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Introduction:  Olivine is the most abundant and 

weakest mineral in the mantle of terrestrial planets 

and therefore largely controls the rheological proper-

ties of these important regions. Laboratory experi-

ments have shown that trace amounts of hydrogen or 

“water” result in weakening of olivine single crystals 

[1]. However, consideration of laboratory data in the 

context of mantle conditions of terrestrial planets re-

quires considerable extrapolation in strain rate and 

stress. Therefore, an understanding of the underlying 

physical processes of water incorporation and weaken-

ing in olivine is essential to confidently apply labora-

tory data to models of mantle processes on terrestrial 

planets. 

In order investigate water incorporation and weak-

ening mechanisms in olivine, an investigation is un-

derway to characterize the water content and flow 

behavior of olivine single crystals under hydrous con-

ditions. In this study, experiments were carried out 

under conditions of differing silica activity are used to 

examine water incorporation mechanism and evaluate 

the climb-controlled dislocation creep mechanism. 

 

Experimental Methods:  Single crystals of San 

Carlos olivine were oriented using Laue x-ray diffrac-

tion or electron backscatter diffraction and cut into 

rectangular prisms. The crystals were surrounded by 

mixtures of talc and brucite to supply water and buffer 

silica activity. Two types of experiments were carried 

out, (1) hydration anneals and (2) triaxial deformation 

of hydrated crystals. All experiments were carried out 

at a confining pressure of 300 MPa. Ni capsules were 

used to buffer oxygen fugacity near Ni/NiO. The Ni 

capsules were positioned between alumina and zirco-

nia pistons and jacketed in an iron sleeve. The Pater-

son (1982) calibration was used to determine water 

concentration from Fourier transform infrared (FTIR) 

spectra gathered with an unpolarized beam parallel to 

[010]. 

For deformation experiments, the crystals were 

oriented with the compression axis at 45° to [100] and 

[001], to simultaneously activate the (100)[001] and 

(001)[100] dislocation slip systems. 

 

Experimental Results: Water concentrations as 

determined by FTIR analyses revealed a dependence 

of hydrogen concentration on silica activity.  Samples 

buffered under high silica activity conditions con-

tained ~190 ppm H/Si, whereas samples buffered un-

der low silica activity conditions contained ~90 ppm 

H/Si. The dominant peaks in FTIR spectra are at 3572 

and 3529 cm-1 as presented in Figure 1. Additional 

peaks at 3353 and 3329 cm-1 are evident in samples 

buffered under high silica activity conditions. 

 

 
Figure 1: FTIR spectra from samples annealed at 1200°C for 

5 hours. 

 

Results from triaxial deformation experiments in-

dicate a significant water-weakening effect and reveal 

a marked dependence of creep rate on silica activity. 

The results from creep experiments on four samples 

deformed under hydrous (“wet”) conditions are pre-

sented in Fig. 2 along with those for one sample de-

formed under anhydrous (“dry”) conditions from [2]. 

The experiments were carried out at differential 

stresses ranging from 22 to 272 MPa resulting in 

strain rates ranging from 1.7×10-6 to 2.2×10-3 s-1. The 

stress exponent is similar for all three types of sam-

ples, ranging from 3.5 for talc-buffered to 3.6 for bru-

cite-buffered to 3.7 for dry samples.  At a stress of 100 

MPa, talc-buffered (hydrous) samples deform a factor 

of ~3 faster than the orthopyroxene-buffered (anhy-

drous) sample.  Under hydrous conditions, the brucite-

buffered (low-silica activity) samples deformed a fac-

tor of ~3 faster than the talc-buffered (high-silica ac-

tivity) samples. 
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Figure 2: Mechanical data from hydrous deformation exper-

iments buffered by talc or brucite and from an anhydrous 

deformation experiment buffered by orthopyroxene. 

 

Discussion: The results give some insight into wa-

ter incorporation mechanisms in olivine. A compari-

son of the FTIR spectra in Figure 1 indicate that water 

concentration (COH) increases with increasing silica 

activity (
2SiO

a ). This observation can be expressed as 
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The presence of orthopyroxene (high silica activi-

ty) acts to enhance the formation of water-derived 

point defects, which form in association with metal 

vacancies. That is, this observation is consistent with 

incorporation of water into the olivine lattice primari-

ly in association with metal vacancies. 

The results presented above are roughly consistent 

with the climb controlled dislocation creep model [3], 

which predicts strain rate ( εɺ ) as a function of stress 

( σ ) and diffusion (D) of the slowest diffusing ionic 

species 
3
Dε ∝ σɺ .            (2) 

The experimentally determined relationship between 

strain rate, stress, water fugacity (
2H O

f ), and silica 

activity is 
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For the case of olivine, silicon is the slowest diffus-

ing species under both anhydrous [4] and hydrous 

conditions [5]. Under hydrous conditions, silicon dif-

fusivity increases with increasing 
2H O

f [4] and is pre-

dicted to decrease with increasing
2SiO

a , thus following 

a relation of the form 
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The discrepancy between the dependence of strain 

rate on stress predicted by climb-controlled dislocation 

creep models, n = 3 in Eq. (1), and that observed ex-

perimentally, n = 3.5-3.7 in Eq. (2), has recently been 

addressed [6]. The value of n = 3 obtained in climb-

controlled models arises from the Orowan equation by 

making the usual assumption that the dislocation den-

sity is proportional to the square of the stress, that is, 

ρ α σ2 with the dislocation velocity v α σ. Empirically, 

however, ρ α σ
1.37. With v α σ, a value of n ≈ 2.4 is 

predicted.  However, if Si diffuses along dislocation 

lines, then 2 2.74 3.7
vε ∝ ρ ∝ σ σ ≈ σɺ .  

Therefore, the experimentally derived flow law 

presented in Eq. (3) is in good agreement with climb-

controlled dislocation creep provided that short-circuit 

diffusion along dislocations dominates mass transport 

of silicon. In this case, the measured dependences of 

strain rate on stress, water fugacity, and silica activity 

are all consistent with values predicted by theory. 

 

Conclusions: (1) Our hydrogen solubility data 

demonstrate that hydrogen concentration increases 

with increasing silica activity, consistent with incor-

poration of hydrogen in olivine primarily by the for-

mation of defect associates with metal vacancies. As 

minority point defects, the Si vacancies also interact 

with hydrogen ions to form defect associates. 

(2) Our creep data demonstrate that under hydrous 

conditions at a fixed water fugacity, strain rate de-

creases with increasing silica activity, consistent with 

a climb-controlled creep process rate limited by Si 

diffusion via a vacancy mechanism. 
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