate remains
constant at 10-la/s, we can solve the constitutive equation
for various temperatures. Let us first rewrite Equation 5.11
as a function of stress:

o = (d . A)r/n exp(Ex/RT) Eq.5. l3

Table 5.6 Experimentally Derived Creep Parameters for
Some Common Rock Types

Albite rock
Anorthosite
Clinopyroxenite
Clinopyroxenite (wet)
Diabase
Granite
Granite (wet)
Marble
Olivine rock
Olivine rock (wet)
Quartz diorite
0uartzite
0uartzite (wet)
Rock salt

234
238
335
490
260
139
137
427
535
444
219
184
134
82

Source: Kuby and Kronenberg (l 987).

If we substitute the values for A, n, and E* at constant T,
we find that the differential stress value for rock salt is
much less than that for any of the other rock types. This
fits the observation that rock salt flows readily, as we learn
from, for example, the surface occurrence of salt diapirs
(Chapter 2). Limestones and marbles are also relatively
weak and therefore deformation is commonly localized in
these horizons. Quartz-bearing rocks, such as quartzites
and granites, in turn are weaker than plagioclase-bearing
rocks. Olivine-bearing rocks are among the strongest of
rock types, meaning that they require large differential
stresses to flow. But if this is true, how can mantle flow at
differential stresses less than 10 MPa (Section 3.13.3)? The
answer lies in the fact that Equation 5.13 can also be solved
for various temperatures. In Figure 5.5 this is done using a
"cold" geothermal gradient of l0'K/km for some of the
rock types in Table 5.6.14 This graph supports our first-
order conclusion on the relative strensth of various rock

18
16
17

5.17
17
6.4
7.7

33.2
4.5
4.0

11.5
10.4
10.8

-1.59

3.9
3.2
2.6
3.3
3.4
3.4
1.9
4.2
3.6
3.4
2.4
2.8
2.6
5.0

llexp(a) means eu. with e = 2.72. r4A "hot" geotherm is 30'K/km.
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Rock and mineral aggregates
• Diffusion creep and dislocation creep mechanisms are 

not independent -  
• Both simultaneously occur at a given stress state 
• Composite rheology

Effective composite viscosity

under strain rate decomposition assumption (Maxwell like)

1

⌘e↵
=

1

⌘di↵
+

1

⌘disc

✏̇ = ✏̇di↵ + ✏̇disc
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Rocks have a finite strength

strain 

Differential 

stress 

elastic 

plastic 

• The differential stress (              ) is limited in nature 
• Caused by micro-defects, breaking bonds between 

atoms, growth of micro cracks

�1 � �3
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Differential stresses in the crust

(Townend & Zoback Geology 2000)
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Plastic vs. viscous deformation

brittle/plastic viscous
!34



Composite failure envelope

A: Tensile lailure criterion
B: Mohr (parabolic) failure crilerion
C: Coulomb (straight-line) failure criterion
D: Brittle-plastic transition
E: von Mises plastic yield criterion

a

a ao-

t-Z . '

a

Byerlee'sa -. la-  ' r '
. .  . /  law

on (MPa)
Figure 0.26 Graph ol shear stress and normal stress measurements at
the initiation of sliding 0n preexisting fractures. The best-fit line delines
Byerlee's law.

that the failure criterion for frictional sliding is basically
independent of rock type:

tls/on = constant 8q.6.5
The empirical equation known as Byerlee's layf that best fits
observations depends on the value of on. For on < 200 MP4
the best-fitting criterion is a line described by the equation
<rs = 0.85on, whereas for 200 MPa < on < 2000 MPa, the best
fitting criterion is a line described by the equation:

os = 50 MPa + 0.6on

6.7.4 Will New Fractures Form or Will Existing
Fractures Slide?

Failure envelopes allow us to quickly determine whether it
is more likely for an existing shear rupture to slip, or for a
new shear rupture to form (Figure 6.27). For example,
Figure 6.27b shows both Byerlee's frictional sliding enve-
lope and the Coulomb shear fracture envelope for Blair
Dolomite. Note that the slope and intercept of the two en-
velopes are different, so that for a specific range of preex-
isting fracture orientations, the Mohr circle representing the
stress state at failure touches the frictional envelope before
it touches the fracture envelope, meaning that the preexist-
ing fracture slides before a new fracture forms.

However, preexisting fractures do not always slide be-
fore new fractures initiate. Confined compression experi-
ments indicate that if the preexisting fracture is oriented at

5After the geophysicist J. Byerlee, who first proposed the equations in
1978.

200

(!
o-

p 100

100
(a)

O1

Brittl€-plastic
transition

o1 Plasticr,*8f''"'
(b)

Figure 6.25 (a) A representative composite failure envelope on a Mohr
diagram. The different parts of the envelope are labeled, and are discussed
in the text. (b) Sketches of the fracture geometry that forms during failure.
Note that the geometry depends on the part of the failure envelope that
represents lailure conditions, because the slope ol the envelope is not
c0nstant.

like the Coulomb failure criterion for intact rock, plot as
sloping straight lines on a Mohr diagram. Furthermore, a
compilation of friction data from a large number of exper-
iments using a great variety of rocks (Figure 6.26) shows

h Tensile fracture

i l lo*l  i l  l *  01

U $ 'tr"n.itona-tensle"
T I /l 

fracture
os- l  /  i -  01

\ VJ A co'ro'bshear

\

Brittle Delormation Processes 117

Fracture style as a 
function of  

confining  
pressure
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Coulomb failure criteria

max shear stress

normal stress
friction angle

cohesion

⌧ = C + � tan(�)

� = �m � ⌧m sin(�)

⌧ = ⌧m sin(�)

⌧m = 1
2 (�1 � �3)

�m = 1
2 (�1 + �3)

⌧m = C cos(�) + �m sin(�)

! �1 � �3 = C 0
+ pµ0

⌧



Byerlee’s law
• Coulomb plasticity is empirical theory, however seems 

to work reasonably well for upper crustal rocks

~ 50 km



http://geophysics.eas.gatech.edu/people/anewman/classes/Geodynamics/misc/5_7_10.jpg

Byerlee’s law

�n < 200 MPa

200 MPa  �n ⇠ 2000 MPa



Numerical models of (brittle) localisation
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Numerical models of (brittle) localisation
• Brittle failure in the upper crust may result in localised zones of 

deformation due to Mohr-Coulomb plasticity (which mimics Byerlee’s law)



Peierls creep and strength of rocks
• Problem: 

• Byerlee is valid for upper crustal rocks. At deeper levels, 
the mechanism limiting stress is not very clear 

• Low temperature plasticity (Peierls creep) has been 
suggested based on; experiments, numerical calculations 
and theoretical considerations 

• Consequences 
• This plasticity form does not produce localised faults as 

easy, requires shear-heating feedbacks to “break” the 
lithosphere 

• Possible explanation of the small number of earth quakes in 
the lithospheric mantle compared to upper crustal rocks?

(Kameyama et al, 2001)!
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Deformation maps

• Question: Is diffusion creep or dislocation creep 
the dominant deformation mechanism in the 
upper mantle? 
!

• Considerations: 

1. For a given stress - the mechanism with the    
largest strain-rate is dominant 
!

2. For a given strain-rate - the mechanism with the 
lowest stress is dominant

!42



Mantle deformation maps

Dry upper mantle, p = 0 

(Schubert et al, 2001)

Mantle:!
T ~ 1600 [K]!
e ~ 1e-15 [1/s]

Independent !
of stress

\  . ,^ i -
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Slipped Volume
of the Crystal

5.20. Boundaries of slipped por- Screw
Dislocationof a crystal lattice. (a) The shaded

of the crystal has slipped relative
unshaded part. The boundaries of the

/ide plane are an edge and a screw dis-
hation. (b) View of the glide plane. The

area is the area over which slio has
The boundary is an edge dislo-

ation where b is normal to the boundary.
lhboundary is a screw dislocation where
lisparallel to the boundary. Dotted and
&shed lines show planes below and above
teglide plane, respectively. After Twiss
mdMoores (1992).

b) Gl ide Plane

The two principal ways in which dislocations can contribute to creep are by dislocation
dip or glide and dislocation climb. In dislocation slip, the dislocation line moves through
te lattice breaking interatomic bonds as it moves (Figure 5.21). This motion conserves
nass because it does not require the addition or removal of atoms. Edge dislocations (or the
dge components of mixed dislocations) also move by dislocation climb (Figure 5.22).In
dislocation climb, the dislocation line moves by the addition of atoms. This is not mass con-
$crving because it requires the diffusion of atoms from elsewhere in the lattice. Dislocation
fieep can also be thermally activated at relatively low stress levels. Again, the Maxwell-
Boltzmann distribution gives the number of atoms that have sufficient energy to overcome
fie interatomic bonds restricting the motion of a dislocation.

Experiments and theory indicate that a general form of the relationship between strain
rate ti and deviatoric stress r valid for both diffusion and dislocation creep is given by

rch type of dislocation in lanicc
(a) A perfect crystal lattice into
rsite sign produced by shearing
dislocation is at the edge ofan
;e dislocation line. The invertod
sign produced by shearing thc
'edge. The diagram to the right
re dislocarion line. After TWiss

:ll as the fraction of lattice
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mensional imperfections
ms of the Burgers vector
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motion of a dislocation

re 5.19). Specification of
If the dislocation line is

. If the dislocation l ine is
5. I 9). Most dislocations

e: (1)- *'[-"=#2] (5.e.3)

where A is the pre-exponential factor, p" is the shear modulus, d is the grain size, and D is
themagnitudlof the Burgers vector. Typical values of n and m are n : I and, m : 2.5
fot diffusion creep and n : 3.5 and m : 0 for dislocation creep. For diffusion creep,
the relation between strain rate e and deviatoric stress z is linear, resulting in a Newtonian
viscosity. For dislocation creep, the relation between strain rate Z and deviatoric stress r is
stongly nonlinear, resulting in a nonlinear viscous rheology. Another difference between
these mechanisms is the dependence on grain size. The diffusion creep viscosity decreases
$tongly with decreasing grain size d, while dislocation creep is insensitive to changes in
gain size.

Grain boundaries are two-dimensional defects separating adjacent crystals with different
lattice orientations. Grain size is controlled by grain growth and, in the dislocation creep
rcgime, by dynamic recrystallization (De Bresser et al., 1998). Grain growth is a process that

^ ( ; ) '



Olivine deformation map

Exponential- law creep_ 0

-5
-6.

.8 '
9-

10-2

1 0-3
E

1 o-4

1 o-5

1 0-6

1

1 0-1
o2

Depth (10'km)
Figure 9.35 Deformation mechanism map lor olivine with a grain size of
'100 pm. Variables are the same as in Figure 9.32, except that depth is
substituted lor temperature given an exponentially decreasing geothermal
gradient with 300"C at the surface and 1 850'C at 500 km depth.

give a pract ical  example.  Dur ing myloni t izat ion of  a
quartzite, dynamic recrystall ization may dominate; yet
some diffusional flow may occur simultaneously if, fbr ex-
ample, the grain size and the stririn rate are sufficiently
small. Consequently, the map may indicate that we are in
the power-law field, but we may also see some rnicrostruc-
tural evidence for diffusional flow.

A general pattern is common to all deformation mech-
anism maps. We will take the classic example of the min-
eral olivine to illustrate this (Figure 9.35). Instead of the
homologous temperature, we plot depth in the Earth in
Figure 9.35, based on a thermal gradient that exponentially
decreases from 300'K at the surface to I 850'K at 500-km
depth. This enables us also to take into account the effects
of pressure, which plays a role in the mantle by incleasing
the flow strength and decreasing the strain rate. From the
map you see that cataclastic flow and even exponential-
law creep are restricted to relatively large differential
stresses (here :8 x 102 MPa). which means that these
mechanisms are restricted to shallow crustal levels. As
depth increases, we pass fiorn exponential-law creep to
power-law creep to diffusional creep given a constant geo-
logic strain rate (say, l0ra/sec). In the latter regime, we
may pass from grain-boundary diffusion (Coble creep) to
volume diffusion (Nabarro-Herring creep), given further
temperature or strain rate increase. The value of deforma-
tion mechanism maps lies in their abil ity to predict the
mechanism that dominates under various natural condi-
tions. In the absence of direct observations, we may pre-
dict the mechanism dominating the flow of rocks if the
conditions of stress, T, and grain size are known. For ex-
ample, if we assume that the Earth's upper mantle consists
mainly of olivine, we can predict that at strain rates greater
than l0-1 l/sec, dislocation glide and climb dominate the

204 Ductile Structures

flow in the upper' 100 km, given a grain size of 100 pm. If
the strain rate is lower, diffusional creep will become in-
creasingly important, especially if the grain size is small,
The latter point, the effect of grain-size variation, is not
clear from any of the deformation mechanism maps so fat,
because grain size was taken as a constant value in each
(d = 100 p.m). So how do we know what the role of grain-
size variation is? Again consider the flow laws for diffu-
sional creep (Equation 9.15), which states that strain rate is
inversely proportional to the square or cube of the grain
size. Thus, reducing grain size by, say, one order of mag-
nitude (d = l0 U.m) increerses the strain rate by two to th-re€
orders of magnitude, which will move the field of geologic
strain rates further into the regime of diffusional f lorl.
Similarly, if we construct a map for a grain size of, say,
I rnm (1000 pm) or larger, the field of geologic strain
rates moves into the regime of power-law creep. An e$i-
mate for the grain size of olivine in the upper mantle lies
between 100 and 1000 um. Observed microstructuresof
mantle rocks generally support the predictions based on
olivine deformation mechanisnr maps.

9.10.1 How to Construct a Defornatron
Mechanrsn Map

The concept of deformation mechanism maps tends to be
overwhelming. until you construct your own. So in Table
9.5 we list constitutive equations for various deformation
mechanisms, based on experiments on natural limestones
and marbles, to make our own map.

First, choose the axes for the plot. Let's plot differen-
tial stress versus temperature. Now calculate the cone-
sponding strain rate from each of the four constitutivc
equations fbr a specific stress and temperature condition
(i.e., a point in the diagram). You recall that the mecha-
nism producing the fastest strain rate is dominant; so fron
the four solutions, the one giving the highest strain rate is
dorninant for that particular point. Using individual points
is an unnecessarily slow and cumbersome approach. In-
stead, we calculate the stress-temperature curves at a given
strain rate for each equation and plot these four curves in
the diagram. However, some of these curves will intersect
and the final strain rate curve is composed of the curves
for which the differential stress is the smallest. When you
use diff'erent strain rates, you will see that the position of
intersection points changes. Also, the dominant deforma-
tion mechanism may change. So connecting these intersec
t ion points def ines the boundary between f ie lds,  A
worked-out example is given in Figure 9.36, in which dif-
ferential stress is plotted as a function of grain size forT=
475"C. Obviously, you can vary any condition and calcu-
late the corresponding map. Fairly simple spreadsheet cal.
culations allow you to do this on a personal computer. This
returns us to the main reason for construction deformation
mechanism maps: they give a first-order understandingof
the most likely deformation mechanism under given condi-
tions of stress, temperature, grain size, and strain rate.
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Viscous deformation map
(Kameyama et al, 2001)!



Strength envelopes

Low strain-rate (or high temp.)

High strain-rate (or low temp.)

Arrhenius flow law

Byerlee's law
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Strength of the mantle-lithosphere

(Kohlstedt et al., Strength curves for different materials: lithosphere, 1995)!

Brittle ductile!
transition



Compression versus extension

Difference come from the dependence of Byerlee’s law on the normal stress 
Compression results in large normal stress (tectonic loading)

(Burov E.,  Treatise on Geophysics V. 6, 2007)!48



Compression versus extension

Difference come from the dependence of Byerlee’s law on the normal stress 
Compression results in large normal stress (tectonic loading)

(Burov E.,  Treatise on Geophysics V. 6, 2007)!49



Summary
• Learned the vocabulary of rheology 
• Examined three basic classes 

• elastic 
• viscous 
• plastic / brittle 

• Deformation maps and strength envelops
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