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Microstructure: melt-free polycrystalline olivine

Jackson et al., 
2002

defects: grain boundaries, dislocations
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10 nm

TEM image of 
triple junction of 
melt-free olivine.
Grain boundaries 
oriented parallel 

to the beam.

Faul et al., 2004

A closer look at grain boundaries:
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TEM-EDS analyses of high angle grain boundaries

Grain boundaries are trace element enriched relative to grain interiors
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tical scatter in the spectral fitting procedure, as discussed pre-
viously.

A number of features can be identified as common to the
three profiles. The width of the zone of segregation at each
grain boundary is ~5 nm. Also, for all three samples, we de-
tected: (1) no measurable partitioning of the major components
FeO and SiO2 or the minor component NiO; (2) mild depletion
of the major component MgO; and (3) enrichment of the minor
components CaO, TiO2, and Al2O3 at the grain boundary. The
degree of CaO enrichment is greater than that of TiO2 or Al2O3

and varies among the specimens. The level of Al enrichment at
grain boundaries is difficult to quantify because its spectral lines
lie between those of Mg and Si, major elements in the olivine
grains with count rates two orders of magnitude higher than
that of Al; however, qualitatively its enrichment is clear.

Trace-element segregation to the boundaries of the Kilauea
sample, characterized by summing many profiles acquired from
the same grain boundary to obtain measurable intensities, is
shown in Figure 2. The spatial resolution is somewhat degraded
because some profiles were acquired from thicker parts of the
specimen, and/or from parts where the grain boundary plane
was tilted with respect to the incident electron beam in order to
achieve the requisite signal. Chromium segregation is clear
whereas no Mn segregation is apparent. Although the signal
level for Sr achieves a maximum at the boundary position in
Figure 2, the signal-to-noise ratio is insufficient to identify
whether segregation is present or absent.

DISCUSSION

We must consider the possible effect of grain boundary
grooving (i.e., preferential ion-thinning at the boundary during
TEM specimen preparation) on the composition profiles. Speci-
men thickness affects the total X-ray counts acquired at a given
incident beam intensity. The approximately constant intensi-
ties of three major elements (Si, Fe, and O) across the bound-
ary, to within the precision of the measurement, suggest that

grain boundary grooving has had a negligible effect on the pro-
files. The amount of depletion and enrichment of Ca and Mg at
grain boundaries are similar, suggesting that Ca substitutes for
Mg at the boundaries.

The characteristic 5 nm width of the profiles in Figure 1 is
not indicative of the width of the zone of segregation. In the
regime of sample thickness necessary to acquire sufficient sig-
nal, this characteristic width is indicative of the scattering of
the incident electrons in the specimen (i.e., beam broadening).
The measured width of ~5 nm for the profiles therefore pro-
vides an upper bound on the true chemical width of the bound-
ary, which is likely much narrower; the segregated elements
could be confined entirely to the grain boundary plane, for ex-
ample. Grain boundary segregation of Ca within a single atomic
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FIGURE 1. Chemical composition vs. distance from grain boundary based on STEM/EDX analyses of samples from (a) Ivrea Zone, (b)
Kilauea, Hawaii, and (c) synthetic olivine + diopside aggregate. The precision of the measured compositions is evident from the statistical
scatter of the data.
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FIGURE 2. X-ray intensity profile from STEM/EDX analysis for
trace elements in the vicinity of the grain boundaries in Kilauea, Hawaii
sample.

Hiraga et al., 2003

Thursday, May 16, 13



5 nm

(010)

High angle (general) grain boundaries in olivine: 
smooth (no evidence of steps or dislocation structures), 

structurally distinct, ~ 1nm wide, chemically enriched
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Grain boundary sliding due to shear stress

d grain size, grain 
δ boundary width
ηgb grain boundary 

viscosity
Dgb  grain boundary 

diffusivity

results in three distinct processes:
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1. Elastically accommodated sliding

time scale: τE =  ηgb d/G δ

recoverable strain, anelastic process

viscous sliding of grain boundaries 
leads to elastic stress 

concentrations at grain corners

After Raj and Ashby, 1971; Raj, 1975
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• stress concentrations 
cause diffusion away 
from corners

• transient phase is 
characterised by 
diffusion over 
increasing length scales

2. Diffusionally assisted sliding

transient but ‘viscous’ process
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time scale: τD ~  T d3/G δ Dgb

sign with the change in s lope of the boundary shape 
a c r o s s  the t r ip l e  point, and s ince  a s ingu la r i t y  should 
not ex i s t  at the t r i p l e  point when di f fus ional  a c c o m m o -  
dat ion is a l lowed,  the t r ac t ion  at the t r ip l e  point should 
be ze ro .  

d) Diffusional  C reep  

As shown in Fig.  7 and d i s c u s s e d  e a r l i e r  ~ diffusional  
c r e e p  s t r a i n  r a t e  in an equiaxed po lyc rys t a l  is equ iva -  
len t  to the sum of the s l id ing  ra te  at the t r i a n g u l a r  and 
the hexagonal  boundary,  d iv ided by the g ra in  s ize .  The 
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Fig, 8 -The  change of boundary tractions and local boundary 
displacements with time for sliding at a boundary of triangu- 
lar shape (Fig. 7(a)). 

=# 
I-- 

E 
0 

L3 
-0 

E 
Z 

osecs t \\~L-- 
0 --- x 

b's 0 5xlO-4T ".. 

E 

o 0 / \ Sec~ >-J k_.--'! 
e,* 
0 Sle~dy~ 

a 3  2 store 
~ QI8T 

Secs. 

-I.0 -0.5 0 05 1.0 

i 

. . . .  N - ' - - -  o 

t "1 

0 

-I~) -0.5 0 05 I0 

Position (X/L) Position (X/L) 

r  

E 
.go 

N 

E 
z 

Fig. 9 -Th e  change of boundary tractions and local boundary 
displacements with time for sliding at a boundary of hexagonal 
shape (Fig. 7(b)). 
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of time during the transient. 
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Raj 1975, 
Gribb & 

Cooper, 1998

3. Diffusionally accommodated sliding (steady state)

gb normal stresses are highest in center between grain 
corners (steady state diffusion creep)
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Frequency domain model (Morris and Jackson, 2009, 
Lee et al., 2011)

grain size dependence changes from 
~ linear (transient) to cubic (steady state)
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DEPARTURES FROM THE MASTER CURVE

Q-1 is more mildly grain-size sensitive than expected from scaling with the 
Maxwell time τM = ηSS/GU ~ d3exp(E/RT) for Coble creep

-> transient close to linear in grain size dependence
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Data fitting: (extended) Burgers model

instantaneous transientsteady state

Time domain: strain as a function of time (creep function)
J(t) = JM + t/τM + JV (1 - exp(-t/τV)) 
JM = 1/GM; τM,V relaxation times 

GM
GV

!V

!M

Maxwell

Voigt

J1(ω) = JM + JV /(1 + ω2τV2), 
J2(ω) = JV ωτV/(1 + ω2τV2)+1/ωτM

Frequency domain:
J*(w) = J1(ω) + i J2(ω) 

G(ω) = [J12(ω) + J22(ω)]-1/2 Q(ω) = J1(ω)/J2(ω)
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Extended Burgers model fit to forced 
oscillation data for olivine

3 μm
30 μm

150 μm

curves ‘collapse’ in  Maxwell regime (f < fM); spread due to linear grain 
size dependence in transient regime
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Microcreep records:
Recoverable (elastic + anelastic) portion of strain 

decreases with time

Recoverability of viscoelastic strain 

For steady torque application on seismic timescales, much of the inelastic strain 
is recoverable – especially at larger grain sizes – connsistent with elastically 

accommodated grain-boundary sliding 

Recoverability fR of non-elastic strain in the Andrade model: 
fR = βtn/[βtn + t/η] = 1/[1+t1-n/βη]  

transient is (near linearly) grain size dependent
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Extended Burgers model calculation of transient strain, 
extrapolated to 1 cm grain size

1000ºC 1200ºC

total

peak

background
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depth through the lower crust and mantle. In our modeling we vary
the background stress within the mantle by varying the background
strain rate through the application of velocity boundary conditions.
Thus, instead of discussing the background stress directly, we
parameterize this variable in terms of the background strain rate,
which affords us the ability to discuss the modeled mantle strain rate
relative to the strain rate observed at the surface (0.1 μstrain/yr).

For models that consider diffusion creep, we also must consider
how the variation in grain size influences viscosity. The transition
from dislocation to diffusion creep of olivine is dependent on both the
background differential stress and grain size. For wet olivine at a
differential stress of 1 MPa, the transition should occur at a grain size
of ~1 mm, and for a differential stress of 0.1 MPa the transition should
occur at ~3 mm (Hirth and Kohlstedt, 2003). While the grain size of
olivine within the upper mantle beneath theMojave Desert is not well
constrained, it may be in the realm of 1–10 mm (Karato, personnel
communication). Thus, depending on the background stress state,
viscous flow within the upper mantle could be dominated by either
diffusion or dislocation creep, or a combination. For the median flow
law parameters for wet diffusion and the example environmental
parameters discussed above, varying the grain size from 0.1 mm to
1.0 mmleads toavariation inviscosity from2.06!1018 to7.48!1020 Pa s,
though the range of uncertainty could be larger.

Based on how uncertainties in flow law and environmental para-
meters track into uncertainties in viscosity from the above discussion,
we limit our numerical experiment to consider median steady-state
flow law parameters for olivine (Table 1), and variations in
temperature, background strain rate (for dislocation creep models
only), and grain size (for diffusion creep models only). We seek to
determine what set of flow law parameters and tectonic conditions
are required to explain both cumulative and time-series observations
of surface displacements following the 1999 Hector Mine earthquake.

For models that can satisfy these constraints, we then examine
whether the numerically required tectonic environment is plausible
in order to concludewhether post-HectorMine surface displacements
are likely a function of steady-state creep of olivine.

4. Results

We initially consider a suite of models in which we assume that
postseismic relaxation following the HectorMine earthquake is due to
diffusion creep of wet olivine. Using median flow law parameters
(Table 1) and a water content of 800 ppm H/106Si, we calculated
postseismic displacements as a function of grain size and thermal
gradient. Fig. 3b shows how viscosity of this model varies as a function
of depth for each of the three thermal gradients shown in Figure 3a
(with a grain size of 1 mm assumed). Note how the viscosity profile
associated with the cold geotherm leads to the lowest viscosity
occurring at a depth of ~100 km, while the viscosity profile associated
with the hot geotherm leads to a minimum viscosity at a depth of only
~60 km. The depth of maximum postseismic flow is influenced by
both the viscosity gradient and the stress gradient, but it is easy to see
that the warmer the thermal gradient, the shallower the most rapid
postseismic flow will tend to be.

Figure 3c shows theweighted sum of squared residuals (WSSR) for
calculated cumulative (7 years) displacements for a suite of wet
diffusion creep models as a function of grain size and thermal
gradient. There is a trade-off between grain size and temperature for
warmer thermal gradients (median and above), but a cooler geotherm
leads to greater misfit. The best-fitting models fall in a range of grain
size between 1.0 and 2.5 mm for thermal gradients that range from
nominal to hot, respectively. Maximum postseismic flow in these
models occurs in the range between about 45 and 70 km depth with
viscosities of the order of 1019 Pa s. The best-fitting diffusion model

Fig. 4. Comparison between observed (functional representations) and calculated displacement time-series for a number of far-field stations (labeled in Fig. 1) for two models of
diffusion creep. The observed time-series are based on a logarithmic decay time of !=200 days with 1" error bars shown in thin dashed lines. The calculated models represent the
best-fitting rheologies based on matching cumulative displacements (Fig. 3c) for assumed hot and cold geotherms (Fig. 3a).

6 A.M. Freed et al. / Earth and Planetary Science Letters 300 (2010) 1–10

Freed et al., 2010
  

 

















  
















 

1000ºC 1200ºC
Comparison with creep observed 

by GPS in Southern California

solid lines: 
observations

dashed: steady state 
creep models

applicable at small strains 
(far field)
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