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Introduction:  Modeling of geodynamic processes 

of terrestrial planets requires rigorous constitutive 
equations that describe the rheological properties of 
mantle rocks.  Extensive literature is available on data 
obtained from high-temperature, high-pressure defor-
mation of olivine and mantle rocks [1-3].  However, 
extrapolation of these data to relatively low tempera-
ture and high-stress lithospheric conditions results in 
significant overestimation of the strength of the litho-
spheric mantle [4].  Although low-temperature defor-
mation of olivine single crystals has been investigated 
under anhydrous [5] and hydrous [6] conditions, a 
constitutive equation describing the rheological behav-
ior of olivine crystals as a function of water concentra-
tion has yet to be established. 

In order to more fully characterize the rheological 
properties of the lithospheric mantles of terrestrial 
planets, an investigation is underway to derive consti-
tutive equations that describe the flow behavior of 
olivine single crystals in a hydrous environment.  Oli-
vine is the most abundant and weakest mineral in the 
lithospheric mantle of terrestrial planets and, therefore, 
largely controls the rheological response of these im-
portant regions.  Constitutive equations derived from 
data obtained by carrying out deformation experiments 
of olivine single crystals in [101]c, [110]c, and [011]c 
orientations (see [3] for a notation explanation) allow 
the relative strengths of slip systems to be assessed.  
Our experiments described here were carried out on 
[101]c single crystals at temperatures, confining pres-
sures, differential stresses, and water concentrations 
appropriate for lithospheric mantle conditions. 

 
Experimental Methods:  Single crystals of San 

Carlos olivine were oriented using electron backscat-
tered diffraction and cut into rectangular prisms of 
dimensions 3.9 × 4.1 × 8.0 mm. Each crystal was 
placed in a cylindrical Ni capsule with a 7 mm outer 
diameter and a 5 mm inner diameter.  The Ni capsules 
were constructed from two, telescoping, single-ended 
Ni cans to provide a water-tight assembly.  Shims of 
talc or compressed brucite powder were inserted to fill 
the Ni capsule and supply water. The Ni capsules were 
positioned between alumina and zirconia pistons and 
jacketed in an iron sleeve. Each assembly was then 
inserted into a high-resolution gas-medium deforma-
tion apparatus, annealed at a temperature of 1250°C 
and confining pressure of 300 MPa for 1.25 h.  Sam-

ples were subsequently deformed at 1200°C in a series 
of constant stress steps.   

Dislocation microstructures of deformed samples 
were observed using optical and scanning electron 
microscopy employing the oxidation/decoration tech-
nique [7,8].  Water concentrations were determined 
using Fourier transform infrared spectroscopy.   

 
Experimental Results: Results from triaxial de-

formation experiments on [101]c olivine crystals not 
only indicate a significant water-weakening effect but 
also reveal a marked dependence of creep rate on silica 
activity.  Strain rate as a function of differential stresss 
data from creep experiments on four samples deformed 
under hydrous (wet) conditions are presented in Fig. 1 
along with those for one sample deformed under anhy-
drous (dry) conditions [9].  The experiments were car-
ried out at differential stresses ranging from 20 to 270 
MPa and strain rates of 1.7×10-6 to 2.2×10-3 s-1.  Bru-
cite-buffered and talc-buffered samples contained 
similar OH concentrations.  The stress exponent is 
similar for all three types of samples, ranging from 3.5 
for talc-buffered to 3.6 for brucite-buffered to 3.7 for 
dry samples.  At a differential stress of 100 MPa, talc-
buffered samples deform a factor of ~3 faster than the 
dry sample, and the brucite-buffered samples deform a 
factor of ~3 faster than the talc-buffered samples, as 
illustrated in Fig. 1. 

 
Figure 1: Stress versus strain rate plot from triaxial compres-
sive creep experiments on brucite-buffered, talc-buffered, 
and dry [101]c olivine crystals.  Red = brucite buffered, blue 
= talc buffered, and black = dry.  SES = [9], SJM = [3], and 
QB = [1]. 
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Discussion:  Consistent with previous studies, sam-
ples of olivine deformed under hydrous conditions are 
weaker than those deformed under anhydrous condi-
tions (e.g., [3,10-12]).  This water-weakening phe-
nomenon has largely been discussed in terms creep 
rate controlled by dislocation climb and thus by diffu-
sion of the slowest ionic species.  In olivine, the slow-
est diffusing species is Si, under hydrous as well as 
anhydrous conditions [13,14].  We continue this ap-
proach in our analysis.   

The dislocation climb velocity, vc, is directly pro-
portional to the self-diffusion coefficient for Si, DSi.  
In turn, the Si self-diffusivity is proportional to the rate 
of diffusion of Si vacancies, 

SiVD , times the total con-

centration of Si vacancies, Si[V ]tot : 

SiSi V Si[V ]tot
cv D D  .             (1) 

The primary influence of water on silicon diffusion is 
through its effect on the concentration of Si vacancies.  
Because water enters the olivine lattice as hydrogen 
ions, that is, charged point defects, its presence will 
result in an increase in the concentration of VSi.  If, for 
example, the addition of hydrogen ions to olivine pro-
duces defect associates that involve four hydrogen ions 
and a silicon vacancy, / / / /

i Si{4H V }  , then the concen-

tration of silicon vacancies will increase as the hydro-
gen concentration increases.  Here, the Kröger-Vink 
notation has been used to specify species, site, and 
charge.  In the case that the concentration of these de-
fect associates significantly exceeds the concentration 
of other silicon vacancies, the total concentration of 
silicon vacancies can be approximated by 

/ / / /
Si i Si[V ] [{4H V }]tot   .             (2) 

In turn, the concentration of defect associates is a func-
tion of water fugacity, 

2H Of , oxygen fugacity, 
2Of , 

and the activity of the silica buffer, expressed here as 
the activity of orthopyroxene, aopx:  

2 2

/ / / / 0 2 2
i Si O H O opx[{4H V }] f f a   .            (3) 

Thus, by combining Eqs. (1) to (3), we conclude that 
strain rate,  , increases with increasing water fugacity 
and decreasing opx activity:  
 

2

2 2
H O opxf a  .              (4) 

The experimental results presented in Fig. 1 are 
consistent with the behavior predicted by Eq. (4).  
First, strain rate increases with increasing water fuga-
city.  This point is evident from the fact that olivine 
crystals buffered by either brucite or talc are signifi-
cantly weaker than olivine deformed under dry condi-
tions.  Second, strain rate increases with decreasing 
silica activity.  This result is clear from a comparison 
of the results in Fig. 1 for samples buffered by brucite 

with those buffered by talc. At lower silica activity 
(brucite buffer), olivine crystals deform a factor of 
three faster than at high silica activity (talc buffer).  
Note also in Fig. 1 that our results are in good agree-
ment with those of [3] for talc-buffered olivine crystals 
and that the high-temperature flow law of [1] over 
predicts the strength of olivine at lower temperatures. 

As a final point, it should be emphasized that the 
above argument does not indicate that silicon vacan-
cies are the primary sites for incorporation of hydrogen 
ions in olivine.  The main defect associates involved in 
the uptake of hydrogen ions in olivine are metal cation 
(magnesium/iron vacancies) [15,16].  This conclusion 
is supported by the measured dependence of hydrogen 
concentration on water fugacity and is consistent with 
the observation that metal cation diffusion is orders of 
magnitude faster than silicon diffusion not only under 
anhydrous but also under hydrous conditions [14,17].   

In summary, the viscosity of olivine crystals de-
pends not only on water fugacity but also on silica 
activity.  This result is consistent with point defect 
models for the incorporation of some fraction of the 
hydrogen in olivine as hydrogen ions associated with 
silicon vacancies thus increasing the concentration of 
silicon vacancies and consequently the diffusivity of 
silicon and the rate of dislocation climb.   
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