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Hydrothermal alteration experiments of olivine powder with several Fe/Mg ratios were canied out under acidic 
;lnd neutral conditions, and TEM observations were made on the run products. Well-developed tubular crystals of 
serpentine (chrysotile) were synthesized from FolOO under both acidic and neutral conditions. and from Fo92 and Fog0 
under acidic condition. Abundance and size of chrysotile apparently depend on the Fe contents of olivine, i.e. with 
increasing Fe contents, less and smaller chrysotile was formed. Acidity of the solution plays an important role for the 
I'ormation of chrysotile. Platy and fibrous crystals of phyllosilicate, probably serpentine, were obtained from Fo50 and 
Fo20 treated under acidic condition, which are most similar to the phyllosilicates in the CI and CM chondrites. 
Framboidal aggregates of Fe-rich grains (presumably Fe-hydroxide) were formed from F:1100 and Fo20, but no 
phyllosilicate was formed from Fa100. 
INTRODUCTION 

Carbonaceous chondrites are thought to be the most primitive surviving materials from the 
early solar system. However, some types of chondrites, CI and CM types in particular, show 
abundant evidence of aqueous alteration, suggesting that aqueous alteration was probably a common 
process in the early solar system. Nevertheless, physico-chemical conditions under which the alteration 
occurred are still poorly known. In order to better understand the conditions, experimental studies 
would be the most promising approach. Olivine is the major constituent of the carbonaceous chondrites 
and the most common precursor to the phyllosilicates, and olivine in the carbonaceous chondrites is 
characterized by its wide range of FeNg ratios. As a first step to experi~nentally simulate the aqueous 
alteration in the carbonaceous chondrites, we conducted hydrothermal experiments of olivine having 
various Fe/Mg. ratios under neutral and acidic conditions. The experimental products were observed 
by a transmission electron microscope (TEM). The purposes of this study are: (1)  to know whether 
there are differences among alteration products formed fiom olivine of different Fe contents, (2) if 
there are, to know how different they are and what causes the differences, and (3) to compare the 
experimental products with the materials in the CI and CM chondrites and to infer the physico-chemical 
conditions that governed the alteration processes in the carbonaceous chondrites. 
EXPERIMENTAL METHODS 

Powder samples of natural olivine (San Carlos, -Fo,J and synthesized olivine (Fo,,, Fo,, 
Fo,, Fo,, and Fa100) were prepared for our experiments. These olivine samples were exam~ned by 
XRD and SEM-EDS, and it was confirmed that they have no chemical zoning or inclusions. Olivine 
samples (-50mg each) were sealed in gold tubes with 200 FI of pure water or 1 N-HCI, then heated in 
autoclaves at 400°C and 500 bars for 1 week (Fo,,,and Fa,,,with IN-HCI were treated for 2 weeks). 
Run products were examined by a JEOL JEM-IOOCX TEM operated at 100 kV. 
RESULTS 
E Q t o w i t b -  

Abundant straight, needle-like tubular crystals of serpentine (chrysotile) and Mg-Si-rich 
amorphous material were formed from Fo,,, The tubes are 50-80 nm in diameter and 100-3000 nrn 
in length and have a tubular form. Olivine grains were almost completely consumed to form chrysotile. 
No other materials were found. . . me (Fo,,) w ~ t h  IN-HCI (1 we& 

Tubular crystals of chrysotile and Mg-Si-rich amorphous material were formed, similar to the 
products from Fo,,, A remarkable feature is that numerous needle-like tubes grow radially from each 
olivine grain, show~ng an appearance of sea urchin; the texture is quite similar to that obtained by 
Yada and Iishi [I], who treated natural olivine (Fo,,) under 0.3N-HCI at 300 and 400°C and at 700 
bars. The chrysotile tubes are slightly finer than those formed from Fo,,,,, 
EPsdm 1N-HCI (1 w e w  

Tubular crystals of chrysotile and Mg-Si-rich amorphous material were formed from Fo,, 
This result is basically the same as those of the former two runs, but the chrysotile crystals obtained 
from this run are slightly finer (30-80 nm in diameter). Furthermore, some tubes are curved, while 
those formed from Fo,,, and San Carlos are all straight. 
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u, with IN-HCI (1 week) 
No tubular crystals were formed from Fo,, Instead, platy, fibrouh serpentine-like phyllosilicate 

( -  1 pm in length) and membranous Mg-Si-rich amorphous material were formed. The phyllosilicate 
occurs in packets of platy grains. 
b 2 ,  with 1N-HCI (1 weeu 

Platy, fibrous crystals of phyllosilicate were formed from Fo2,, Their crystallinity is lower 
than that of the phyllosilicate formed from Fa,, A minor amount of framboidal aggregates (100-200 
n m  in diameter) of small Fe-rich grains occur. Electron diffraction patterns of the Fe-rich grains show 
broad powder rings, suggesting that they are poorly crystallized Fe-hydrox~de. Olivine grains were 
almost completely decomposed and converted into phyllosilicate, Fe-rich grains and amorphous 
~naterial. 
~ 1 0 0  with 1N-HCI (? weekSl 

No phyllosilicate-like material was formed from this sample. Instead. abundant aggregates 
(20-200 nm in diameter) of Fe-rich grains (Fe-hydroxide?) and minor silica-rich amorphous material 
were formed. Olivine grains were almost completely consumed. 
a 1 0 0  with Dure water (1 weeu 

Tubular and conical crystals of chrysotile were formed From Fo,,,,, under the neutral condition, 
but they are not so abundant as those in the run products treated with I N-HCI. Conical crystals were 
formed only under the neutral condition. Probably because of its lower crystallinity, chrysotile is 
unstable under a focused electron beam and rapidly decomposed. 
Uo with Dure water (1 week) 

No tubular crystals were formed from Fo,, under the neutral condition. Note the contrast 
between this run's products and those obtained from the same starting material under the acidic 
condition. Filmy phyllosilicate-like material of low crystallinity was formed, and membranous nuclei 
of phyllosilicate-like material grew from the surface of olivine grains; the latter appears to indicate the 
initial stage of serpentinization of olivine. 
DISCUSSION & CONCLUSIONS 

The present experiments reveal that extensive aqueous alteration occurred in all of the runs and 
that there are remarkable differences among the alteration products formed from olivine of different Fe 
contents. Well-developed straight, tubular crystals of chrysotile as well as Mg-Si-rich amorphous 
material were formed from Fo,,, Fo,, and Fo,, The amounts and sizes of produced materials 
apparently depend on the Fe contents of olivine in this compositional range (Fo,,,,.,,); the amount and 
size of chrysotile decrease, while the amount of Mg-Si-rich amorphous mater~al increases with 
increasing Fe contents. 

From Fo,, and Fo,, no such tubular crystals were obtained, instead abundant fibrous and 
platy crystals of serpentine and membranous material were formed. The serpentine formed from Fo,, 
commonly shows curved and contorted layers, exhibiting very complex textures. The textures are 
most similar to those of serpentine in the CI and CM chondrite matrices [2,3 and 41. 

Another interesting products are aggregates of Fe-rich grains (probably Fe-hydroxide) obtained 
from very Fe-rich olivine (Fo,, and Fa,,J. The texture is strongly reminiscent of the framboidal 
aggregates of magnetite that commonly occur in the CI chondrites. In the CI and CM chondrites, 
Fe-hydroxide and magnetite commonly coexist with phyllosilicates, and they are believed to be 
by-products of aqueous alteration [2 and 51. Although, at present, we are not certain yet how the 
aggregates of Fe-rich grains and the framboidal magnetite are related, the present study provides 
evidence that Fe-hydroxide is a by-product of aqueous alteration of particularly Fe-rich olivine. 

Differences between the products formed under the acidic condition and neutral condition are 
quite remarkable. No chrysotile was formed from Fo,, under the neutral condition, while abundant 
chrysotile was formed under the acidic condition. From Fo,,, chrysotile was formed under both 
acidic and neutral conditions, but more and larger crystals were formed under the acidic condition. 
These results indicate that acidic conditions are very effective for the formation of serpentine. 
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