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CsCl - simple cubic NaCl - face centered cubic

Ionic bonding



Olivine (Mg2SiO4)

•  Tetrahedrally coordinated Si, octahedrally coordinated M sites.

•  Si-O bonds shortest and strongest.

•  Large spacing of (010) planes and close spacing of (100) planes. 

Si

Mg

O

Mg



Olivine structure looking down on (100) plane.

Oxygen in (100) planes near hexagonal close-packed arrangement.



Anisotropy due to crystal structure

a b c

unit cell 
dim. (Å) 4.78 10.25 6.3

Vp, km/s 9.89 7.72 8.43
Vs, km/s 4.89 4.42 4.87

Vs(max) = 5.53 km/s



Elastic behavior: Solids 
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Fig.6 Interatomic forces in an ionic crystal of NaCl structure. 

(Turcotte & Schubert Figs. 7.4 and 7.5) 
 

The volume and energy per ion pair are respectively 
 
 V = 2 r3        (18) 
 
and 
 
  U = -C0/r + D0/rn = -C(V/V0)-1/3 + D(V/V0)-n/3   (19) 
 
where C0 = z2e2A/4!"0 with Madelung constant A, D0 > 0 with n >>1, and r is the 
interatomic distance.  The first term is the reduction of potential energy as the point 
charges are brought together from an initially infinite separation (defining the zero of 
energy) to a finite spacing r.  The second term is the short-range repulsive interaction 
which prevents excessive overlap between the electronic charge distributions of the 
two ions.  The equilibrium value of r (or V) will be that for which the energy is 
minimised, i.e. that for which dU/dr (or dU/dV) = 0.  Application of pressure P to the 
crystal in equilibrium will increase its energy U by an amount  
 
 dU = - PdV        (20) 
 
(dV < 0), so that  
 
 P = - dU/dV = [(C/3)(V/V0)-4/3 - (nD/3)(V/V0)-(n+3)/3]/V0  (21) 
 
The requirement that V=V0 when P = 0, yields 
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Unique equilibrium position of atoms in crystal lattice

displacement from that position requires force: elastic moduli


e.g. σ = E ε

E Young’s modulus (tensile deformation, linear strain) 

K bulk modulus (uniform compression)  
G shear modulus (rigidity, shear deformation) 

Elastic moduli are of orders 10s of GPa



Thermodynamics (Fundamental state functions)

Internal energy U: Energy content of a system, the sum of the 
potential energy stored in interatomic bonding (electrostatic 

energy) plus the kinetic energy of atomic vibrations.
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(a) 

 
(b) 

 
Fig. 14 (a)  The harmonic approximation.  (b)  Anharmonicity and thermal expansion (Poirier, Figs. 

3.12 and 3.13) 

 
For low temperatures, vibrational amplitudes will be very small and approximately 
symmetric about the equilibrium positions.  However, at high T, large asymmetric 
(i.e. non-sinusoidal or anharmonic) vibrations will be excited corresponding to states 
higher in the well as illustrated in Fig. 14b.  The asymmetry of the vibration is such 
that the bond length averaged over one cycle of vibration is now greater than the 
equilibrium spacing.  It is this temperature-dependent increase in average bond length 
that is thermal expansion. 
 
8.  Finite strain and cohesive energy at high pressure 
 

The pressure dependence of the bulk modulus 
 
We have referred frequently to the isothermal bulk modulus K defined as 
 
 KT = -V(!P/!V)T       (64) 
 
By definition then, K is the constant of proportionality that relates the pressure change 
and the fractional change of volume in the limit of infinitesimally small perturbations.  
If KT were independent of pressure equation (64) would be directly integrable to yield 

Temperature

Enthalpy: H = U + PV

In the Earth need to account 
for pressure:



En
tr

op
y 

S

Proportion of compound B
0 50 100

Entropy S: measure of the state of disorder in a system.


Example: Configurational entropy:

Entropy is at a maximum for XB = XA



F = k x

σ = E ε 

(Hooke’s law)

Deformation: 

Force = spring const. x dist.


stress = modulus x strain



σ = G ε

Deformation: 


stress = modulus x strain

Ice:

G ~ 4 GPa = 4x109Pa,


ε ~ 1

stress ~ modulus

driving flow of ice: gravity

 


Pressure (stress) = density x g x thickness

= 1000 kg/m3 x 10 m/s2 x 1000 m = 107 Pa



moduli of rock-forming minerals of order of 100 GPa

convective stresses ~ 0.1 MPa



Defects!


(point defects)

Frenkel Schottky



defects can also be impurity atoms



Thermodynamically why do we have defects?


Creation of point defect requires energy:

local distortion of lattice + imperfect satisfaction of bonding 


☛ enthalpy H increases.

But: point defect increases disorder in 
an otherwise perfect crystal: 


entropy S increases. 

(S is associated with the number of ways to 
distribute defects within the crystal structure.)

For small defect concentrations entropy 
increase is greater than enthalpy 

increase, for larger defect 
concentrations enthalpy increase 

dominates:
Minimum in Gibbs free energy at some 

finite concentration of point defects!





Dislocations

-line defects

0.2 µm g 004

Transmission electron microscope image of screw dislocations in olivine



Lattice planes in a cubic crystal

Edge dislocation

Insert an extra half plane

What is a dislocation?



edge dislocation: Burgers vector perpendicular to 
dislocation line l



TEM lattice-fringe 
images with electron 

beam parallel to 
dislocation line



screw dislocation: Burgers vector parallel to dislocation line l



dislocations: mixed character



Strain due to dislocation creep

Movement in a glide plane

edge screw





slip plane

(Poirier,  1985, Ranalli, 1995)

Dislocation geometry is controlled by crystal lattice 

dislocations move on 
glide planes

Peierls 
potential



Generation of dislocations: Frank-Read sources

(dislocation multiplication due to stress/strain)



Obstacles 
to 

dislocation 
motion

subgrain 
boundary

0.2μm



Climb by diffusion of a row of atoms 
from the extra half plane.


Screw dislocations have no extra 
half plane and cannot climb.

Climb of an edge dislocation

Dislocation creep: strain produced by glide of dislocations, rate limited by 
diffusion



temperature shear stress

dislocations

(number density)

•not produced by, 

• annealed by,

•mobility T dep.

sensitive to and 
interact with

point defects dependent   do not interact



Arrays of dislocations: subgrain boundaries
From dislocations to grain boundaries



subgrain boundaries in quartz

undulose extinction in quartz



Grain boundaries

GB: 2-D lattice defect that introduces a 
change in lattice orientation

Lattice misorientation given by θ

Why look at grain boundaries?

1. GB as crystalline defect present in all rocks.

2. GB affect 

•   diffusion

•   deformation

•   seismic properties

•   electrical conductivity....



subgrain boundary

high angle

grain boundary

olivine

melt 
(glass)

Visualization of types of grain boundaries

cos θ/2 = γss/2γsl 

γss = solid - solid 
surface energy


γsl = solid - liquid 
surface energy

θ
melt

solid solid



1μm

D

D

TEM

Grain boundaries: melt-free polycrystalline olivine

Jackson et al., 
2002

defects: grain boundaries, dislocations



5 nm

(010) lattice fringes 
in olivine

grain boundary
1 nm

High resolution image of olivine grain boundaries

Faul et al., 2004

After atomic relaxation, the perfect edge dislocations of

low-angle GBs (up to 22!) with Burgers vector [001] dis-

sociate into an array of partial edge dislocations with

Burgers vector 1
2 ½001" and a stacking fault between pairs, as

illustrated in Fig. 5 for the (017)/[100] GB. This GB

structure is similar to the one observed in low-angle tilt

GBs in alumina (Ikuhara et al. 2003). At and around the
GB, there are regions with high and regions with low

particle densities. The partial dislocation cores are

separated by regions of almost perfect lattice (perfect

stacking for a distance d1) and regions of distorted lattice

(stacking fault for distance d2), see Fig. 5. The structures of
(017)/[100] GB with misorientation 9.58! for intact SiO4

tetrahedra and partly dimerized SiO4 tetrahedra at the GB

plane are presented in Fig. 5a, b, respectively. These
structures have the same energy (1.46 J/m2, see Fig. 3a),

which suggests that both partly dimerized SiO4 tetrahedra

and free oxygens may exist in low-angle Mg2SiO4 forste-
rite symmetric tilt GBs.

Figure 6 shows the stable atomic structure for a (012)/

[100] symmetric tilt GB with a misorientation of 32.70!
which consists of an array of the structural units

a 1 b 1 c. This structure obtained with rigid translation

of one grain with respect to another with 0.64 nm along y
direction and no translation in x direction showed the

lowest GB energy (1.01 J/m2) among all GBs considered

here. This lowest energy can be related to the distribution

Fig. 5 Atomic structure of (017)/[100] symmetric tilt GB with
misorientation 9.58!, a keeping SiO4 tetrahedra intact at GB and
b breaking Si-O bonds at GB. The thick black dashed lines show
Burgers circuits for partial edge dislocation with Burgers vector
1
2 ½001" and perfect edge dislocation with Burgers vector [001]. Thick
black lines show the array of edge dislocations separated with

distances d1 and d2 with d1 ? d2 = d, where d ¼ LGB

2 is the spacing of

perfect dislocations and LGB is given in Table 1

Fig. 6 Atomic structure of (012)/[100] symmetric tilt GB with
misorientation 32.70! formed with a 1 b 1 c structural units, which
are presented with thick black lines

Fig. 7 a Atomic structure of (011)/[100] tilt GB with misorientation
60.80!, a symmetric and b asymmetric formed with the structural
units a 1 b and c, respectively, which are presented with thick black
lines. The gray dashed lines show the orientation of the grains

Phys Chem Minerals (2012) 39:749–760 755

123

Adjaoud et al., 2012



~ 1 nm

~ 1 nm~ 1 nm

a b c

Grain boundaries in olivine: no evidence for 
dislocations, no steps, about 1 nm wide



TEM EDS spectroscopy peak/background ratios 
of trace elements in olivine 

0

1

2

3

4

5

Al P/B

C
a
P/
B

210 543210
Ti P/B

SC 6261GB
Int.

SG 6384GB
Int.

SC 6366GB
Int.

SG 6381

Grain boundary composition distinct from grain interior,

correlates with grain interior composition



Deformation - flow laws


‚first principles‘ derivations - physical model 


constitutive equations relating strain rate to stress

Poirier, Creep of Crystals, 1985



Vacancies

Atoms

Application of a differential stress: 

Pure shear deformation of a single crystal (Nabarro- Herring creep)

Compressive stress at face B reduces the number of vacancies.

Tensile stress at face A increases the number of vacancies.

A

B

C+

C-C0

d



differential stress -> concentration gradients -> diffusion

A constant (experimentally determined), d grain size, 
E activation energy, V* activation volume

concentration gradient ~ grain size (face A - face B)


diffusion ~ diffusivity (atom species, crystal structure), temperature


flow law (constitutive equation, strain rate ε as a function of stress σ):


dε/dt = ε = A σ d-2 exp[-(E+PV*)/RT].

.

dε/dt = A DSD Ω σ/kTd2 



Diffusion is rate controlling:

slowest species along its fastest path

��ě�����ȱ��ȱ���¢��¢��������ȱ��������� 961

small water fugacity in the H2+CO2 experiments led to a reproducible increase of Dgb by a factor 
of 5, which is a remarkably strong effect when compared with the effect of the larger water 
fugacity in hydrothermal experiments. Compared to lattice diffusion of Mg in forsterite, Dgb/Dl 
| 104, but again similar activation energies were obtained (Chakraborty et al. 1994). 

Farver et al. (1994) related their Mg diffusivity results at 0.1 MPa from experiments run in 

Figure 15

Figure 16
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Figure 15. Comparison of grain boundary and lattice diffusion coefficients of Ca and O in calcite (all tracer 
diffusivities). The same conventions were used as in Figure 13 to illustrate and indicate the various data.
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Figure 16. Comparison of grain boundary and lattice diffusion coefficients of Mg, Si, and O in the 
polymorphs of (Fe,Mg)2SiO4 (olivine, wadsleyite, and ringwoodite, all tracer diffusivities). The same 
conventions were used as in Figure 13 to illustrate and indicate the various data.

Dohmen & Milke, 2010

gbd

int.

Mg O

Si

Si



but A, E, V* are also specific to diffusion mechanism
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flow law for grain boundary diffusion


ε = A σ d-3 exp[-(E+PV*)/RT].

nom.
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But: “Pure” diffusion creep would lead to shape 
change of grains:

Observation: Grains remain 
equiaxed after deformation



Diffusionally accommodated grain boundary sliding

(diffusion creep)

Macroscopic shape change without grain 
shape change



Hirth, 2003



Dislocation creep 
(Weertman creep)

glide velocity: v ~ b v0 exp(-E/kT)

(b Burgers vector)

dislocation density ~ stress: strain rate depends on stressn

but dislocations get ‚stuck‘ (entangled): edge dislocations 
have to ‚climb‘ out of their glide plane, climb is rate limiting.


Climb is a diffusive process.

dislocations are intracrystalline, no grain size dependence

 ε = A σn exp[-(E+PV*)/RT].
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A-type

B-type
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D-type

E-type
1
2
3

Figure 3
Typical olivine LPOs found
in the simple shear
deformation experiments
(figure modified after Jung
et al. 2006).

E-type fabric. Initial results were obtained at relatively high temperatures (T ∼
1470–1570 K) and the dominant olivine fabrics were studied as a function of water
content and stress. Bystricky et al. (2001) conducted high-strain, shear deforma-
tion experiments on water-poor olivine aggregates similar to those conducted by
Zhang & Karato (1995), but at higher stresses (at 0.3 GPa and 1473 K), and found
a D-type olivine fabric under these conditions. Their results are in agreement with

70 Karato et al.

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

20
08

.3
6:

59
-9

5.
 D

ow
nl

oa
de

d 
fr

om
 a

rjo
ur

na
ls

.a
nn

ua
lre

vi
ew

s.o
rg

by
 B

os
to

n 
U

ni
ve

rs
ity

 o
n 

05
/0

3/
10

. F
or

 p
er

so
na

l u
se

 o
nl

y.

Karato et al., 2008

Pole figures showing the 
alignment of olivine 

crystallographic axes

- consequence of 

dislocation creep, i.e. the 
glide of dislocations on 
certain planes in certain 

directions



Debayle et al., 2005

Dislocation creep leads to seismic anisotropy

color scale represents velocity variation (slow - red e.g. at MOR, 
fast - blue cartons)


lines represent direction and magnitude of anisotropy, 

alignment of olivine indicates flow



Solgel olivine San Carlos olivine

TEM images of three-grain edges

Influence of melt



Melt distribution in polycrystalline olivine

P = 1 GPa, 1350ºC, 432 hours



GARAPIC, FAUL AND BRISSON: 3D MELT DISTRIBUTION X - 23

Figure 5. View from the top of the reconstructed 3D melt distribution. The thin layers on

two-grain boundaries seen in the 2-D images (Figure 1) persist in 3-D, confirming that they are

sheet-like rather than a sectioning artifact. Some small grains are completely surrounded by

melt.

Figure 6. Vertical 2-D sections through the assembled 3-D image of the pore space, parallel

to Y-Z plane. The same features observed in 2-D horizontal surfaces are present here, triple-

junctions, large melt pockets and thin inclusions.

D R A F T June 27, 2011, 5:16pm D R A F T

Garapić, Faul and Brisson, G3, 2013

3-D view of the melt distribution

3.6% melt, 30 μm grain size

50μm

1 μm



Influence of melt on rheology
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Small amount (1%) of 
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rate by about an 
order of magnitude 
(in diffusion creep)

melt

Faul and Jackson, 2007

connected melt 
produces short 
circuit diffusion 

paths



Influence of Water 

Water is a trace element in olivine at the 10s of ppm level

key aspect: hydrogen is very mobile (high diffusivity)



Bell et al., JGR, 2003

4.1.1. Polarized Radiation Studies
[31] Figure 6 illustrates a comparison between the OH

concentrations determined with the present calibration and
those derived by applying the Paterson [1982] calibration
function with g = 1 in each polarization direction. A
regression of the data indicates that, on average, the present
calibration yields OH concentrations in olivine that are
higher by a factor of 2.3.
[32] We emphasize, however, that subjective differences

in the choice of baseline and interval for integration can
yield significant differences in integrated absorbances and
hence OH content. This error is likely to be especially
significant at low OH content and in low-absorption

polarization directions, where the height of signal intensity
above ambiguously interpretable baseline variations is
minimized.
4.1.2. Unpolarized Measurements
[33] Experimental studies [e.g., Mackwell et al., 1985;

Mackwell and Kohlstedt, 1990; Bai and Kohlstedt, 1992,
1993; Kohlstedt et al., 1996] have commonly used unpo-

Figure 3. Polarized IR spectra of olivine samples (a)
GRR1695-2, (b) KLV-23, and (c) GRR1012-2 normalized
to 1-mm sample thickness.

Figure 4. Polarized IR spectra of an experimentally
hydrated olivine (P9016-1) from the study of Bai and
Kohlstedt [1993] illustrating the presence of prominent
additional bands at wave numbers less than 3450 cm!1.

Figure 5. Calibration relating the IR OH absorption
intensities to absolute OH concentration (expressed as parts
per million H2O by weight) determined by 15NRA. Solid
circles are olivine analyses. The absorption intensity is the
sum of the total integrated absorption due to OH between
3750 and 3100 cm!1 in the three polarizations, as discussed
in the text and given by equation (1). Uncertainty shown for
KLV23 represents 1s derived from the analysis of four
separate oriented fragments. Origin of the uncertainty in
H2O content is discussed in the text. The open circle
represents an anhydrous blank determination at an inter-
mediate stage of experimental development and illustrates a
possible contribution to the higher OH samples. The line
shown is a linear regression of the olivine data and excludes
the blank determination.

ECV 8 - 6 BELL ET AL.: HYDROXIDE IN OLIVINE

Kaalvallei kimberlite, S. Africa

Black Rock 
Summit, Nevada

Kimberley, S. Africa

observable by Fourier Transform 
Infrared Spectroscopy (FTIR)


(absorption of IR light)

advantage: absorption depends 

on bonding environment

Water in olivine: 

a brief background


water (hydrogen) is a trace element

Most natural olivine has two 
dominant absorption bands in IR 
spectra, at 3525 and 3572 cm-1  



Titanium clinohumite “Point Defect”: Coupled substitution of 6-fold 
coordinated Ti on M1 site with 2 H on Si vacancy. 


Energetically the most stable. 

Supported by synchrotron observations

Walker et al., 2007

calculated OH - 
vibrational frequencies:


3572 and 3525 cm-1

in Kröger-Vink notation or in terms of a reaction between
components:

MgH2SiO4 ! 15Mg2SiO4
olivine

þ

Mg2Ti
½4$O4 ! 15Mg2SiO4
olivine

!

MgTi½6$H2O4 ! 15Mg2SiO4
olivine

þ 16Mg2SiO4;
olivine

ð15Þ

which gives an energy of '145 kJ mol'1 indicating that the
reaction will occur. The fact that reaction (15) lowers the
enthalpy more than reaction (14) shows that the exchange
reaction [reaction (15)] will be favored over the binding
reaction [reaction (14)]. At 12 GPa, the components on the
right-hand side of reaction (15) are further stabilized, and
the reaction enthalpy is found to be '217 kJ mol'1.
Assuming that the effect of pressure is constant, this gives a
volume of this reaction as '6 ( 10'6 m'3 mol'1.
[22] For completeness, we finally consider the possibility

of the reaction between hydrogen from a hydrogarnet-type
defect and titanium. Unlike reactions (14) and (15), this
involves a change in the chemistry of the olivine crystal and
thus depends on the buffer. For the system buffered by
orthopyroxene, the reaction is:

ð4HÞ(Si þ 2Ti(Si þ 3V0000
Si þ 6V00

Mg þ 12V))
O

! 2fTi))Mgð2HÞ
00
Sigþ 4Si(Si þ 4Mg(Mg þ 12O(

O ;

or

Mg2H4O4 ! 15Mg2SiO4
olivine

þ 4MgSiO3
enstatite

þ

2Mg2Ti
½4$O4 ! 15Mg2SiO4
olivine

!

2MgTi½6$H2O4 ! 15Mg2SiO4
olivine

þ19Mg2SiO4;
olivine

ð16Þ

while for an MgO-buffered system, the reaction is:

ð4HÞ(Si þ 2Ti(Si þ 4Mg(Mg þ 4O(
O ! 2fTi))Mgð2HÞ

00
Sig

þV0000
Si þ 2V00

Mg þ 4V))
O þ 4MgO;

or

Mg2H4O4 ! 15Mg2SiO4
olivine

þ

2Mg2Ti
½4$O4 ! 15Mg2SiO4
olivine

!

2MgTi½6$H2O4 ! 15Mg2SiO4
olivine

þ 15Mg2SiO4
olivine

þ

4MgO:
periclase

ð17Þ

The energy of reaction (16) is found to be '229 kJ mol'1

indicating that at mantle conditions, the bound defect is also
more stable than the isolated titanium and hydrogarnet
defects. Again, the hydrous titanium point defect is stabilized
by pressure; at 12 GPa, the reaction energy is found to be
'316 kJ mol'1. Reaction (17) is also favored with a reaction
energy of '64 kJ mol'1 at 12 GPa. The contribution to the
free energy change associated with reactions (14)–(17) from
the change in configurational entropy will favor the unbound
titanium and hydrated cation vacancies.
[23] An advantage of the calculations described here is

that they provide not only information about the energies of
defects but also the complete structure of the defects,
including the titanium and hydrogen positions, that lead to
these low-energy configurations (for example, Figure 6).
Reactions (15)–(17), at all pressures, give the lowest energy
configuration consisting of a titanium ion occupying one of
the small M1 sites located on an inversion center in the oli-
vine structure. The M1 site is surrounded by two symmetry-
distinct pairs of silicon tetrahedra: One pair shares an
O1-O3 edge with the M1 octahedron, while the second

Figure 6. Structure of hydrated titanium defect. (a) Stable defect with titanium on the M1 site next to a
silicon vacancy containing two hydrogen atoms; both OH dipoles have strong resolved components in the
[100] direction and smaller components in the [001] direction. (b) Less stable defect with titanium on the
silicon site next to a hydrated M1 vacancy similar to that shown in Figure 2b; note the lengthening of the
Ti-O bonds compared to the Si-O bonds. Atom types are given in Figure 4; hydrogen atoms are black and
titanium atoms are marked.
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Fo90 olivine doped with 0.02 wt% TiO2

Pt capsule

 Experiments in Paterson (gas medium) apparatus,

 300 MPa (200 MPa) confining pressure, 1200 - 1350ºC. 


Water not buffered, samples encapsulated in Pt.

steel jacket

alumina

piston
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linear relationship between water content and strain rate

gates. Viscosity in the diffusion creep regime increases non-
linearly with increasing grain size. Thus, rocks with a grain
size of 10 µm (which is two to three orders of magnitude
smaller than the grain size in most of the mantle) will
deform six to nine orders of magnitude faster by diffusion
creep in the laboratory than larger grained rocks in the man-
tle. Likewise, because viscosity in the dislocation creep
regime decreases non-linearly with increasing stress, ex-
periments can be carried out to high strain in both defor-
mation regimes at laboratory timescales.

The strategy of using fine-grained aggregates synthesized
from natural rocks and minerals has lead to several break-
throughs in our understanding of the rheology of peridotite.
The primary benefit of these types of experiments is that a
large number of extensive parameters can be controlled
independently, including melt fraction, grain size and water
content. In addition, sample-to-sample variability is signifi-
cantly decreased by the application of standard protocols for
sample preparation. Many of the flow law parameters in
which we have the highest confidence are determined this
way. However, one drawback of this procedure is that many
experiments are conducted near the transition between 
diffusion and dislocation creep. To obtain the highest 
resolution in flow law parameters for individual creep
mechanisms, the component of strain rate from competing
deformation processes to the total strain rate must be taken
into account. This problem is outlined below in our review
of flow law parameters for diffusion and dislocation creep.

CONSTRAINTS ON FLOW LAW PARAMETERS

Theoretical treatments and experimental observations
demonstrate that the rheological behavior of rocks, metals
and ceramics is well described by a power law dependence
of strain rate (ε⋅ ) on differential stress (σ). For olivine
aggregates, we use a power law of the form 

ε⋅ = Ασ n d-p fH2Or exp (αφ)exp         (1)

where A is a constant, n is the stress exponent, d is grain
size, p is the grain size exponent, fH2O is water fugacity, r
is the water fugacity exponent, φ is melt fraction, α is a con-
stant, E* is the activation energy, V* is the activation vol-
ume, R is the gas constant, and T is absolute temperature. In
the sections below, we review experimental constraints for
these flow law parameters for deformation in the diffusion
creep and dislocation creep regimes, as well as provide
some constraints on flow law parameters for deformation
accommodated by grain boundary sliding. We first review
the stress dependence of deformation, followed by analyses

of the influence of temperature, pressure, water content, and
melt fraction. We do not review the flow law parameters for
individual deformation mechanisms seperately because our
analysis includes resolving the components of strain rate
from competing deformation processes. For those readers
wishing to skip the details of how these parameters are con-
strained, the values of the flow law parameters are summa-
rized in Table 1.

In addition to the parameters in equation (1), the rheolo-
gy of olivine aggregates also depends on oxygen fugacity
(f Οq

2) and silica activity. However, for practical application
of flow laws to geodynamic modeling, we have incorporat-
ed the influence of oxygen fugacity into A and E*.
Experimental observations indicate that ε⋅∞ f Οq

2, where the
exponent q is ≤1/6 for a wide range of deformation condi-
tions [Ricoult and Kohlstedt, 1985; Bai et al., 1991]. Thus,
because the range of oxygen fugacities expected in the man-
tle is small, the effect of changes in oxygen fugacity on vis-
cosity is relatively minor compared to changes in creep rate
that occur due to variations in temperature, water content or
pressure. Also, since olivine and pyroxene are both present
in most mantle rocks, the silica activity is fixed through out
most of the mantle.

Stress dependence and grain size dependence in the diffusion
creep regime

The flow law for diffusion creep under dry conditions is
well constrained by experiments conducted on fine-grained
rocks [Karato et al., 1986; Hirth and Kohlstedt, 1995a,
Gribb and Cooper, 2000]. These studies built on the pio-
neering uniaxial hot-pressing experiments of Schwenn and
Goetze [1978] and Cooper and Kohlstedt [1984]. Under dry
conditions, the stress exponent (n = 1.0 ± 0.1) and grain size
exponent (p = 3.0 ± 0.5) reported by Hirth and Kohlstedt
[1995a] are in agreement with theoretical predictions for
creep dominated by grain boundary diffusion [e.g., Coble,
1963]. Several other studies have also yielded values for n
and p which are within error of those predicted by the Coble
creep equation [e.g., Cooper and Kohlstedt, 1984]. As dis-
cussed by Hirth and Kohlstedt [1995a], the slightly lower
value of p and higher value of n reported by Karato et al.
[1986] likely reflect a component of dislocation creep to the
overall strain rate of the samples. Values of n ≈ 1 and p ≈ 3
are also observed under water saturated conditions [Karato
et al., 1986; Mei et al., 2000a]. Based on the agreement
between these data and the theoretical predictions, we use
values of n = 1 and p = 3 in evaluation of deformation data
obtained under conditions for which more than one creep
mechanism contributed significantly to flow.
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ceramics significantly affect extrapolations of strain rate over
several orders of magnitude in grain size or stress as required
to apply laboratory results to mantle conditions.
[5] Here we present the results of experiments specifically

designed to determine the flow law for GBS creep in olivine.
Our experiments result in a flow law with weaker depen-
dences on both stress and grain size than those suggested by
the analysis of Hirth and Kohlstedt [2003] and that of Wang
et al. [2010]. The crystallographic fabrics produced in our
experiments are similar to those observed in most naturally
deformed rocks [Ismail and Mainprice, 1998] and to those
interpreted as the cause for most upper mantle seismic
anisotropy [e.g., Tommasi et al., 1999]. Extrapolation of our
flow law to mantle conditions and the agreement between
measured fabrics and seismological observations suggest that
GBS is dominant throughout most of the upper mantle.

2. Theoretical Background

[6] The high‐temperature creep response of polycrystalline
materials is commonly described by a flow law of the form

_" ¼ A
!n

dp
exp

"Q
RT

! "
; ð1Þ

where _" is strain rate, A is a material‐dependent parameter,
s is differential stress, n is the stress exponent, d is grain size,
p is the grain size exponent, Q is the activation enthalpy, R is
the gas constant, and T is temperature. The flow law para-
meters are often empirically determined for a particular rhe-
ological regime and then compared with theoretical values
derived from models of several steady state deformation
mechanisms to assess which deformation mechanism con-
trols the strain rate.
[7] In previous studies, researchers have considered olivine

to deform plastically by four deformation mechanisms acting
in parallel (diffusion creep, dislocation creep, Peierls mech-
anism, and GBS) [e.g., Hirth and Kohlstedt, 2003; Warren
and Hirth, 2006]. Notably, previous researchers have con-
sidered diffusion creep to be a process in which sliding on
grain boundaries is accommodated by a diffusion process
[e.g., Raj and Ashby, 1971]. In this article, when referring to
GBS, we specifically mean a mechanism in which sliding on
grain boundaries is accommodated by dislocation motion.
Neglecting the Peierls mechanism, which only dominates at
very high stresses, a constitutive equation for olivine can be
formulated as

_"total ¼ _"dif þ _"dis þ _"GBS; ð2Þ

where _"dif, _"dis, and _"GBS are contributions to the total strain
rate, _"total, from diffusion creep, dislocation creep, and GBS,
respectively. A large body of work describes the deformation
of olivine in the dislocation creep and diffusion creep regimes
[e.g., Chopra and Paterson, 1984; Bai et al., 1991; Hirth,
2002; Hirth and Kohlstedt, 2003; Keefner et al., 2011].
Hirth and Kohlstedt [1995a] first described this creep regime
for olivine in which strain rate is nonlinear in stress and
sensitive to grain size. Subsequently, on the basis of a com-
pilation of laboratory results, Hirth and Kohlstedt [2003]
calculated values of n ≈ 3.5 and p ≈ 2.

[8] The GBS regime, referred to as region II in the con-
text of superplasticity [Padmanabhan and Davies, 1980;
Langdon, 2006], is often associated with attainment of
extremely high tensile strains before failure and is typically
characterized by n ≈ 2 and p ≈ 2. Based on results from
deformation experiments on ice [Goldsby and Kohlstedt,
2001], Hirth and Kohlstedt [2003] suggested that dislocation‐
accommodated grain boundary sliding operates in serial with
glide on the easy slip system, yielding

_"total ¼ _"dif þ _"dis þ _""1
GBS þ _""1

easy

# $"1
; ð3Þ

where _"easy is the strain rate due to dislocation glide on the
easy slip system. This expansion is based on the assumption
that the underlying mechanism for GBS is the serial operation
of both grain boundary sliding and dislocation glide on the
easy slip system.

3. Experimental Methods

3.1. Sample Preparation
[9] We fabricated monophase polycrystalline samples

from powders of San Carlos olivine (Fo90). The powders had
an average particle size of 2.1−0.9

+1.1 mm and were dried for 10 h
at 1000°C in a mixture of CO and CO2 controlling the oxygen
fugacity at 10−7 Pa, a value near the middle of the stability
field of Fo90 [Nitsan, 1974]. Powders were then uniaxially
cold pressed into nickel cans using 100 MPa of pressure at
room temperature. Each can was capped with a nickel disc
and then isostatically hot pressed at 1473 K and 300 MPa
in a gas medium high‐pressure apparatus [Paterson, 1990].
Samples prepared in this manner contain less than 5 H/106 Si
[Mei and Kohlstedt, 2000a]. The nickel can served to control
the oxygen fugacity at the Ni/NiO buffer, which was con-
firmed after hot pressing by the observation of a NiO rind at
the sample/jacket interface [Zimmerman and Kohlstedt,
2004]. We varied the length of the hot pressing step from
4 to 50 h to produce a series of samples covering a range of
grain sizes. After each hot press, a 1 mm slice was removed
from the hot pressed cylinder for analysis of the starting
microstructure.

3.2. Deformation Experiments
[10] For each deformation experiment, the encapsulated

sample was stacked between alumina and zirconia pistons,
and this entire assembly was inserted into an iron jacket. The
jacketed assemblies were placed in a vacuum oven at 130°C
for at least 12 h to remove acetone used to clean the assembly.
[11] Sample assemblies were then inserted into a servo‐

controlled, internally heated gas medium apparatus [Paterson,
1990]. Temperature was maintained to within ±2°C over the
length of the sample, and stress was controlled to within
±1 MPa and measured with a load cell internal to the
pressure vessel. Deformation temperatures ranged from
1100° to 1250°C. The confining pressure was controlled at
300 ± 1 MPa.
[12] Loading was initiated by moving the actuator at con-

stant rate until the sample assembly was contacted and the
load increased to the desired magnitude. As illustrated in
Figure 1, creep tests were performed by holding the load
constant until a constant displacement rate was reached and at
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Figure 1. Diagram illustrating the relation of the characteristic time-scale for several geodynamic pheno- 
mena to the Maxwell time of the upper mantle. Long time-scale phenomena are goverened by u, , while 
short time-scale events are controlled by uI or a range of ul in the continuous relaxation spectrum (from 
Peltier ef d. 1981). 

phenomenological time-scales illustrated in Fig. 1, it is not at all unreasonable to enquire as 
to the form which a complete constitutive relation would then take. Peltier, Wu & Yuen 
(198 1) have suggested that the simplest linear viscoelastic model consistent with the obser- 
vations consists of a generalized Burgers' Body. This analysis shows that such a model 
behaves essentially as a Maxwell solid is so far as post-glacial rebound is concerned if the 
parameters which control the short time-scale response are constrained by fitting the model 
to the observed Qs of the elastic gravitational free oscillations. The purpose of this paper is 
to develop further the properties of this general linear viscoelastic model and to apply it to a 
detailed study of the normal modes of a homogeneous earth model, focusing particularly 
upon the free oscillations. Section 2 provides a brief discussion of the constitutive relation 
for the generalized Burgers' body. In Section 3 we give a sketch of the mathematical struc- 
ture of the free oscillations problem for models with viscoelastic rheology and a discussion 
of numerical methods. Numerical results for the free oscillations of two different versions of 
the anelastic component of the Burgers' body rheology are presented in Section 4. First- 
order perturbation theory for the viscoelastic models is reviewed in Section 5 and applied to 
infer the frequencies and Qs of the same free oscillations determined by exact eigenanalysis 
in Section 4. Comparison of these results enables us quantitatively to assess the magnitude 
of the error incurred through application of first-order perturbation theory. In Section 6 we 
consider the physical implications of the existence of the quasi-static poles in the anelastic 
normal mode spectrum. This is pursued within the context of a brief discussion of the 
effects of anelasticity upon the efficiency of Chandler wobble excitations. Our main conclu- 
sions are summarized in Section 7. 

2 The mantle as a generalized Burgers' body 

Linear viscoelastic constitutive relations may be represented in either differential or integral 
form with the latter being the more general. Although the conventional models which have 
simple spring and dashpot analogues may be represented in differential form, the integral 
representation is required for the more elaborate models necessary to describe the Earth's 
mantle. Since the simple models will also be employed in our discussion of normal modes 
we will begin with a brief sketch of their properties. 

2.1 DIFFERENTIAL CONSTITUTIVE RELATIONS 

Fig. 2 shows a sequence of standard one-dimensional spring and dashpot analogues of the 
simplest linear viscoelastic rheologies. The solid described by the analogue shown in Fig. 2(c), 
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