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Ferromagnesian olivine, one of the most common minerals in the solar system, has been 
widely regarded as a continuous solid solution, although several thermodynamic analyses 
have suggested the possibility of a miscibility gap at low temperatures. Natural ferro- 
magnesian olivine from the Divnoe meteorite contains compositionally different exsolution 
lamellae, providing direct evidence for the existence of a miscibility gap in iron-magnesium 
olivine solid solutions. 

Ferromagnesian olivine, (Mg,Fe)2Si04, is 
one of the most common minerals in the 
solar system. Compositionally it is a solid 
solution of the two end-members forsterite 
(Mg2Si04) and fayalite (Fe2Si04), with mi- 
nor amounts of other elements such as Mn 
and Ca. The relatively simple composition 
and abundance of olivine has led to the 
widespread application of geothermobarom- 
eters with mineral equilibria involving oli- 
vine to understand geological processes in 
the Earth and extraterrestrial bodies. Cor- 
rect application of these equilibria to rocks 
requires an understanding of the mixing 
properties of (Fe,Mg),Si04 solid solutions, 
which are widely regarded as continuous (1, 
2), although small positive deviations from 
ideality have been reported (3-5). In a re- 
cent thermodynamic analysis of phase rela- 
tions in the system Mg2Si04-Fe2Si04-Si02, 
Sack and Ghiorso (6) predicted that olivine 

tions. Here we reDort on the discovew of 
such exsolution in ferromagnesian olivine 
grains in the Divnoe meteorite. 

The Divnoe meteorite is a granoblastic, 
olivine-rich primitive achondrite whose 
textural and mineralogical characteristics 
suggest that it recrystallized extensively dur- 
ing slow cooling from -1000" to -500°C 
(8). Olivine grains in this meteorite show a 
lamellar appearance in back-scattered elec- 
tron (BSE) images, caused by minor mi- 
crometer-scale chemical variations in Fe, 
Mg, and Mn contents between adjacent 
lamellae (8, 9). In some olivine grains, 
these variations are superimposed on a larg- 
er-scale compositional zoning. We studied 
10 grains of lamellar olivine in detail by 
electron probe microanalysis (EPMA) and 
optical microscopy, and two of these by 

should show such larger deviations from a- n= ideality which, if true, profoundly affect , 
geothermobarometry with this mineral. In 
addition, such nonideal behavior would be 
expected to result in exsolution of ferro- 
magnesian olivine at temperatures less than , 
340°C if equilibrium can be achieved. Wis- . 
er and Wood (7) have questioned these . 
predictions, on the basis of an experimental ',, 
study which shows that although olivine 1 

solid solutions show positive deviations ; , 
from ideality, the excess mixing energies are 
not of sufficient magnitude to result in ex- .a 

transmission electron microscopy (TEM) 
(10). 

The grains display slightly different la- 
mellar structures, as shown in Fig. 1. We 
found the typical (ordinary) lamellar struc- 
ture in BSE images, consisting of a regular 
pattern of alternating light (Fe-rich) and 
dark (Fe-poor) lamellae up to some tens of 
micrometers in thickness (Fie. 1A). in . " . . 
many grains, but only grain #1 also displays 
a clear lamellar structure by transmitted 
light (Fig. 1B). Some grains are composed 
of diffuse light and dark areas that contain 
bright (Fe-enriched), lens-shaped lamellae 
decorated by dark, irregular domains (Fig. 
1C). A grain having both ordinary and 
lens-shaped lamellae was also observed (Fig. 
ID). 

The olivine grains studied are essentially 
free of minor elements (Ti, Al, Cr, Ni, Ca, 
Na), other than Mn (0.24 to 0.60% by 
weight), and are (Fa, mole per- 
cent) in composition. In spite of the differ- 
ent appearances of the grains, the composi- 
tional variations among lamellae display 
similar patterns in all the grains, including a 
strong correlation between Fe and Mn con- 
tents ( 1 1 ). Although the compositional 
ranges of Fe-poor and Fe-rich lamellae for 
all grains overlap, in any given grain the 
differences between the lamellae that are 
richest and Doorest in Fe are similar (Table 
I), which is suggestive of their formation by 
an equilibrium process. To better resolve 

solution. However, all the experimental w-. ?S -. - -+-- 
-9- 

data on olivine solid solutions have been 
obtained at high temperatures, and the un- - 
certainties are rather large, so any of the t 1 

mixing parameters proposed would fit them. i 

Exsolution in olivine is predicted to occur 
at temperatures too low to permit equilibra- 
tion to occur in reasonable experimental ' . 
time scales, so that the observation of nat- 
urally exsolved olivine grains would con- 
tribute direct evidence to the existence of a :- '- . 
miscibility gap in Fe-Mg olivine solid solu- e: .. 

d.. ' ,--- ---- - 
,::4 + 

,-- 3r' . , 
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Haward-Srnlthsonian Center for Astrophys- Fig. 1. Structures of olivine grains. (A) Ordinary lamellar structure in grain #1, BSE image. Light gray, ics Cambridge MA 02138 USA 
A. 'J. oi Met&ritics, of Fe-rich areas; dark gray, Fe-poor areas; white, veins and inclusions of opaque minerals, mainly troilie. 
Earth and Planetary Sciences, Un~versity of N ~ W  Mexico, Marked inset is shown in (B). (B) Lamellar structure in grain #1, transmitted light. (C) Lens-shaped lamellae 
Albuquerque, NM 87131, USA. In grain #6, BSE image. (D) Mixed lamellar structure in grain #3, BSE image. 
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the widths and chemical compositions of 
lamellae, we performed fine-scale EPMA 
step traverses of several ordinary lamellar 
grains. One of the traverses is shown in Fig. 
2. We found that some thick, light, diffuse 
lamellae seen in the BSE image cqnsist of 
several thinner lamellae a few micrometers 
wide. Compositional variations along the 
traverse describe a sine curve, with wave- 
length varying from a few micrometers to 
-5 ym. 

TEM studies of one grain containing 
ordinary lamellae (Fig. 3A) show that this 
microstructure is not due to the presence of 
lamellae of a second phase such as pyroxene 
or amphibole intergrown with the olivine. 
TEM imaging and electron diffraction analy- 
sis show that the grain consists entirely of 
crystalline olivine with an extremely high 
density of dislocations, typically concen- 
trated in narrow, discontinuous bands, par- 
allel to (010). This is the only orientation 
of dislocations observed in this sample. 
These dislocation arrays define the type of 
lamellar microstructure seen in transmitted 
light, but there are no clear interfaces be- 
tween adjacent lamellae. The typical wave- 
length of these lamellae is 0.1 to 0.2 ym, 
substantially less than the widths of compo- 
sitional lamellae observed by BSE imaging. 
Analytical TEM shows that the dislocation 
arrays do not necessarily correspond to 
boundaries between compositionally dis- 

tinct lamellae, but analyses carried out at 
different points within a grain do show 
compositional differences that are compara- 
ble with those determined by EPMA (Table 
1). An olivine grain containing both ordi- 
nary and lens-shaped lamellae (Fig. 3B) has 
a somewhat different microstructure than 
that just described. First, dislocation arrays 
are much less common and the dislocation 
density is lower. Second, the grain, at least 
locally, contains clear lamellae (-2 ym in 
width) along (OlO), separated by well-de- 
fined interfaces that are decorated by dislo- 
cations. Analytical TEM has confirmed 
that these lamellae differ compositionally 
by 1.0 to 1.5 mol% Fa. No zoning is detect- 
able within or across lamellae, indicating 
equilibrium compositions. 

The structural and compositional data 
presented above suggest that the lamellar 
structure in these olivine grains was pro- 
duced by an exsolution process. Exsolution 
can proceed by three different mechanisms: 
heterogeneous nucleation, homogeneous 
nucleation, and spinodal decomposition 
(12). Because both Fe-rich and Fe-poor 
phases in the Divnoe olivine have the same 
structure and only a small difference in 

Table 1. Chemical variability among lamellar 
olivines (Fa, moI%). 

Grain Minimum Maximum Range 
Fa Fa 

I 15 20 25 30 35 40 45 50 55 60 
Distance (prn) 

Fig. 2. Variation of fayaliie content in olivine with 
distance in the grain whose BSE image is shown 
above it. Whiie, troiliie; light gray, Fe-rich lamellae; 
dark arav, Fe-wor lamellae. The black horizontal 

composition (2 to 4 mol% Fa), heteroge- 
neous nucleation does not seem to be re- 
quired. Homogeneous nucleation could 
have produced the microstructure in grain 
#3, where there are clear interfaces between 
lamellae that are slightly different in com- 
position. The ordinary lamellar grains with 
diffuse compositional lamellae could have 
been formed by spinodal decomposition, 
which induces compositional waves in a 
mineral grain but does not result in the 
formation of interfaces between composi- 
tionally different lamellae. However, com- 
positional differences between adjacent la- 
mellae do produce elastic strain in the ex- 
solved crystals. The release of accumulated 
strain energy, which might have been trig- 
gered by collisional impacts in space, could 
have produced the observed dislocation ar- 
rays in olivine crystals. 

Varying, but long wavelengths of spi- 
nodal decomposition in the Divnoe olivine, 
along with the presence of homogeneously 
nucleated lamellae showing only small dif- 
ferences in composition, imply that the ex- 
solution has occurred during slow, continu- 
ous cooling at temperatures close to that of 
the crest of a coherent solvus dome. Al- 
though the real temperature of the exsolu- 
tion is unknown, a lower limit can be esti- 
mated on the basis of the wavelength of the 
spinodal structure, the exsolution time, and 
diffusion rates measured at different temper- 
atures (13). Using an observed wavelength 
of 5 bm and very conservative values for 
the dther two [a time of 4.5 
billion years, equal to the age of the solar 
system; and the fastest Fe-Mg interdiffusion 
rate in olivine measured so far (14, 15)] 
gives a minimum temperature for the coher- 
ent solvus of -150°C. This estimate is very 
approximate because the value of a diffu- 

strip 'k the probe trace. The compositional varia- Fig. 3. Microstructures of olivine grains observed by TEM. (A) Grain #l.  Narrow arrays of dislocations 
tions approximate a sine wave, with maxima and parallel the olivine c axis. These define the type of lamellar microstructure seen in transmitted light (Fig. 
minima exactly corresponding to the light and 1 B); however, no well-defined interfaces are present. (B) Distinct lamellar microstructure in olivine grain #3 
dark lamellae and a wavelength varying from a few with well-developed interfaces, W i  lie on (01 0). AEM analyses show that these interfaces represent the 
to -5 km. boundaries between Fe-rich and Fe-poor lamellae. 
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sion rate at low temperature, a key param- 
eter, has been extrapolated from -1000°C 
(14). A decrease in either the diffusion rate 
or the exsolution time would increase the 
minimum temperature of the solvus. 

Thus, the exsolution lamellae in Divnoe 
olivines are consistent with a miscibility 
gap in Fe-Mg olivine at temperatures higher 
than -150°C. Among known models of 
olivine solid solutions only that of Sack and 
Ghiorso is consistent with this limit. In this 
model (6), equilibrium requires that homo- 
geneous Divnoe olivines should exsolve 
into two phases with different compositions- 
Fa ,,_,, and Fa7j-,,-below -300°C, or at 
a lower temperature if strain and surface 
energies are taken into account. A t  tem- - 
peratures <200°C, a spontaneous spinodal 
decom~osition can occur. A t  the hieher " 

exsolution temperatures predicted by the 
model of (61, the time reauired for exso- . , ,  

lution would be reduced to more realistic 
values. The  major discrepancy between 
our data and the model of (6)  is the com- 
positional difference between lamellae. If 
the lamellae in Divnoe olivines are equil- 
ibrated, as their compositions indicate, 
then the small comuositional differences 
between lamellae and their positions on  
the Mg-rich side of the diagram may de- 
fine the crest of an  asymmetric solvus 
dome rather than the idealized svmmetric 
solvus proposed by (6). A n  asymmetric 
olivine solvus has been suggested (4, 5, 7, 
16), but all models predict its maximum at 
Fe-rich rather than Me-rich comuositions. - 
Our data strongly suggest a solvus crest at 
around Faz6, which is in agreement with 
experimental data by Schulien (17), who 
found compositionally different olivines 
(Fa2, and Fa,, at 420°C, Fa,, and Faj7 at 
400°C) coexisting with aqueous solutions 
of (Fe,Mg)Cl,. If Schulien's data are cor- 
rect, then the temperature of the solvus 
crest could be as high as -450°C- and " 

exsolved olivine grains may be found in 
some meteorites and terrestrial basic plu- 
tons that experienced very slow cooling. 
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Teleseismic Search for Slow Precursors 
to Large Earthquakes 

Pierre F. Ihmle and Thomas H. Jordan* 

Some large earthquakes display low-frequency seismic anomalies that are best explained 
by episodes of slow, smooth deformation immediately before their high-frequency origin 
times. Analysis of the low-frequency spectra of 107 shallow-focus earthquakes revealed 
20 events that had slow precursors (95 percent confidence level); 19 were slow earth- 
quakes associated with the ocean ridge-transform system, and 1 was a slow earthquake 
on an intracontinental transform fault in the East African Rift system. These anomalous 
earthquakes appear to be compound events, each comprising one or more ordinary (fast) 
ruptures in the shallow seismogenic zone initiated by a precursory slow event in the 
adjacent or subjacent lithosphere. 

Low-frequency teleseismic signals contain 
information about earthquake rupture pro- 
cesses that is crucial to understanding large 
earthquakes of long duration. Standard 
waveform-modeling procedures poorly con- 
strain the source spectrum below about 7 to 
10 mHz, but newer techniques, based on 
the averaging of amplitude and phase-delay 
measurements over global networks of high- 
performance stations, yield good spectral 
resolution at seismic frequencies as low as 1 
mHz (1). We  recently synthesized the spec- 
trum of the great Macquarie Ridge earth- 
quake (23 May 1989) from 1 to 50 mHz 
from overlapping sets of free-oscillation, 
surface-wave, and body-wave measure- 
ments. We  inferred from a series of spectral 
inversions that the main shock was initiat- 
ed by a slow, smooth precursor that began 
several hundred seconds before the high- 
frequency origin time (1). Slow precursors 

P. F. Ihmle, lnstitut de Physique du Globe, 4 Place Jus- 
sieu, Paris Cedex 75252, France. 
T. H. Jordan, Department of Earth, Atmospheric, and 
Planetary Sciences, Massachusetts lnstltute of Technol- 
ogy, Cambridge, MA 02139, USA. 
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large enough to be teleseismically detect- 
able have been found for other laree earth- - 
quakes in oceanic lithosphere, including 
the great Chilean earthquake of 22 May 
1960 (2),  the intermediate-focus Peru-Ec- 
uador event of 12 April 1983 ( 3 ) ,  and some 
slow earthquakes on the ocean ridge-trans- 
form system (4). 

One can detect a slow Drecursor bv com- 
paring the origin time of an earthquake 
determined from high-frequency waves 
with an  upper bound on its start time in- 
ferred from low-frequency waves (3). We  
used this approach to investigate three 
groups of shallow-focus earthquakes (Fig. 
1). Group A is a set of 68 events associated 
with the ocean ridge-transform system, 
comprising essentially all of the well-re- 
corded, large (moment magnitude Mw 2 
6.4) earthquakes on or near mid-ocean 
ridge segments and oceanic transform faults 
between 1977 and 1992 ( 5 ) .  Group B is a 
sample of 23 earthquakes in zones of plate 
convergence, including 6 predominantly 
strike-slip events in volcanic arcs and back- 
arc basins. Group C comprises 1 normal, 11 
strike-slip, and 4 reverse-faulting events 
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