
has been seen in related optlcal studies of 
MgO:LiNbO, ferroelectric crystals (1 5). 
The electric field images presented earlier, 
though revealing and self-co~lsistent, can- 
not address this question. However, the 
field effect-a direct measure of ferroelec- 
tric switching-gives a clear answer. The 
observed change ip resistance of the Sr- 
RuO,, lying 4000 A below the level where 
the AFM had been used to write, indicates 
uniform switching of the ferroelectric po- 
larization in the vertical direction. Finally, 
we have also used this structure to show 
that this writing procedure can be oper- 
formedo down to dimensions of 3500 A. A 
3500 A wide line, u~hose width was deter- 
mined from phase imaging, was traced along 
the length of the structure, resulting in a 
0.5% change in the resistance. The calcu- 
lated percent cl~ange~is also 0.5%. Writing 
wider lines 18500 A and 1.35 um) re- 
vealed larger resistance changes ;hat also 
scaled wlth area. 

In principle, our method should enable 
the writing of electronic features as small as - 
the radius of curvature of the AFM tip, a few 
hundred angstrFms; recently, features as 
small as 1700 A have been written (16). 
This approach is generally applicable to 
inany classes of materials, given the strong 
progress that has been made in the thin-film 
deposition of epitaxial oxide films. It can be 
applied directly to many perovskite oxide 
systems, including the high-temperature su- 
perconductors, to investigate superconduct- 
ing field effect devices as well as Josephson 
field effect devices and arrays (17). Also, 
because the heteroepitaxial growth of ferro- 
electric PZT, BaTiOi, and related oxides has 
been demonstrated on single-crystal Si and 
GaAs, it should be possible to extend this 
approach to semiconductor structures, where 
the carrier densities are orders of magnitude 
smaller than in SrRu0, (3, 18). 
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Disordered Biopyriboles, Amphibole, and Talc in 
the Allende Meteorite: Products of Nebular or 

Parent Body Aqueous Alteration? 
Adrian J. Brearley 

Transmission electron microscope observations of the Allende carbonaceous chondrite 
provided evidence of widespread hydrous phases replacing enstatite in chondrules. 
Calcic amphibole and talc occur in thin (less than 0.3 micrometer) crosscutting veins and 
as alteration products of primary chondrule glass in contraction cracks within the en- 
statite. In addition, talc and disordered biopyriboles were found replacing enstatite grains 
along cracks and fractures. Although rare hydrous phases have been reported in cal- 
cium- and aluminum-rich inclusions in the Allende meteorite, these observations suggest 
that aqueous fluids played a much more significant role in the mineralogical and geo- 
chemical evolution of Allende than has previously been thought. 

Carbonaceous chondrites are among the 
most orimitive of solar svsteln inaterials and 
provide important clues into processes such 
as evaporation, condensation, and melting, 
which took place in the earliest stages of 
the formation of our solar system (1). Many 
carbonaceous chondrites have experienced 
aqueous alteration at low temperatures (2), 
but the location and timing of these reac- 
tions are co~ltroversial. For example, the 
rare hydrous phases found in some calci~un- 
and aluminum-rich inclusions (CAIs) and 
chondrules 13-7) in the Allellde CV3 car- . , 

bonaceous chondrite have been attributed 
to both preaccretionary (nebular) and post- 
accretionary (parent body) (7) hydrous al- 
teration reactions. A resolutio~l of the t in-  
ing and location of aqueous alteratloll 
would improve our understanding of nebu- 
lar processes and the evolution of the par- 
ent bodies of carbonaceous chondrites. 

This study reports high-resolution trans- 

Institute of Meteoritcs, Department of Earth and Plane- 
tary Sciences, Uniiersty of New Mexco, Albuquerque 
NM 871 31, USA 

mission electron lnicroscope (HRTEM) ob- 
senations of pyroxene-rich chondrules in 
Allende, which show that the effects of 
aaueous alteration are more widesoread than 
previously recognized. Seven porphyritic py- 
roxene chondrules from a single thin section 
of Allende were selected for study by TEM 
(8). In all seven cho~~drules, the dominant 
phase is clinoenstatite (En9,-,,Wo,), with 
subordinate olivine (Fa,-,,) sometimes con- 
stituting up to 30 modal percent of the chon- 
drule (Fig. 1). The cli~loenstatite in all three 
cho~~drules has been extensively replaced by 
FeO-rich olivine (Fa2,-4j) (9-1 Z), and pri- 
mary MgO-rich olivines invariably have nar- m 

row rims (<I5  I J , ~ )  of FeO-rich olivine 
surrounding them. Glass in all chondrules 
has been replaced by a fine-grained ( 4 0  
urn) assemblaee of minerals that were not 
ktudieii in detiil but include nepheline and 
sodalite (13). 

Analysis by HRTEM showed that the 
development of hydrous phases is wide- 
spread in all seven chondrules but is con- 
sistently restricted to the phenocrysts of 
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clinoenstatite. Although the degree of al- 
teration is minor, the hydrous phases 
present and the alteration textures are iden- 
tical in all the chondrules. Veins, typically 
-0.2 pm wide, filled with fibrous minerals 
were observed crosscutting the clinoensta- 
tite crystals (Fig. 2A). Analysis of the vein- 
filling phases by selected-area electron dif- 
fraction, HRTEM, and x-ray microanalysis 
showed that they are talc with calcic am- 
phibole [composition close to that of mag- 
nesiohornblende with Mg/(Mg + Fe) = 
-0.801 (Table 1) and minor anthophyllite, 
which have replaced the clinoenstatite to- 
potaxially, such that the (100) planes of 
both phases are coincident. Randomly ori- 
ented talc and amphibole have also devel- 
oped in contraction fractures within the 
clinoenstatite that were ~robablv originallv - ,  

filled with glass (1 4) ( ~ i i  2B).   he veins of 
hydrous phases do not appear to crosscut 
FeO-rich olivine, but amphibole and talc 
occur as inclusions within the olivine itself. 

HRTEM imaging of clinoenstatite grains 
parallel to the c axis has shown that regions 
of highly disordered biopyriboles are some- 
times present associated with grains of talc 
(Fig. 3A). These regions consist of clinoen- 
statite interlayered with randomly stacked 
chains ranging from three to eight chains in 
width (Fig. 3B). So far, only a single lamella 
of a recognizable ordered biopyribole has 
been observed. consistine of a laver of 

c7 

jimthompsonite, three unit cells in thick- 
ness. The disordered bio~vriboles have . , 
complex structures, changing from double 
or triple to multiple chains when followed 
along the a axis. 

Fig. 1. Backscattered electron image of a pyrox- 
ene-rich chondrule examined in this study. The 
chondrule consists of phenocrysts of clinoensta- 
tite (dark phase, labeled En), associated with a 
large, zoned forsteritic olivine crystal (01). Smaller 
olivine grains are distributed within the chondrule. 
The periphery of the chondrule shows the pres- 
ence of a characteristic rim (arrow) and the local- 
ized replacement of clinoenstatite by FeO-rich oli- 
vine. Bar, 1 mm. 

In terrestrial rocks, biopyriboles form 
during the retrograde hydration of enstatite 
to amphibole and talc and are regarded as 
metastable intermediate reaction ~roducts 
in the transformation (15). There are re- 
markable microstructural similarities be- 
tween the replacement textures in Allende 
and those in terrestrial biopyriboles. These 
results indicate that the transformation has 
occurred by the same mechanism, providing 
evidence that hydrous fluids have interacted 
to a limited extent with all the chondrules 
studied. Although hydrous phases, such as 
phlogopite, chlorite margarite, clintonite, 
~otassium-rich mica. and montmorillonite. 
have been reported in CAIs and chondrules 
in Allende (3-6), they are extremely rare. 
This overall lack of evidence for hydration in 

Fig. 2. (A) Low-magnification E M  image showing 
veins of fibrous Ca-rich amphibole (AMPH), which 
have crosscut and have replaced clinoenstatite 
(CPX) in a chondrule. The amphibole is typically 
oriented with its (100) plane parallel to subparallel 
to the (100) plane of the altered enstatite. The 
white regions within the veins are holes produced 
during the ion-milling procedure used for sample 
preparation. (B) TEM image showing randomly 
oriented crystals of talc (Tc) that have grown with- 
in a contraction crack within enstatite (CPX) in a 
chondrule. The 0.9-nm (001) basal spacing of the 
talc is shown. 

Allende has been interpreted as evidence for 
preaccretionary alteration of some compo- 
nents in the nebula (1-3). In contrast, on 
the basis of studies of dark inclusions in 
Allende (16), it has been suggested that 
Allende itself has been aqueously altered and 
then metamorphosed within a parent body 
(7, 16). Thus, the observation of widespread, 
although limited, hydrous phases in chon- 
drules has important implications for these 
two models. In the parent body model, FeO- 
rich olivine (9-12) is the product of the 
dehydration of phases such as Fe-rich serpen- 
tine (5). The low bulk H 2 0  content (<0.1 
weight %) of Allende (1 7) and the rarity of 
hydrous phases could plausibly be attributed 
to complete or partial dehydration during 
metamorphism. 

The assemblage and textural relations of 
the hydrous provide important con- 
straints on the conditions, timing, and loca- 
tion of alteration, relative to the formation 
of FeO-rich olivine in Allende. Although 
veins of talc and amphibole crosscut chon- 
drule clinoenstatite, they are not present 
within FeO-rich olivine that has replaced 
the enstatite itself. In addition, inclusions of 
amphibole also occur within the FeO-rich 

Fig. 3. (A) HRTEM image of the peripheral region 
of enstatite (Cpx) within a chondrule that has been 
partially replaced by talc (Tc) and biopyriboles 
(upper right, arrow), imaged with the electron 
beam parallel to the c axis. (B) Magnified HRTEM 
image of the region of biopyriboles shown in (A). 
The image is rotated relative to (A). The region 
consists of an intergrowth of enstatite with mul- 
tiple-chain width biopyriboles. Lamellae with 
chain widths of between two (amphibole) and 
eight are present. In many cases the chain width 
repeat changes along the a direction of the 
chain, resulting in complex stacking arrange- 
ments of individual basic units. 
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olivine. These observations show that forma- 
tion of the veins and the amphibole inclu- 
sions occurred either before or concurrently 
with the formation of the olivine. In addi- 
tion, the alteration assemblage is different 
from that reported in any carbonaceous 
chondrite. In CI, CM, CO, and other C V  
chondrites the alteration mineralogy is dom- 
inated by phases such as saponite and Fe-rich 
serpentine [(Mg,Fe)3Si20j(OH)4)], consis- 
tent with low-temperature aqueous alter- 
ation, certainly below -150°C ( 2 ,  18). In 
contrast, the presence of talc and amphi- 
bole in the Allende cho~ldrules is much 
more consistent with a higher temperature 
of alteration. 

For a nebular model, the formation of 
FeO-rich olivine after, or closelv associated 
with the occurrence of, the hydrous alter- 
ation of clinoenstatite would renuire a two- 
stage history in which chondrules first in- 
teracted with a water-bearing nebular gas at 
temperatures of around 200" to 300°C and 
pressures of to l o p 6  arm in order to 
partially hydrate enstatite (1  9) .  Nebular 
conditions must then become more oxidiz- 
ing, accompanied by a significant increase 
in temperature (-1200 K )  (12), such that 
FeO-rich olivine could form by condensa- 
tion or ~netaso~natism (10-12). Such high 
temperatures would have destroyed the hy- 
drous phases present in Allende chondrules. 
Recent evidence suggests that a high-tem- 
perature origin for matrix FeO-rich olivine 
may, in any case, be problematical. These 
olivines contain submicrometer-sized inclu- 
sions of pentlandite (20), a phase that is not 
stable above 610°C. Thus, a nebular model 

Table 1. Representative analytical TEM analyses 
of cacic amphibole. 

c;,& 0.56 0.16 
FeO 7.37 6.78 6.54 
MnO 0.42 0.22 
MgO 18.36 19.39 23.27 
CaO 14.40 14.65 12.85 

Total 100.00 100.00 100.00 
Structural formulas based on the presence of 23 
O atoms. 

Element 1 2 3 

appears to be inconsistent with the obser- 
vations and mould require a complex and 
unusual sequence of events. In addition, it 
mould be a remarkable coincidence that 
seven randomly selected chondrules within 
one thin section all exhibit the same type 
and degree of alteration. For a nebular mod- 
el, this would require alteration of all chon- 
drules under identical conditions and times 
without their separation during accretion, a 
scenario that seems improbable. 

The parent body model involving aque- 
ous alteration and meta~norphis~n needs to 
account for the survival of some hydrous phas- 
es relative to others. For example, if the pri- 
mary hydrous alteration produced consider- 
able quantities of serpentine, mould this de- 
compose during the proposed metamorphic 
event, while phases such as talc and amphi- 
bole survive? If the orecursor of the FeO-rich 
olivine in Allende mas some kind of serpen- 
tine (8),  it was probably FeO-rich, having a 
composition similar to that of se~pentines in 
CM chondrites (21 ). It is 11ot oossible to 
analyze the phase relations in this system rig- 
orously, because the phase assemblage is not 
at thermodynamic equilibrium. Kevertheless, 
the relative stabilities of seroentine, talc, and 
amphibole can be determined from experi- 
mental and thermodynamic data. Experimen- 
tal data show that at low pressures (1 bar) 
chrysotile dehydrates to form talc by the re- 
action chrysotile 

+ talc [hfg6Si302c(OH)4] + H:O 

at -250" to 300°C (22). The effect of Fe 
mill be to lower the stability of serpentine 
further (23). Calculated phase equilibria 
show that talc and anthophyllite 
[Mg7Si,0,, (OH):] (24) are stable to sig- 
nificantly higher temperatures. The reac- 
tion anthophyllite -+ enstatite + quartz + 
H 2 0  occurs above 365°C and talc breaks 
down to enstatite + quartz + H 2 0  at 
379°C (24), constraining the maximum 
metamorphic temperatures to below 
-340°C. This is consistent with the ores- 
ence of pentlandite inclusions in matrix 
fayalitic olivine (20). 

The conditions of the proposed initial 
episode of aqueous alteration in Allellde are 
uncertain. O n  the basis of observations of 
other carbonaceous chondrites (18), talc, 
amphibole, and biopyriboles would not have 
formed if alteration occurred below - 150°C 
but represent a signature of a higher temper- 
ature alteration. One possible explanation is 
that these comDonents are not related to the 
early phase of alteration but were actually 
produced during the metamorphic reactions 
that dehydrated the serpentine. The fluid 
released during the breakdown of serpentine 
at elevated temperatures, above 300°C, 

could have catalyzed the retrograde hvdra- 
tion of enstatite' to produce Ybiopyri601es, 
amphibole, and talc. 
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