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Relation Between Dislocation Density and Subgrain Size 
of Naturally Deformed Olivine in Peridotites 

Mitsuhiro Toriumi * 
University Museum, University of Tokyo, Tokyo, Japan 

Abstract. The subgrain size and the dislocation den- 
sity of subgrain interiors were measured by the oxida- 
tion-decoration method under the optical microscope 
on naturally deformed olivine from peridotite xeno- 
liths and alpine-type peridotites. Relation of the sub- 
grain size, d and the dislocation density, p, within 
subgrains is represented by the equation, d =  15/lf ~. 
Combining with relations of the differential stress and 
the dislocation density proposed by Kohlstedt and 
Goetze (1974), relation between the stress (~) and 
the subgrain size becomes d=45 Gb/r where G and 
b are the rigidity and the magnitude of the Burgers 
vector of olivine. This relation is in good agreement 
with those in a simple oxide (MgO), and alkali halides 
(NaCI, LiF) given by Hiither and Reppich (1973), 
Poirier (1972), and Streb and Reppich (1973), respec- 
tively. 

Introduction 

The subgrain enclosed by small-angle grain-boun- 
daries (subboundaries) in a single grain of deformed 
olivine has been paid a lot of attention as a useful 
indicator of the differential stress in the upper mantle 
by many authors (Raleigh and Kirby, 1970; Nicolas 
and Poirier, 1976; Gueguen, 1977). The relation be- 
tween the differential stress and the subgrain size has 
been determined on many kinds of crystalline mate- 
rials, for examples, MgO (Hiither and Reppich, 1973), 
NaC1 (Poirier, 1972), LiF (Streb and Reppich, 1973), 
and metals (Takeuchi and Argon, 1976), and they 
are very close to each other (Nicolas and Poirier, 
1976). Raleigh and Kirby (1970) discussed a relation 
between them by applying such relations for metals 
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that the subgrain size is inversely proportional to 
stress, but their relation for olivine is not consistent 
with those of simple compounds and metals. 

Recently, Green (1976) and Gueguen (1977) no- 
ticed that the relation between the spacing of neigh- 
boring subboundaries and stress obtained from the 
dislocation density are deviated from Raleigh and 
Kirby (1970)'s one. They considered that the discre- 
pancy results from static annealing of olivine grains 
in which the dislocation density decreases but the 
subgrain boundary remains stable. Toriumi and Ka- 
rato (1978)proposed the annihilation rate of disloca- 
tions in static annealing, and they have concluded 
that the static annealing in basaltic liquid does not 
give a large effect on the dislocation density of olivine. 
Further, decreasing rate of the dislocation density 
depends strongly on the initial density, so that the 
static annealing makes the relation change at high 
dislocation density. Therefore, results by Gueguen 
(1977) do not imply the static annealing. 

In this paper, the author will propose the relation 
between the dislocation density and the subgrain size 
on naturally deformed olivine grains from peridotite 
xenoliths and alpine-type peridotites, and also the 
relation between the stress and subgrain size, applying 
the relation between the stress and the dislocation 
density proposed by Kohlstedt and Goetze (1974). 

Dislocation Structure 

Samples studied here were taken from peridotite xenoliths of Ichi- 
nomegata, Northeast Japan, Takashima and Oki-Dogo, Southwest 
Japan, and San Carlos of Arizona, Salt Lake of Hawaii, and 
Dreiser Weiher of West Germany and from alpine-type peridotites 
of the Mt. Higashi Akaishi, and Kamogawa of Japan. All the 
samples are from the collection of the University Museum, Univer- 
sity of Tokyo. 

Spinel lherzolite xenoliths of Ichinomegata commonly contain 
plagioclase, hornblende, and clinopyroxene-spinel symplectite, but 
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Fig. la-d. Cellular dislocation structure in which the simple dislo- 
cation walls are a network of dislocations nearly on (010), and 
parallel alignments of dislocations on (100) and (001). a San Carlos 
olivine; b Takashima olivine; e Dreiser Weiher olivine; d Mt. Hi- 
gashi Akaishi olivine. S is crack filled with serpentine 

Fig. 2 a-f. Structures of the simple dislocation walls and dislocation 
substructure inside the subgrains. Each bar represents 10p.m in 
length, a network of dislocations nearly on (010) of Takashima 
olivine; b dislocation alignment nearly on (i00) of San Carlos oliv- 
ine; e wavy surface of network of dislocations of San Carlos; 
d bowing-out dislocations from subboundaries of Takashima oliv- 
ine; e dislocation dipoles of Oki-Dogo olivine, f alignment of small 
loops formed by collapse of dislocation dipole of Takashima olivine 

those of Oki-Dogo and Takashima have no hornblende. The peri- 
dotite mass of the Mt. Higashi Akaishi is in the Sambagawa meta- 
morphic belt (high pressure and low temperature type regional 
metamorphic belt) of Shikoku, southwestern Japan, and it has 
recrystallized during the metamorphism. The rocks of the mass 
commonly show porphyroclastic. The Kamogawa massive perido- 
rite composed with plagioclase bearing harzburgite is found in 
the tectonic zone of the central Boso peninsula, central Japan. 
The rocks of the Kamogawa mass display usually equigranular. 

Dislocations in olivine grains were etched by the oxidation- 
decoration method of Kohlstedt and Vander Sande (1975). Samples 
were oxidized at 900 ~ C in air for one hour. Thin section of oxidized 
sample was observed under the optical microscope. 

Olivine crystals in the studied samples usually display a cellular 
dislocation structure (Toriumi and Karato, 1978), consisting of 
dislocations of simple subboundaries and subgrain interiors (Fig. 
1). The subboundaries are the simple dislocation walls such as 
tightly knitted network of dislocations on (010) (Fig. 2a), and 
narrow arrays of straight dislocation lines on (100) and (001) (Fig. 
2 b). These dislocation walls form the boundaries of subgrain in 
olivine grains which show usually equant. The subgrain size is 
defined as the mean distance between subboundaries. Dislocation 
density within a single subgrain was measured by counting the 

number of dislocations in 100 square microns for the case of the 
low density, and in 10 square microns for the high density. 

(a) Structure of Dislocation Walls 

Typ ica l  d i s l o c a t i o n  wal l s  a re  the  s imple  a r r a y  o f  pa ra l -  

lel d i s l o c a t i o n  l ines on  (100) a n d  (001) (Fig.  2b) ,  a n d  

s imple  n e t w o r k  o f  d i s l oca t i on  l ines (Fig.  2a )  o f  w h i c h  

one  set o f  d i s l o c a t i o n  l ines is r u n n i n g  a l o n g  [100] 

a n d  a n o t h e r  a l o n g  [001]. S t ruc tu re s  o f  d i s l oca t i on  
wal ls  a re  s a m e  as the  t i l t  b o u n d a r i e s  o f  (100) a n d  

(001) a n d  the  twis t  b o u n d a r y  o f  (010) o b s e r v e d  by 

G r e e n  a n d  R a d c l i f f e  (1972), G r e e n  (1976) a n d  Buis-  

k o o l  T o x o p e u s  a n d  B o l a n d  (1976) us ing  T E M  tech-  
n ique .  

N e t w o r k  o f  d i s loca t ions  f o r m i n g  w a v y  a n d  

r o u n d e d  wal l  su r face  is a b u n d a n t  (Fig.  2c),  bu t  the  
spac ings  b e t w e e n  the  d i s loca t ions  are  w ide r  t h a n  t hose  
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of planar dislocation walls. Bowing-out of dislocation 
lines (Buiskool Toxopeus and Boland, 1976) from 
the dislocation wall is also common, and their seg- 
ments form other dislocation wall (Fig. 2d). 

Spacings between the dislocation lines forming 
walls show a wide range from 0.1 to 10gm. Many 
of the (100) walls have a narrow spacing less than 
0.5 gin, while (010) walls have a wide spacing of 
0.5-10 ~tm. These dislocation walls are called as the 
subboundaries in this paper. 

(b) Dislocations Within Subgrains 

Dislocations within subgrains are almost always knit- 
ted with wall-dislocations and sometimes tangled with 
free dislocations within subgrains. Bowing-out dislo- 
cations are abundant, and they display a rectangular 
half-loop which is composed of three segments: two 
of them run parallel with each other but have opposite 
signs and same dislocation type (edge or screw types), 
and one of them shows different type. Bowing-out dis- 
locations are considered to be emitted from dislocation 
walls by the same mechanism as Frank-Read disloca- 
tion source. In a subgrain, several of half loops with 
similar shape commonly expand from a dislocation 
wall, and some of their segments are very close to an- 
other wall, suggesting the pileup of dislocations. From 
those observations, straight dislocations running across 
a subgrain from one wall to another wall are interpreted 
as one of the three segments of a half-loop, and the 
other segments of  a half-loop should be annihilated 
with wall-dislocations at the subbundary. 

Cross-slipping dislocations are found within a sub- 
grain (Fig. 2e). Such dislocations slip both on (010) 
and (001) as recognized in Fig. 2e. Small loops com- 
monly follow dislocation half-loop (Fig. 2 f), suggest- 
ing partial collapse of dislocation dipole as demon- 
strated by Groves and Kelly (1962) and Narayan and 
Washburn (1972). 

(C) Preservation of Dislocation Density and Structure 

Goetze and Kohlstedt (1973) examined the static an- 
nealing of olivine crystals in order to estimate the 
effect of natural annealing in basaltic liquid on dislo- 
cation density. Though they did not obtain clear evi- 
dences for the dislocation annihilation, they suggested 
that number of dislocations were absorbed in wall 
during annealing. Radcliffe and Green (1973) found 
no marked change of the dislocation structure in simi- 
lar experiments. Recently, Toriumi and Karato (1978) 
experimentally determined the annihilation rate of 

dislocations in olivine crystals during static annealing 
for various dislocation structures. They concluded 
that the decreasing rate of dislocation density strongly 
depends on initial dislocation density and annealing 
temperature. Annealing time neccessary to produce 
a slight change in the dislocation density is one day 
for initial density of 1011cm -2 and one year for 
10 s cm -2 both at 1,100 ~ C. If observed dislocation 
density is much less than these values and annealing 
time at the magmatic temperature of  1,100 ~ C is less 
than 1 year, the density and structure of dislocation 
will remain unchanged and the state of the creep 
deformation within the upper mantle will be 
preserved. Inasmuch as the observed dislocation den- 
sity is in the range of 10 6 10 8 c m -  2, and the annealing 
time during the ascent of peridotite xenoliths from 
the upper mantle in basaltic magma is much less than 
1 year (Toriumi and Karato, 1978), the observed dis- 
location density and structure in the studied olivine 
grains from the peridotite xenoliths should have main- 
tained the state of creep deformation within the upper 
mantle. 

The dislocation structure of olivine grains in du- 
nite of the Mt. Higashi Akaishi and in peridotites 
of the Kamogawa continues across the cracks filled 
with serpentine and magnetite (Fig. 1 d). This suggests 
that the dislocation structure was not affected by late 
stage deformation and consequent formation of sec- 
ondary minerals during ascent of peridotites. 

Relation Between Suhgrain Size 
and Dislocation Density Within Subgrains 

Both the diameter of subgrains and dislocation den- 
sity within subgrains vary even in a single rock sam- 
ple. Frequency distributions of subgrain diameter and 
dislocation density in a representative sample are 
shown in Fig. 3. The figures indicate a simple mode 
of their distributions. In Table 1, mean sizes of sub- 
grain and mean dislocation densities within subgrains 
are listed. The linear relation in the fulMogarithmic 
diagram is clearly shown in Fig. 4. From this, the 
empirical relation between the dislocation density, p, 
and the subgrain size, d, becomes, 

d = K ' / ~ ,  (1) 

where nondimensional constant K'  is 15 obtained 
from the least square fitting in Fig. 4. On the o the r  
hand, Kohlstedt and Goetze (1974) concluded that 
the differential stress is proportional to square root 
of the dislocation density in the steady state as fol- 
lows; 
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Fig. 3. Frequency distributions of the dislocation density within 
subgrains (upper) and subgrain diameter (bottom) of olivine grains 
in sample of Tak-1 
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Fig. 4. Relation between the subgrain diameter (d) and the disloca- 
tion density of subgrain interiors (p) 

Table 1. Mean subgrain diameters and dislocation densities of 
subgrain interiors for various samples 

Sample subgrain dislocation 
diameter density 
(micron) (cm- 2) 

Ichinomegata 
Ich-7 40 50 1-2 X 1 0  7 

Ich-26 50-60 0.8-1.5 x 107 

Takashima 
Tak-3 120 160 t 2x l0 s 
Tak-1 60- 80 0.7-1 x 107 
Tak-2 30- 40 1-2 x 107 

Oki-Dogo 
Oki-13 130-150 1-2 x 106 

Salt Lake 70-90 4 8 x 106 

San Carlos 130 170 1-2 x 106 

Dreiser Weiher 60 80 5-8 x 106 

Mr. Higashi Akaishi 
HA-30 20 30 5-7x 107 
HA-5 10- 20 1-2 x 108 

Kamogawa 
Ka-5 15 20 4~7x107 
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Fig. 5. Relation between the subgrain diameter and stress (~) nor- 
malized by the magnitude of the Burger's vector and rigidity, re- 
spectively. Data of MgO, LiF, and AgC1 are cited from Nicolas 
and Poirier (1976) 

a = K "  G b  ~ (2) 

in which p, G and  b are the differential stress, the 
rigidity (0.65 x 106bar) and  the magni tude  of the Bur- 
ger's vector (5 x 10- 8 cm) of olivine respectively. The 
nond imens iona l  cons tant  K "  is 3. 

So far as the dislocation density within subgrains 
in most  olivines studied here represents the value at 

the t ime of the format ion  of subgrains  (Tor iumi  and 
Kara to ,  1978), the dislocation density can be elimi- 
na ted  by combin ing  Eq. (1) with Eq. (2). The relat ion 
between the dislocation density and  subgrain  size can 
be, therefore, converted into the relat ion between the 
differential stress and  the subgrain  size as 

d =  K O b / p ,  (3) 
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where nondimensional constant K is about 45, being 
quite close to those in metal (100), halides (60-44), 
and a simple oxide (MgO, 50) (Nicolas and Poirier, 
1976) as shown in Fig. 5. 

D i s c u s s i o n  

Raleigh and Kirby (1970) proposed a simple relation 
between the subgrain size and the stress. Their rela- 
tion is not consistent with result studied here. The 
discrepancy seems to have resulted from a different 
methods for measuring the subgrain diameter. In 
most cases, the subgrains can be identified only by 
etching, decoration, and TEM methods by which dis- 
locations can be observed, because small-angle sub- 
boundaries are made by simple dislocation walls. The 
relation obtained here is quite similar to the appar- 
ently universal relationship mentioned above. Re- 
cently, Durham etal. (1977) have proposed a rela- 
tion between the distance of (100) subboundaries and 
stress. The spacings between (100) subboundaries are 
nearly equal to the spacings between (001) and (010) 
subboundaries in the studied olivine grains. There- 
fore, the subgrain surrounded by these subboundaries 
appears equant and their diameter is quite similar 
to the spacings between (100) subboundaries. 

The subboundaries are probably stable during 
static annealing (Nicolas and Poirier, 1976), but not 
against additional stress (Durham et al., 1977). High 
dislocation density inside the subgrains is relatively 
unstable during static annealing, in comparison with 
low dislocation density (Toriumi and Karato, 1978). 
If the subboundaries are stable, we can deduce the 
internal relation between the subgrain diameter and 
dislocation density for olivine grains annealed in static 
conditions for different annealing times, using the 
annealing experiments by Toriumi and Karato (1978). 
The general scheme to be predicted is shown in Fig. 
6. It is suggested that the subgrain diameter-disloca- 
tion density relation in annealed samples is composed 
of two segments at a given set of temperature and 
annealing time: one is doc 1/l/~, and another is d =  
constant. A point of meeting the two segments de- 
pends strongly on annealing time and temperature. 
Annihilation experiments by Toriumi and Karato 
(1978) give the relation as 

p = e x p ( -  Ec/RT)/lO2" tan (sec), 

Ec and pare the annealing time, the activation energy 
for the annihilation process, and dislocation density, 
respectively. This relation is useful for deducing the 
duration of static annealing of peridotites both in 
magmatic chamber and in the upper mantle, but it 
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Fig. 6. Infered relations between dislocation density and subgrain 
diameter of olivine for various annealing times at 1,100 (full lines) 
and 1400~ (broken lines). Annealing times are shown by the 
numbers 

does not apply to the case in which dislocations with 
one sign is far more abundant than those with oppo- 
site sign, because of the lack of dislocation annihila- 
tion. However, as pairs of dislocations with opposite 
signs must be emitted from the Frank-Read source 
within sugbrains or from subboundaries as described 
in the previous section, number of dislocations with 
one sign should be nearly equal to that with opposite 
sign in most subgrains. 

Formation of dislocation wall has been discussed 
by several authors (Holt, 1970; Reppich and Hiither, 
1974). Holt (1970) gave a theoretical relation between 
the dislocation density and the distance of dislocation 
walls. His simple model was based on the interaction 
of one dimensional screw dislocations without multi- 
plication and annihilation of dislocations. On the 
other hand, Reppich and Hfither (1974) discussed the 
formation mechanism of simple dislocation walls such 
as tilt and twist boundaries by pinning and climbing 
of dislocations emitted from Frank-Read source in- 
side the subgrains. As this contains the multiplication 
and annihilation of dislocations, it is important for 
wall-formation in the steady state creep, but it does 
not give a relation between subgrain size and disloca- 
tion density within a subgrain. 

The observations about dislocation substructure 
in subgrains and dislocation walls in this paper, how- 
ever, suggest that the dislocation multiplication and 
annihilation take place at subboundaries. This is im- 
portant when the model of the steady state creep 
is considered. The above suggestion demands the role 
of the dislocation walls as the sink and source of 
dislocations. Thus, the flow is governed by dislocation 
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c l imb  at  d i s l o c a t i o n  wal ls  bu t  n o t  by gl ide p rocess  

w i t h i n  subgra ins .  Th i s  c o n s t r a i n t  is qu i te  s imi la r  to  

the  W e e r t m a n ' s  m o d e l  ( N i c o l a s  a n d  Poi r ie r ,  1976). 

Conclusions 

T h e  r e l a t i ons  b e t w e e n  subg ra in  size d a n d  d i s l oca t i on  

dens i ty  p o f  subg ra in  in t e r io r s  o b t a i n e d  f r o m  na tu -  

ra l ly  d e f o r m e d  o l iv ine  g ra ins  is r e p r e s e n t e d  as, 

d =  1 5 / ] f p - ( c m ) .  

C o m b i n i n g  wi th  the  e m p i r i c a l  r e l a t i on  b e t w e e n  the  

d i f fe ren t ia l  stress a n d  d i s l o c a t i o n  dens i ty  p r o p o s e d  

by K o h l s t e d t  a n d  G o e t z e  (1974), the  r e l a t i on  b e t w e e n  

the  subg ra in  size a n d  the  d i f fe ren t ia l  stress a b e c o m e s  

d = 4 5  G b / a  (bar)  (cm) .  

T h e  n o n d i m e n s i o n a l  c o n s t a n t  in this  e q u a t i o n  fo r  

o l iv ine  is v e r y  c lose  to  t hose  for  a s imple  ox ide  ( M g O ) ,  

ha l ides  (L iF ,  NaC1)  a n d  meta ls .  

Acknowledgement. The authors thanks to Dr. S. Aramaki of the 
Earthquake Research Institute of University of Tokyo and Dr. 
S. Karato of Ocean Research Institute of University of Tokyo 
for critical reading of the manuscript and many discussions. 

References 

Buiskool Toxopeus, J.M.A., Boland, J.N. : Several types of natural 
deformation in olivines, and electron microscope study. Tecto- 
nophysics 32, 207-233 (1976) 

Durham, W.B., Goetze, C., Blake, B.: Plastic flow of oriented 
single crystals of olivine. 2. Observations and interpretations 
of the dislocation structures. J. Geophys. Res. 82, 5755-5770 
(1977) 

Goetze, C., Kohlstedt, D.L. : Laboratory study of dislocation climb 
and diffusion in olivine. J. Geophys. Res. 78, 5961-5971 (1973) 

Green, H.W. : Plasticity of olivine in peridotites. In: Electron mic- 
roscopy in mineralogy (H.R. Wenk et al., eds.), pp. 443-464. 
Berlin, Heidelberg, New York: Springer 1976 

Green, H.W., Radcliffe, S.V. : Dislocation mechanisms in olivine 
and flow in the upper mantle. Earth Planet. Sci. Lett. lfi, 
239-247 (1972) 

Groves, G.W., Kelly, A. : Climb of dislocations in magnesium 
oxide. J. Appl. Phys. 33, 456-460 (1962) 

Gueguen, Y. : Dislocations in mantle peridotite nodules. Tecto- 
nophysics 39, 231554 (1977) 

Holt, D.L.: Dislocation cell formation in metal. J. Appl. Phys. 
41, 3197-3201 (1970) 

Hiither, W., Reppich, B. : Dislocation structure during creep of 
MgO single crystals. Phil. Mag. 28, 363 371 (1973) 

Kohlstedt, D.L., Goetze, C.: Low-stress high temperature creep 
in olivine single crystals. J. Geophys. Res. 79, 2045 2051 (1974) 

Kohlstedt, D.L., Vander Sande, J.B. : An electron microscopy study 
of naturally occurring oxidation produced precipitates in iron- 
bearing olivines. Contrib. Mineral. Petrol. 53, 13 24 (1975) 

Narayan, J., Washburn, J. : Self-climb of dislocation loops in mag- 
nesium oxide. Phil. Mag. 26, 1179-1190 (1972) 

Nicolas, A., Poirier, J.P. : Crystalline plasticity and solid state flow 
in metamorphic rocks. 437 pp. London: Wiley 1976 

Poirier, J.P. : High temperature creep of single crystalline sodium 
chloride. Phil. Mag. 26, 701-725 (1972) 

Radcliffe, S.V., Green, H.W. : Substructural changes during anneal- 
ing of deformed olivine: Implications for xenolith tenure in 
basaltic magma (Abst.). EOS Trans. Am. Geophys. Union 54, 
453 (1973) 

Raleigh, C.B., Kirby, S.H. : Creep in the upper mantle. Mineral. 
Soc. Am. Spec. Paper 3, 113-121 (1970) 

Reppich, B., Hfither, W. : Formation and structure of dislocation 
networks developed during high-temperature deformation of 
MgO~ Phil. Mag. 30, 1009-1021 (1974) 

Streb, G., Reppich, B. : Steady state deformation and dislocation 
structure of pure and Mg-doped LiF single crystals. II. Etch 
pit studies of dislocation structure. Phys. Status Solidi 16(a), 
493-505 (1973) 

Takeuchi, S., Argon, A.S. : Steady-state Andrade creep of single- 
phase crystals at high temperature. J. Mater. Sci. 11, 1542-1566 
(1976) 

Toriumi, M., Karato, S.: Experimental studies on the recovery 
process of deformed olivines and the mechanical state of the 
upper mantle. Tectonophysics 49, 79-95 (1978) 

Received December 9, 1977/Accepted October 20, 1978 


