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Rheology: flow laws

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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for at least 12 h to remove acetone used to clean the assembly.
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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
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stant rate until the sample assembly was contacted and the
load increased to the desired magnitude. As illustrated in
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constant until a constant displacement rate was reached and at
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dif: diffusion creep, dis: dislocation creep, GBS: grain boundary sliding

Strain rate is the sum of two (or more) mechanisms:

diffusion creep: n ~ 1, p = 3; dislocation creep n ~ 3.5, p = 0

ε: strain rate, A: constant, 𝝈: stress (exponent n), d: grain size (exponent p), Q: 
activation energy, R: gas constant, T: temperature

.

dominant mechanism may change as a function of stress 

water present flow law:

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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for at least 12 h to remove acetone used to clean the assembly.
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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
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Fig. 5. Rheology of hydrous, Ti-doped olivine as a function of hydroxyl content. (a) 1200 ◦C data, and (b) data from 1250–1350 ◦C experiments. Symbols represent rheological 
data from this study (Supplementary Tables 1–5). Solid lines, with the same colour as the associated data points were calculated with the rheological parameters (Table 2, 
Hirth and Kohlstedt, 2003) for the water contents indicated in the legend for each sample in ppm H/Si. For reference, dry dislocation creep rheologies are indicated by solid 
black (Chopra and Paterson, 1984), and dashed lines (Hirth and Kohlstedt, 2003). The shallower slopes at low stress for some of the samples with grain sizes near 20 µm 
(e.g. 6652) indicate deformation by diffusion creep. The coarse-grained sample 6754 deforms by dislocation creep below 50 MPa. The noticeable deviation from the flow 
law (lines) of samples 6656 and 6795 likely reflects uncertainties in their water contents. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 6. Diffusion creep rheology of dry Ti-doped olivine. The samples are weaker 
than the undoped Fo90 rheology of Faul and Jackson (2007) (FJ07, solid lines), but 
stronger than the dry, nominally melt-free rheology of Hirth and Kohlstedt (1995), 
Hirth and Kohlstedt (2003) (HK03, long dashed shown for 1300◦ only). The strength 
of the dry, Ti-doped (0.04 wt.% TiO2) samples is adequately described by the param-
eters in Table 2 with a water content of 5 ppm H/Si (dashed).

5. Discussion

5.1. Possible effect of molecular water

Experiments on silicon self-diffusion in olivine showed high dif-
fusivities under dry conditions and only minor enhancements un-
der water-undersaturated conditions (Fei et al., 2012, 2013), lead-
ing to the proposal that water has only a minor effect on the 
rheology of olivine. Previous deformation experiments on poly-
crystalline aggregates conducted with the aim of determining the 
effect of water on rheology were carried out with a buffer assem-
bly to ensure that the samples remained water saturated (Mei and 
Kohlstedt, 2000a; Jung and Karato, 2001). FTIR spectra of these de-
formed polycrystalline samples are dominated by molecular water, 
which was presumed to reside in pores and at grain boundaries 
(Mei and Kohlstedt, 2000a). This free water was suggested to have 
contributed to the substantial reduction in creep strength com-

Table 2
Flow law parameters (equation (1)).

A
(MPa−n s−1 µmp C−r

H2O)
n p r E

(kJ/mol)
V
(10−6 m3/mol)

Diffusion 4 × 105 1 3 1 335 4
Dislocation 90 3.5 0 1.2 480 11

Parameters (grain size in µm, stress in MPa and water contents in ppm H/Si) are 
from Hirth and Kohlstedt (2003), except the pre-exponential constant for diffu-
sion creep, which has been adjusted to fit our data. The parameters of Karato 
and Jung (2003) are overall similar, but with a somewhat lower activation en-
ergy. Pre-exponential constant A in SI units: Adiff = 4 × 10−19 Pa s−1 m3 C−1

H2O, 
Adisloc = 9 × 10−20 Pa−3.5 s−1 C−1.2

H2O , for stress in Pa and grainsize in m. r = 1 and E
460 kJ/mol (A unchanged) for dislocation creep are also compatible with our data 
(Fig. 7).

pared to dry aggregates (Fei et al., 2013). Molecular water is absent 
at the water-undersaturated conditions of most of the Earth’s up-
per mantle, raising the question of whether previous hydrous de-
formation experiments may have overestimated the effect of water 
on the rheology. The diffusion experiments showing little influ-
ence of water on diffusivity (Fei et al., 2013) were conducted with 
Ti-free synthetic forsterite (Fei et al., 2012), while earlier hydrous 
diffusion experiments finding a significant effect of water on dif-
fusivity were conducted with Ti-bearing San Carlos olivine (Costa 
and Chakraborty, 2008).

Determining hydroxyl and molecular water contents separately 
enables examination of the measured strain rates as a function of 
these two components (Fig. 7). For this comparison the disloca-
tion creep data were recalculated for a common temperature of 
1200 ◦C and differential stress of 150 MPa with Equation (1) and 
the parameters in Table 2. Hirth and Kohlstedt (2003) infer that 
the transition from a ‘wet’ rheology to a ‘dry’ rheology occurs at a 
water content of 50 ppm H/Si (i.e. 50 H/106Si or ∼3 weight ppm 
H2O) based on their dry rheology. The somewhat lower strain rates 
observed by Chopra and Paterson (1984) for dry olivine imply a 
wet to dry transition at ∼5 ppm H/Si. In diffusion creep this value 
for the wet to dry transition is supported by the rheology of dry, 
Ti-doped samples (Fig. 6). Hirth and Kohlstedt (2003) do not dis-
tinguish between molecular water and hydroxyl, so both rheologies 
are plotted at their respective inferred water content at the wet to 
dry transition.

Samples deformed in Ni70Fe30 foils contain no detectable 
molecular water, only small amounts of hydroxyl. If molecular wa-

Results: ‘Wet’ samples become weaker with 
increasing water contents

slope n = 3.5, activation energy Q = 480 kJ/mol



FTIR spectra show only two absorption bands + 
broad absorption region for molecular water

Key difference to previous experiments: water-undersaturated 
conditions (no buffer) - mantle is water-undersaturated
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Figure 1. OH stretching region of infrared
absorption spectrum of (A) olivine from San
Carlos, Arizona, (B) forsterite (Mg2SiO4) in
equilibrium with orthopyroxene, (C) olivine
(Mg1.8Fe0.2SiO4) in equilibrium with orthopy-
roxene (Pt capsule), (D) forsterite in equilib-
rium with MgO, (E) forsterite buffered with
orthopyroxene and rutile, (F) olivine buff-
ered with orthopyroxene and rutile (olivine
capsule), (G) olivine buffered with orthopy-
roxene (olivine capsule), (H) Ti-clinohumite,
(I) olivine from Cime di Gagnone, Switzer-
land containing Ti-clinohumite lamellae, and
(J) forsterite buffered with MgO and TiO2. All
crystals were synthesized at 1400 !C and 1.5
GPa in equilibrium with either free water or
hydrous melt. Spectra were recorded from
unoriented crystals using unpolarized light
and have been normalized to maximum
peak height. Numbered bands are assigned
to H associated with (1) 3612 cm"1, Si va-
cancy, (2) 3572 cm"1, Ti point defect, (3)
3525 cm"1, Ti point defect, (4) ~3410 cm"1,
Ti planar defect, (5) 3355 cm"1, Fe3# defect,
(6) 3325 cm"1, Fe3# defect, (7) 3160 cm"1 Mg
vacancy. Peak indicated by asterisk in D
corresponds to serpentine. Oscillations in F
and G are interference fringes related to
thickness of sample.

METHODS
To investigate the incorporation mecha-

nisms of water in olivine, piston-cylinder ex-
periments were undertaken at 1400 !C and 1.5
GPa to grow olivine crystals under spinel pe-
ridotite mantle conditions. Crystals of forster-
ite (Mg2SiO4; Fo100) were synthesized from
reagent grade oxides under water-saturated
conditions ("7 wt% water added as H2O) in
sealed Pt capsules. The silica activity of each
experiment was buffered by the addition
of either SiO2 (which reacts to form ortho-
pyroxene) or MgO. Ti was added as TiO2.
Olivine crystals with mantle composition
("Mg1.8Fe0.2SiO4; Fo90) were grown in a Pt
capsule from powdered San Carlos olivine to
which SiO2 and "8 wt% H2O were added.
The crystals in this experiment lost Fe through
alloying with Pt (Fig. 1C). To overcome this
problem olivine crystals were also grown in a
capsule of San Carlos olivine sealed within a
Pt capsule. A mixture of powdered San Carlos
olivine and silicic acid was used in the pro-
portion giving "79 wt% olivine, "20 wt%
pyroxene, and 1 wt% H2O. To this mix "10
wt% TiO2 was added for the Ti-bearing ex-
periment. These olivine capsule experiments
produced olivine (Fo90), orthopyroxene, and
an H2O # Ti-rich melt. Full experimental de-
tails are given in Table DR1.1
Unpolarized infrared spectra were recorded

from unoriented single crystals using a Bruker
A590 infrared microscope and Bruker IFS28
infrared spectrometer. A discussion of the con-
straints arising from unpolarized experiments
on olivine is provided as supplementary ma-
terial (see footnote 1). The Ti K-edge X-ray
absorption near edge structure (XANES) spec-
tra were recorded at the Australian National
Beamline Facility (Beamline 20B), Photon
Factory, Japan. Details of the XANES data
analysis are also included in the supplemen-
tary material.

RESULTS
In the simple system Mg-Fe-Si-O, olivine

point-defect chemistry is controlled by the
variables aSiO2, fO2 (oxygen fugacity) and
Mg/Fe ratio (Nakamura and Schmalzried,
1983). In agreement with previous studies
(Matveev et al., 2001; Lemaire et al., 2004),
the spectra of forsterite (Fig. 1B) and olivine
with mantle composition (Fig. 1C) synthe-
sized in equilibrium with orthopyroxene at
spinel peridotite pressures are characterized by
a broad band at 3160 cm$1 (band 7, Fig. 1),
which is assigned to H associated with an Mg
vacancy (VMg) on the basis of the high aSiO2

1GSA Data Repository item 2005171, Supple-
mentary material and Table DR1, is available online
at www.geosociety.org/pubs/ft2005.htm, or on re-
quest from editing@geosociety.org or Documents
Secretary, GSA, P.O. Box 9140, Boulder, CO
80301-9140, USA.

of this paragenesis. Note that these spectra are
completely different from those typical of nat-
ural samples (cf. Fig. 1A). Fo100 buffered with
MgO (low aSiO2) under otherwise identical
conditions (Fig. 1D) has a markedly different
spectrum with a characteristic band at 3612
cm$1 (band 1, Fig. 1), in addition to bands at
3579 and 3567 cm$1 (effectively a splitting of
band 2 at 3572 cm$1), attributed to H at an Si
vacancy (VSi) site. The band at 3525 cm$1 (3)
is absent. This type of spectrum is a better but
far from perfect match for the spectra of nat-
ural samples; however, this seems implausible
since mantle olivine is clearly in equilibrium
with orthopyroxene and not (Mg,Fe)O. The
additional bands near 3355 and 3325 cm$1

(bands 5 and 6, Fig. 1) in Figure 1C only oc-
cur in Fo90, suggesting that they may be as-
sociated with Fe. In other experiments these
peaks were found to preferentially occur in
crystals near the Pt capsule, consistent with
Fe3% related point defects arising from Fe loss
and associated oxidation.
It has been suggested that the 3572 and

3525 cm$1 bands characteristic of natural ol-
ivine, but not hitherto found in synthetic sam-
ples, may be associated with a humite-type de-
fect, which has been identified in mantle
olivine (Miller et al., 1987; Kitamura et al.,
1987; Risold et al., 2001; Matsyuk and Lang-
er, 2004). Titanium, which is a minor element
in mantle peridotites, is known to stabilize the
clinohumite structure (Ulmer and Tromms-
dorff, 1999), and hence we undertook exper-
iments buffered with orthopyroxene and a Ti
phase for both Fo100 (Fig. 1E) and Fo90 (Fig.
1F). These reproduced the natural spectrum
(Fig. 1A) almost exactly, in particular the
bands at 3572 and 3525 cm$1, as did an ad-
ditional experiment at 3.5 GPa. In contrast
these bands are absent entirely in olivines
from the identical experiment without Ti,
which instead indicates peaks associated with
VMg and Fe3% (particularly near the Pt cap-
sule; Fig. 1G). Note the difference between
spectra for orthopyroxene-buffered samples in
Figures 1B and 1E (Fo100), and 1C and 1F
(Fo90), where the only variable is the presence
of a Ti phase in Figures 1E and 1F. The Fo90
crystals were synthesized in a capsule of San
Carlos olivine to minimize Fe loss. In similar
experiments, to be reported elsewhere, no sig-
nificant changes in the spectra were observed
due to the addition of B, Al, Sc, V, Cr, Mn,
Co, Ni, Ga, Y, Zr, Sm, Gd, Dy, Tm, or Lu,
apart from bands at "3350 cm$1, which are
identified as being associated with trivalent
cations (supporting assignment of bands 5 and
6 in Fig. 1 to Fe3% related defects). The effect
of Ti in shifting the energy of the bands
"3570 cm$1 is therefore unique among the
trace elements studied to date.
The addition of Ti to the system completely

San Carlos 
olivine

rutile-buffered 
olivine (olivine contains Ti)

IR bands in (untreated) 
San Carlos olivine can 

only be reproduced in the 
presence of Ti.

3525 cm-13572 cm-1

Piston cylinder experiments, Berry et al., 2005



Coupled substitution of Ti on M1 site with 2 H on Si vacancy. 

Energetically the most stable. 

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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Incorporation of hydrogen in olivine: 

Titanium clinohumite-like point defect

(The mineral Ti-clinohumite has 
additional bands, e.g. 3400 cm-1) 



of impurities such as Ti, Al, and Na, with oxidation states independent of403

fO2 within the olivine stability field. Concentrations of these impurities range404

from a few wt. ppm to several hundred wt. ppm (de Hoog et al. (2010); Fo-405

ley et al. (2013), see Section 6). By comparison, estimated concentrations of406

metal vacancies are of order of tens of ppm at anhydrous conditions (Naka-407

mura and Schmalzried, 1983; Kohlstedt, 2006)). The abundance of extrinsic408

defects is therefore comparable to that of the most abundant intrinsic defect409

(Dohmen and Chakraborty, 2007). The latter authors also pointed out the410

need to consider extrinsic defects in models of di↵usion.411

Titanium occurs as Ti4+ at mantle conditions, and X-ray absorption spec-412

troscopy combined with ab initio calculations show that it occupies the Si413

site in dry olivine. On hydration Ti is octahedrally coordinated with two414

hydrogens on an adjacent silicon vacancy (Berry et al., 2007b; Walker et al.,415

2007). Hydration of the component Mg2TiO4 can be written as follows:416

(Mg2)M(Ti)SiO4(ol) + H2O = (MgTi)M(H2)SiO4(Ti� humite) + MgO. (2)

In the presence of an enstatite bu↵er MgO will react further:417

MgO+MgSiO3 = Mg2SiO4. (3)

Creation of a hydrous Ti-defect therefore increases the concentration of418

Si vacancies without a↵ecting pre-existing (intrinsic) point defect concentra-419

tions. The above relations also show that hydration can occur regardless of420

oxide bu↵ering. Equation 2 yields a linear dependence of concentration of421

the defect on fH2O (Keppler and Bolfan-Casanova, 2006), consistent with422

a power-law exponent r near unity in Equation 1 (Table 2). The IR spec-423

tra (Figure 4) show that at water-undersaturated and Si-bu↵ered conditions424
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Hydrogen incorporation in olivine

• independent of Si buffering


• concentration of (hydroxyl-related) tetrahedral 
defects dependent on extrinsic impurities.
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- rheology controlled by structurally bound water (hydroxyl)

-  water incorporation linked to titanium:

dry rheology r  = 1.2

Faul et al., EPSL 2016

extrinsic defects control water incorporation and rheology
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Table 1
Summary of experiments.

Sample Wrapper/capsule T
(◦C)

da

µm
Water Titanium Stress

(MPa)
Strain
(%)f

Structural Molecular ppm Ti/Sid wt. ppme

ppm H/Sib ppm H2Oc ppm H/Sib

6652 Ni70Fe30 1278 23.8 100(38) 6 0 1940 635 18–220 9
6656 Ni70Fe30 1200 29.8 10(6) 0.6 0 1940 635 114–320 16
6713 Ni70Fe30 1300 6.7 0 0 0 660 216 20–75 2.5
6714 Ni70Fe30 1200 6.5 0 0 0 660 216 75–100 2.1
6774 Pt 1200 20.0 490(280) 30 86(62) 798 261 37–241 13
6767 Pt 1200 15.9 724(140) 45 179(76) 798 261 65–213 37
6795 Pt 1250 40.0 542(370) 33 181(180) 866 283 30–232 9
6754 Pt 1300 70.2 821(280) 50 119(110) 698 228 23–72 21
6803 Pt 1350 22.4 639(110) 39 564(140) 866 283 5–74 27

For stress, strain rate and strain data for each experiment see supplementary materials.
a Grain size determined from EBSD maps (sectioning corrected).
b Equivalent to the atomic ratio H/106Si. Average values from the radial transects of each sample. Values in parenthesis represent one standard deviation of the transects 

(see Appendix A).
c ppm H2O by weight.
d Equivalent to the atomic ratio Ti/106Si.
e ppm Ti by weight.
f Total strain at the end of the experiment.

Fig. 2. EBSD maps of a hotpressed (a) and a deformed sample (b). Black lines show grain boundaries defined by misorientations of neighbouring pixels >10◦ . The colours
represent grain internal misorientations relative to the mean orientation of each crystalline grain. White patches are not indexed areas and orthopyroxene grains. The 
hotpressed sample 6760 (a) has near ideal ‘foam microstructure’ with relatively equant grains and no grain internal deformation (gray). After deformation of this sample (b) 
the microstructure is characterised by extensive recrystallisation with mobile grain boundaries and strong grain internal deformation. The sample was deformed to a total 
strain of 37% (6767). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Samples deformed to relatively low strains experienced some 
grain growth during deformation, with grain size distributions that 
are similar to those after hotpressing (compare 6793 and 6795). 
Deformation to strains approaching or exceeding 30% leads to ex-
tensive recrystallisation with significant grain internal strain, com-
plex grain shapes and interpenetrating grains (Fig. 2b) and signifi-
cantly broader grain size distributions (Fig. 3).

Microprobe analyses of selected samples showed a uniform 
composition of the olivine with an average Mg# of 89.7 ± 0.5. The 
Ti content varies somewhat between different batches of the gel 
due to the difficulty in precisely adding small quantities of TEOT 
(one sample per batch was analysed by laser-ablation ICPMS). With 
two H per Ti atom expected for the titanium clinohumite-type 
point defect, comparison of the H and Ti contents in ppm/Si (Ta-
ble 1) shows that typically less than half of the Ti is associated 
with protonated defects in the deformed materials. Water contents 
of hotpressed samples are higher (up to 1430 ppm H/Si or 88 wt. 
ppm H2O), but remain at or below saturation of the Ti sites. The 
lower water content of deformed samples confirms that they are 
water-undersaturated during deformation.

FTIR spectra of samples doped with nominally 0.04 wt.% TiO2
(the actual concentrations are given in Table 1) and hotpressed 

and deformed in Pt, show two distinct absorption bands at 3572 
and 3525 cm−1, indicating the presence of structurally bound hy-
drogen (hydroxyl). In addition a broad absorption region centred 
on 3450 cm−1 is observed in essentially all samples (Fig. 4). This 
broad absorption region corresponds to molecular water, likely 
contained in small pores (Fig. 1). Samples with 0.04 wt.% TiO2
hotpressed and deformed in Ni70Fe30 foils are completely dry (e.g. 
6713), while samples with a higher Ti content (nominally 0.1 wt.% 
TiO2) in Ni70Fe30 foils retain small amounts of water after defor-
mation (e.g. 6652).

Fe-bearing samples in contact with Pt are oxidised by the loss 
of Fe to the capsule (e.g. Jaques and Green, 1980 and references 
therein). The Fe content in olivine decreases from Fo90 in the inte-
rior to about Fo98 adjacent to the Pt capsule over a radial distance 
of about 100 µm, with a corresponding increase of the fO2 from 
iron–wüstite (IW) + 2 in the interior to IW + 5 at the capsule. The 
interior of the samples is therefore to some extent self buffering. 
The fO2 of Ni70Fe30 foil-wrapped samples is slightly above IW. We 
infer that the relatively high fO2 and correspondingly high fH2O 
and low fH2 (Mackwell and Kohlstedt, 1990) adjacent to Pt cap-
sules is necessary to retain hydrogen over the 8–24 h duration 
of the experiments without buffer. Hydrogen retention was not 

Intragranular deformation - dislocation creep

ε ~ σ3.5.before after



high grain 
boundary 
mobility



• ‘Wet’, coarse-grained samples deform in grain size- 
independent dislocation creep regime

•strain rate depends linearly on water content

•mechanism: increased Si diffusivity due to Ti-hydroxyl 
defect (enhanced disloc. climb)

•high grain boundary mobility

•no sign of grain boundary sliding (grain size sensitive)

Large strain deformation



Extension to high pressure at water-undersaturated conditions
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Fig. 3a Backscattered SEM
image of sample g2. Long
grains of stishovite (St) are
separated from the g-phase
matrix by hydrous B phase.
b Transmitted light image of
bamboo-shaped grains of
stishovite in sample g2;
phase B, though present, is not
visible

rich, Fe-Ni-poor region (the darker region in Fig. 2a)
with approximately olivine stoichiometry. This region is
in turn surrounded by a zone of material with a Me:Si
ratio of¥1.90:1, with a Mg:Ni ratio of¥10:1 and very
little Fe. The layer next to the Pt capsule also has olivine
stoichiometry but with a Mg:Ni ratio of ¥1.5:1 and al-
most no Fe. Particles of Ni and (Ni,Mg)O less than 10 mm
across are present in this layer. The inner 10–20 mm of
the capsule is a Pt-Ni alloy, with the Ni concentration
decreasing with increasing distance from the sample
charge. Based on X-ray diffraction analyses, the central,
rectangular region in Fig. 2a is indeed b phase.
The water-rich sample of the g phase (g2) is charac-

terized by the presence of at least three phases, as illus-
trated in Fig. 3a. Grains of the phase approximately
100 mm across contain long, thin grains of a second phase
that are surrounded by a more irregularly shaped areas of
a third phase; a large region containing mostly the latter
two phases phase is also present at one end of the sample.
The Mg:Fe ratio in the g phase is ¥20:1, and the Me:Si
ratio is ¥1.95:1. As with the b phase, the total oxide
content is low, in this case, 98–99 wt%; the Ni concentra-
tion is slightly lower than in the starting sample. The
long, thin bamboo-shaped grains, Fig. 3b, are essentially
free of Mg, Fe and Ni and have a Si:O ratio of¥1: 2. The
darker material noted in Fig. 3a has a Me:Si ratio of
¥3: 1 and a Mg:Fe ratio of ¥60: 1, with only a very
small amount of Ni. X-ray diffraction indicates that these
two phases are stishovite and the hydrous phase B, re-
spectively, consistent with the measured compositions.

Hydroxyl solubility in the a phase

Eleven experiments were performed at 1100 8C and one
at 1000 8C in the a-stability field at pressures between
2.5 and 13 GPa. Water was present in nine of the capsules
at the completion of the experimental run. Table 1 sum-

marizes the values for water solubility calculated from
unpolarized infrared spectra of the resulting samples us-
ing Eq. (1).
Unpolarized FTIR spectra from samples hydrother-

mally annealed at 5, 8, 10 and 12 GPa are presented in
Fig. 4. The infrared beam is strongly absorbed in the
wavenumber range 3650 to 3450 cm–1. A large absorp-
tion peak occurs near 3567 cm–1, and three smaller peaks
exist near 3613, 3598 and 3579 cm–1. The peak at
3567 cm–1 increases systematically with increasing con-
fining pressure (water fugacity), while the smaller peaks
appear to saturate at an absorption coefficient of
¥4 mm-1.
The solubility data from the present study are com-

pared with those of Bai and Kohlstedt (1992) in a log-log
plot of COH versus fH2Oin Fig. 5. Also included in this

Fig. 4 Unpolarized FTIR spectra obtained on samples hydrother-
mally annealed at confining pressures of 5, 8, 10 and 12 GPa in the
a-stability field at 1100 8C. The wavenumbers for four absorption
peaks are labeledKohlstedt et al., 1996



Upper mantle viscosity at water-undersaturated conditions

(water contents in ppm H/Si)
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What is the fO2 in the sample interior?
samples are 11+ mm in diameter, 25 - 30 mm long

10 µm

add small Pt particles to olivine powder, 
measure Fe content in PtFe blebs and 

olivine, calculate fO2 (e.g. Rubie et al., 1993)



Diffusive loss of Fe into Pt capsule

Diffusivity ~ 10-14 m2/s 
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Fe/fO2 center to edge

Diffusivity ~ 10-12 m2/s 
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boundaries needs to be considered. Effective hydrogen diffusion within
a fine-grained olivine aggregate and the deduced hydrogen diffusivity
along grain boundaries are also reported in Fig. 6 (from Demouchy,
2010a). For an under-saturated Earth's mantle, with mm-grain size,
and despite very fast diffusivity, hydrogen concentration is not homog-
enized over geological time scale and effective diffusivity is in fact slow
enough to preserve hydrogen concentration heterogeneities of
km-scale at depth (Demouchy, 2010a).

Since hydrogen diffusion (i.e., at trace element concentration level)
shows no concentration-dependence, the choice of IR calibration will
have no effect on the calculated diffusivities (Kohlstedt and Mackwell,
1998) obtained from hydration experiments. However, accurate
hydrogen concentration becomes an issue when the initial hydrogen
concentration needs to be estimated with precision (Demouchy et al.,
2006; Thoraval and Demouchy, 2014).

Despite the existing experimental data set on hydrogen diffusion in
olivine, the reports of dehydration or hydration concentration profiles
(i.e., on crystallographically oriented crystals) are extremely rare in
mantle-derived olivines (Demouchy, 2004; Demouchy et al., 2006;
Denis et al., 2013; Peslier and Luhr, 2006; Peslier et al., 2015) and up
to now, currently inexistent in pyroxenes or garnet.

An extensive survey on natural specimens is needed to confirm,
rebut or adjust the relevance of the current experiment-based models
for mantle hydration/dehydration by solid-state diffusion. Yet, the
systematic characterization and quantification of hydrogen concentra-
tions in upper mantle minerals from mantle peridotites of different
geological settings have only begun recently. We report below the
following up-to-date database.

3. Survey on natural mantle-derived samples

3.1. Influence of geological setting

Hydrogen concentration ranges in olivine, orthopyroxene,
clinopyroxene and garnet are compiled in Table 2 (see also excel file
in suppl. material online). The geo-localizations, as well as type of
NAMs investigated are reported in Fig. 7. Compared to other trace
elements such as REE, the database is strikingly limited. The different
geological settings, i.e., cratons, subduction zones, oceanic intraplates,
are not equally studied yet. Other localities remain virtually virgin
(i.e., Australia, Canada, India, Arabia, most of South America) compared
to mantle xenoliths from Kaapvaal or Udachnaya or the North China
craton (NCC), which are almost too popular (Table 2, Fig. 7, excel file
in suppl. material). In the past, reports on hydrogen concentration in
mantle peridotite minerals, especially olivine, were classified as on- or
off-craton, or in other terms, transported or not by kimberlites. The
on-craton peridotitic NAMs were recurrently reported to have higher
hydrogen concentrations than off-craton mantle specimens (Table 2,
see also Peslier, 2010 for a previous review). However, on-craton
specimens often originate from greater depths (enhanced by sampling
bias), which explain the relative higher hydrogen concentrations of
their olivines (see discussion below).

In Fig. 8, we plot the hydrogen concentration in olivine as a function
of depth (Fig. 8a) when an estimate of the equilibrium pressure was
provided. On- and off-craton olivine concentrations are not segregated
anymore (Fig. 8b), and themaximumhydrogen concentration in olivine
seems to increase linearlywith increasingdepth (Fig. 8b). Afit to the en-
tire data set allows to have a first estimate of the change in the average
H concentration in olivine (CH, in ppmwt. H2O based on the calibration
of Paterson, or for equivalence with the calibration of Withers et al.,
2012) as a function of depth in km(z): it yieldswith a least square linear
fit: CH = (0.14 ± 0.02)z − (3 ± 2) or with a power fit: Cwater = (3 ±
2) + (1.6 × 10−4)z(2.2 ± 0.7). In Fig. 8 and related figures, the spinel–
garnet transition is placed at 78 km, but a field where both phases co-
exist must occur as a function of temperature (Ziberna et al., 2013).

3.2. Comparison between natural specimens and experimental data

We have also reported in Fig. 8b the experimentally determined
water solubility in olivine for three geotherms (c.a. 100-km thick
“standard” lithosphere, cold craton and young rifting) and one mantle
adiabat (Katsura et al., 2004), calculated using the solubility as a func-
tion of pressure and temperature from Férot and Bolfan-Casanova
(2012) in the FMASH system and the thermodynamic model presented
in Bali et al. (2008) (same calculation as in Fig. 4).

The maximum hydrogen concentrations in natural olivine
specimens as a function of depth follow the same trend as the water-
saturated curve calculated for a mantle adiabat (Fig. 8b), even if
the actual maximum concentrations are not absolutely identical to the
water solubility values. Indeed, the hydrogen concentrations are
scattered and concentrations often range from 0 up to concentrations
not far from solubility values as displayed in Fig. 8b, and reaching up
to 110 ppm wt. H2O (or 220 ppm wt. H2O according to the calibration
ofWithers et al., 2012) at 240 kmof depth (see also Doucet et al., 2014).

Note that in Fig. 8b, for lithospheric geotherms, the most recent
model of water solubility in olivine produces a peak in water solubility
at depth corresponding to a temperature of 1180 °C (reported in
Fig. 8b and marked as a diamond), which is the temperature above
which melting under water saturated conditions occurs and water
activity is lower than 1 (see Bali et al., 2008 for the thermodynamic
model). Once melt is produced, themodel predicts a decrease of hydro-
gen concentration in olivine, which is then controlled by the amount of
water in the co-existing fluid/melt.

Interpretation of Fig. 8 also depends on the determination of
equilibrium pressure,which remains challenging formantle peridotites,
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Figure 4
Experimental data for olivine as a function of period (symbols), color coded by temperature. (a,b) Shear modulus and dissipation of an
essentially melt-free San Carlos Fo90 olivine sample (6728, I. Jackson, unpublished data). The lines show the extended Burgers model
fit to data from six melt-free samples. Open symbols indicate data not included in the fit. The temperature dependence of the modulus
in Panel a is clearly nonlinear corresponding to the temperature and period dependence of dissipation. The dissipation data in Panel b
shows a monotonic increase with period characteristic of a high-temperature background or absorption band. The broad peak/plateau,
indicated by the data at short periods and low temperatures, is ascribed to elastically accommodated grain boundary sliding. Although
the data at the lowest levels of dissipation are more scattered, the occurrence of a relatively narrow peak with significant height can be
excluded. (c) Dissipation data from a melt-added sol–gel olivine sample (6410, symbols, reprocessed with allowance for interfacial
compliance) and Burgers model fit (lines). The contrast in behavior to melt-free samples is striking, and it can be used to identify the
presence of melt, provided a broad enough period-temperature space is measured. The peak due to melt is superimposed on a high-
temperature background and is broader in period space than the experimental range at a fixed temperature. In comparison to the
plateau ascribed to elastically accommodated grain boundary sliding in melt-free samples, the peak occurs at higher temperature and
significantly higher levels of dissipation. (d ) Dissipation data from a sol-gel Fo90 olivine sample 6585. At a given temperature and
period the more fine-grained sample is more lossy [and has a lower modulus, see Jackson & Faul (2010)] in comparison to the more
coarse-grained sample shown in Panel b, establishing the grain-size dependence.
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Experimental data for olivine as a function of period (symbols), color coded by temperature. (a,b) Shear modulus and dissipation of an
essentially melt-free San Carlos Fo90 olivine sample (6728, I. Jackson, unpublished data). The lines show the extended Burgers model
fit to data from six melt-free samples. Open symbols indicate data not included in the fit. The temperature dependence of the modulus
in Panel a is clearly nonlinear corresponding to the temperature and period dependence of dissipation. The dissipation data in Panel b
shows a monotonic increase with period characteristic of a high-temperature background or absorption band. The broad peak/plateau,
indicated by the data at short periods and low temperatures, is ascribed to elastically accommodated grain boundary sliding. Although
the data at the lowest levels of dissipation are more scattered, the occurrence of a relatively narrow peak with significant height can be
excluded. (c) Dissipation data from a melt-added sol–gel olivine sample (6410, symbols, reprocessed with allowance for interfacial
compliance) and Burgers model fit (lines). The contrast in behavior to melt-free samples is striking, and it can be used to identify the
presence of melt, provided a broad enough period-temperature space is measured. The peak due to melt is superimposed on a high-
temperature background and is broader in period space than the experimental range at a fixed temperature. In comparison to the
plateau ascribed to elastically accommodated grain boundary sliding in melt-free samples, the peak occurs at higher temperature and
significantly higher levels of dissipation. (d ) Dissipation data from a sol-gel Fo90 olivine sample 6585. At a given temperature and
period the more fine-grained sample is more lossy [and has a lower modulus, see Jackson & Faul (2010)] in comparison to the more
coarse-grained sample shown in Panel b, establishing the grain-size dependence.
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sliding occurs at frequencies outside the seismic frequency band. However, relaxation at higher
frequencies will result in a reduced modulus at seismic frequencies.

The relaxation timescale for process b is sensitive to the geometry of the melt:

τ f ∝ η f /K ξ n, (25)

where K is the bulk modulus of the solid, ηf is the viscosity of the melt, and ξ is the parameter that
describes the aspect ratio of disk-shaped inclusions (with n = 3) (O’Connell & Budiansky 1977) or
the ratio of length to diameter for tubules (with n = 2) (Mavko 1980). For tubules and the viscosity
of basaltic melt (ηf = 1–10 Pas), τ f is calculated to be at frequencies above the seismic band. This
means that a partially molten region would have the same Q as a subsolidus region at the same
temperature, but that velocities would be lower. For disk-shaped inclusions, the aspect ratios have
to be of order 10−3–10−4 for relaxation (dissipation) to occur at seismic frequencies (Schmeling
1985, Faul et al. 2004), implying that both Q and velocity will be affected by melt. Processes a and
b affect only the shear modulus, whereas process c affects the bulk modulus and hence is one of a
few mechanisms that can cause bulk attenuation and reduction of the bulk modulus.

3.3. Dislocations
Dislocations are line defects that can give rise to both anelastic and viscoelastic dissipation. Detailed
reviews of dislocation processes are provided, for example, by Karato & Spetzler (1990) and Jackson
(2014); therefore, they are only discussed briefly here. Dislocations can be modeled as having a
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Microphysical model predicts continuum of relaxation times

Raj & Ashby 71, Cooper 02, Morris & coworkers 09, Faul & Jackson, AREPS, 2015



4.2 4.4 4.6 4.8
400

350

300

250

200

150

100

50

0

Vs, km/s

D
ep

th
, k

m

35 Myr 100 Myr

NF 35Myr
PA5 100 Myr

anharmonic

Temperature only 

0 500 1000 1500
200

150

100

50

0

Temperature, ºC

D
ep

th
, k

m

younger ages need additional mechanisms to match velocity

black: seismic models

red, green: experimental

NF: Nishimura & Forsyth, 1989, PA5: Gaherty et al., 1996

Jackson & Faul, 2010



 Samples encapsulated in FeNi or Pt metals, no water buffer

olivine doped with a range of Ti contents (0 - 0.04 wt. % TiO2)

st
ee

l j
ac

ke
t

alumina piston

P = 200 MPa Wavenumber (cm-1)
A

bs
or

ba
nc

e 
(c

m
-1
) 4

3

2

1

36003800 3400 3200

802

396

176

ppm Ti/Si

Pt capsule

work in progress - Chris Cline -> AGU



0

10

20

30

40

50

60

0 1 2 3 4
-2

-1.5

-1

-0.5

0

0.5

1

1.5

0 1 2 3 4

10
15
20
25
30
35
40
45
50
55
60

0 1 2 3 4
-1.8
-1.6
-1.4
-1.2

-1
-0.8
-0.6
-0.4
-0.2

0
0.2

0 1 2 3 4

15
20
25
30
35
40
45
50
55
60
65

0 1 2 3 4
-2

-1.8
-1.6
-1.4
-1.2

-1
-0.8
-0.6
-0.4
-0.2

0

0 1 2 3 4

20

25

30

35

40

45

50

55

60

0 1 2 3 4
-2.5

-2

-1.5

-1

-0.5

0

0 1 2 3 4

sh
ea

r m
od

ul
us

 (G
P

a)

log (oscillation period, s)

sh
ea

r m
od

ul
us

 (G
P

a)

sh
ea

r m
od

ul
us

 (G
P

a)

sh
ea

r m
od

ul
us

 (G
P

a)

sh
ea

r m
od

ul
us

 (G
P

a)

sh
ea

r m
od

ul
us

 (G
P

a)

sh
ea

r m
od

ul
us

 (G
P

a)

sh
ea

r m
od

ul
us

 (G
P

a)

log (oscillation period, s)

log (oscillation period, s) log (oscillation period, s)

log (oscillation period, s) log (oscillation period, s)

log (oscillation period, s) log (oscillation period, s)

1200 °C 1200 °C

1150 °C 1150 °C

1100 °C 1100 °C

1050 °C 1050 °C

dashed line
adjusted to common 

grain size (25 μm)

1515
1623
1637

1646
1651

1579

6261(SC)
6365(SG)

Figure 1: All “raw” seismic data in solid lines, with dashed lines showing grain size corrected data.

Water content

Water content is shown using 2 types of visualization. First, longitudinal sections were mapped
by use of FTIR and processed to produce 2D maps of both bound (Fig. 3) and molecular water
(Fig. 4). Second fine scale radial profiles by FTIR were collected from these previous longitudinal
sections close to the middle of the overall length, this information is plotted as structural water as
a function radial distance moving inwards from the edge of the specimen (Fig. 5). In addition, a
summary of determined water contents of hot pressed precursor and post attenuation specimens
can be found in a spreadsheet format at the bottom of (Fig. 5).
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diffusion controlled regime, deformation of fine-grained anorthite aggregates (around 5 Pm) 
evolves with high activation energy (almost 600 kJ/mol) at “dry” conditions (40 wt ppm H2O), 
but with significantly lower activation energy if the system is considered “wet” (700 wt ppm 
H2O) (Rybacki and Dresen 2000). The lower and upper boundaries in these studies were drawn 
in hindsight from FTIR measurements of prepared starting samples with specific compositions 
and might not reflect the entire range of the action of water on grain boundary diffusion. These 
results clearly indicate that the experimental investigation and understanding of the effects of 
very low water concentrations in the range below 10 ppm and the 10-100 ppm range will be 
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Figure 12. Illustration of the concept of “dry” and “wet” grain boundary diffusion regimes: (a) experimental 
data, (b) and (c) schematic view of the separation between “dry” and “wet” for two possible cases. In (a) the 
rate constants are compared for the growth of enstatite rims between olivine and quartz applying a square 
root rate dependence. Two groups emerge, where the upper group is considered “wet” based on observations 
of the materials after reaction irrespective of previous drying, and the lower group is indeed dry. The dotted 
lines are not fits, but drawn lines to illustrate the two different trends of the data. The results of Gardés et 
al. (2010) are better fitted to a rate law that also includes an increase in grain size during the experiments. 
This explains the slight scatter of their data in this figure, where the coarsening effect is ignored because 
compared to the dominant effect of water its influence is small. In (b) and (c) the kinetic property (e.g., 
diffusion coefficient or rate constant) denoted by D becomes dependent from the water fugacity at a critical 
water fugacity, fH2O*. The two cases illustrated are mainly different during the transition from “dry” to “wet” 
(see text). The case illustrated in (b) is similar to what was proposed for lattice diffusion in olivine (Costa 
and Chakraborty 2008). In case (c) the behavior is similar to a phase transition and the data shown in (a) are 
more consistent with this case compared with the case shown in (b).

Diffusion-controlled reaction rim growth of opx:

‘binary’ transition from wet to dry behaviour,��ě�����ȱ��ȱ���¢��¢��������ȱ��������� 953

diffusion controlled regime, deformation of fine-grained anorthite aggregates (around 5 Pm) 
evolves with high activation energy (almost 600 kJ/mol) at “dry” conditions (40 wt ppm H2O), 
but with significantly lower activation energy if the system is considered “wet” (700 wt ppm 
H2O) (Rybacki and Dresen 2000). The lower and upper boundaries in these studies were drawn 
in hindsight from FTIR measurements of prepared starting samples with specific compositions 
and might not reflect the entire range of the action of water on grain boundary diffusion. These 
results clearly indicate that the experimental investigation and understanding of the effects of 
very low water concentrations in the range below 10 ppm and the 10-100 ppm range will be 
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Figure 12. Illustration of the concept of “dry” and “wet” grain boundary diffusion regimes: (a) experimental 
data, (b) and (c) schematic view of the separation between “dry” and “wet” for two possible cases. In (a) the 
rate constants are compared for the growth of enstatite rims between olivine and quartz applying a square 
root rate dependence. Two groups emerge, where the upper group is considered “wet” based on observations 
of the materials after reaction irrespective of previous drying, and the lower group is indeed dry. The dotted 
lines are not fits, but drawn lines to illustrate the two different trends of the data. The results of Gardés et 
al. (2010) are better fitted to a rate law that also includes an increase in grain size during the experiments. 
This explains the slight scatter of their data in this figure, where the coarsening effect is ignored because 
compared to the dominant effect of water its influence is small. In (b) and (c) the kinetic property (e.g., 
diffusion coefficient or rate constant) denoted by D becomes dependent from the water fugacity at a critical 
water fugacity, fH2O*. The two cases illustrated are mainly different during the transition from “dry” to “wet” 
(see text). The case illustrated in (b) is similar to what was proposed for lattice diffusion in olivine (Costa 
and Chakraborty 2008). In case (c) the behavior is similar to a phase transition and the data shown in (a) are 
more consistent with this case compared with the case shown in (b).

(Dohmen and Milke, 2010)
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Figure 1: All “raw” seismic data in solid lines, with dashed lines showing grain size corrected data.

Water content

Water content is shown using 2 types of visualization. First, longitudinal sections were mapped
by use of FTIR and processed to produce 2D maps of both bound (Fig. 3) and molecular water
(Fig. 4). Second fine scale radial profiles by FTIR were collected from these previous longitudinal
sections close to the middle of the overall length, this information is plotted as structural water as
a function radial distance moving inwards from the edge of the specimen (Fig. 5). In addition, a
summary of determined water contents of hot pressed precursor and post attenuation specimens
can be found in a spreadsheet format at the bottom of (Fig. 5).
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• dislocation creep linearly enhanced by hydroxyl

• defect involved is extrinsic (Ti-clinohumite)

• Ti defect first to hydrate also at higher pressure

Summary

• seismic properties affected by ‘water’

• no relationship with water content

• mechanism is grain boundary sliding, enhanced even at very 

small bulk water contents at relatively oxidising conditions

• seismic properties may not directly translate to rheological 
properties (?)




