
II PERSPECTIVES 

I METEORITICS 1 

Chondrites and the Solar Nebula 
Adrian Brearley 

For the inquisitive human mind, among the 
most tantalizing and intriguing questions is 
that of how our solar system formed. The 
answer lies, at least in part, within the aster- 
oid belt, a zone 2 to 4 astronomical units from 
the sun, between the orbits of Mars and Jupi- 
ter, which contains hundred of thousands of 
small, rocky planetesimals. The asteroid belt 
is the source of an important group of me- 
teorites, known as chondrites because they 
contain abundant millimeter-sized silicate 
spherules called chondrules (from the Greek 
word "khondros" meaning granule) (see fig- 
ure). The chondrites formed 4.56 billion years 
ago within the solar nebula, a disk of col- 
lapsed dust and gas that was the birthplace of 
our sun and the planets (1 ). The chondrites 
have remained relatively unchanged since 
they formed and hence provide a record, al- 
beit imperfect, of early solar nebular pro- 
cesses. One of the major challenges of mete- 
oriticists is to unravel this record to provide 
constraints on the type and duration of pro- 
cesses that occurred within the solar nebula. 
Such information is critical as input data for 
large-scale models of the solar nebula (2). 

Although it is tempting to view chon- 
drites as the ~ristine. unaltered ~roducts of 
solar nebular processes, in fact there is con- 
siderable evidence that many chondrites have 
been affected by later, secondary alteration 
(3). These processes have overprinted some 
of the primary characteristics of chondrites 
to varying degrees, thus creating consider- 
able complexities in their interpretation. To 
address some fundamental questions about 
the nature, timing, and location of these al- 
teration processes, a group of some 100 scien- 
tists met recently at a workshop in Hawaii 
(4). The meeting highlighted the fact that 
there are two highly divergent views of sec- 
ondary alteration processes in chondritic me- 
teorites that have, in fact, existed for many 
years but are currently the subject of renewed 
vigorous and stimulating debate in the light 
of recent studies. Basically, two extreme mod- 
els have been proposed: one in which the 
alteration occurred dominantly within the 
solar nebula, before coalescence or accretion 
of all the different meteoritic components 
into a parent body (asteroid), and the other 
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holding that alteration occurred after accre- 
tion within the interior of an asteroid. The 
differences between these two scenarios are 
by no means trivial because they have far 
reaching implications for astronomical mod- 
els of the solar nebula. 

A widely recognized type of secondary al- 
teration in chondrites is termed aqueous al- 
teration ( S ) ,  which has resulted in the forma- 
tion of water-bearing minerals such as clays. 
It is often observed in a suberou~ of the chon- 

ation pointed out that CM chondrites some- 
times contain veins, presumably pathways 
for fluid movement, that crosscut the mete- 
orite, providing strong evidence that alter- 
ation occurred after accretion. From the 
workshop, it was apparent that many of the 
arguments for and against the two models are 
based on complex textural relations between 
different minerals. Unfortunately, in many 
cases the interpretations of these textures are 
open to ambiguity. At present, the resolution 
of these questions requires a detailed under- 
standing of the alteration behavior of differ- 
ent minerals under the physical and chemi- 
cal conditions appropriate to meteorites, 
clearly an area for fundamental research in 
the future. 

The second major topic of discussion at 
the workshop focused on the evidence for 
both oxidation and metasomatism in a group 
of chondrites called the CV carbonaceous 
chondrites. These two processes may be 
linked and involve the oxidation of iron 
metal to iron oxide and the introduction of 
the volatile elements sodium, potassium, and 
chlorine, in addition to iron, into different 
components in the meteorite. 

These phenomena are widely observed in 
the famous Allende meteorite, which pro- 
duced a spectacular fireball as it fell to Earth 
on 8 February 1969 at Pueblito de Allende in 
northern Mexico. Until quite recently, the 
general consensus has been that the second- 
ary oxidation and metasomatic processes 
that affected the Allende meteorite and 
similar carbonaceous chondrites occurred by 
interaction with gases within the solar 
nebula and that almost no alteration oc- 

Chondrule from the Allende meteorite as curred after these components accreted to- 
seen through a scanning electron micro- gether into their parent asteroid. This view 
scope.  he characteristic secondary alter- has recentlv been challeneed bv several 
ation is evident in the form of a thin rim, en- workers, ~ ~ ~ ~ ~ ~ ~ " ~ ~ d  Kojima of 
riched in iron (brighter, arrowed), around its 
periphery. The interior of the chondrule con- theuniversity ofTokyo (7) andKrotandcO- 

sists of bars of olivine (Mg,Fe)*Si04 (OL) in a workers of the University of Hawaii (8). 
matrix of glass (GL). These researchers have presented evidence 

that Allende experienced an episode of 
drites, the carbonaceous chondrites. For al- 
most 20 years, it has been generally accepted 
that hydrous alteration in chondrites oc- 
curred within a parent body or asteroid and 
not within the solar nebula. However, in 
1993, Metzler, Bischoff, and Stoffler (Uni- 
versity of Miinster) presented evidence (6) 
from a study of the CM group of carbon- 
aceous chondrites that alteration of some 
components occurred before their final in- 
corporation into the meteorite parent body 
(termed preaccretionary alteration) and did 
not suffer significant alteration after accre- 
tion. Much of the discussion at the workshop 
centered around evidence for and against 
this model. One of the main arguments for 
nebular alteration is that unaltered and 
highly altered materials coexist in the same 
meteorite. Proponents of parent-body alter- 

aqueous alteration that produced clay miner- 
als, followed by a period of heating (or meta- 
morphism) at temperatures estimated to 
have been between 300' and 400°C, during 
which complete dehydration of the hydrous 
clay minerals occurred. This model is highly 
controversial because it interprets many of 
the features previously attributed to gas-solid 
interactions in the solar nebula to reactions 
within a parent body. It also requires a par- 
ent-body history much more complex than 
has previously been thought. Thus, the es- 
sence of the debate is whether Allende has 
almost never seen a molecule of water in its 
history or whether it has, in fact, evolved in 
an environment something akin to the 
Florida Everglades, saturated with water. 

These remarkably diverse views of the 
same meteorite emphasize the incredible 
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challenge of trying to understand the corn- 
plex record produced 4.56 billion years ago by 
processes many of which tray have no terres- 
trial analog. At  the workshop, these different 
rnodels were vigorously debated, and several 
lines of evidence to support both nloclels were 
presented. It would be inaccurate to say that 
tlre differences between the different protago- 
nists were co~npletely resolved and everyone 
went home happy. However, tlre workshop 
was highly successf~~l in highlighting future 
areas of research tlrat may help resolve some 
of these key issues, perhaps involving col- 
laborations between scientists with highly 

divergent views. The challenge now is to t ~ y  to 
reconcile many apparently contradictory ob- 
servations into some sort of coherent model. 
Whatever the outcome, this process will un- 
do~~btedly lead to revelations about a lneteorlte 
that lras already stinlulated ancl intrigued nlairy 
planetary scientists for the last 25 years. 
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Carbon Nanotubes for Next- 
Generation Electronics Devices 
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/f--- --.- 
T h e  age of semiconductor teclrnol- &eT;$; 
ogy started in 1947, just alralfcentury ))d4k4,J 
ago, when the first semiconductor ,;5fi?+!J, 
device, a germaniutn-based transls- A / ~ - ~ , F - ~ ~ T ~ ; ,  .? f>~~,i*+. 
tor, was inrenteii at Bell Telephone ~s,5~.2~-A~;L 
Laboratories. Since then, the minia- '$$l' dj:;3;&4$5:? 
turization of devices has been con- %++;, 
tinuous, and computers have become t,@% 
faster ancl smaller. Meanwhile, sili- ikb&I; 
con lras become tlre most popular '&?~q *I YfC, 
device material, owing to its geologi- 

@&JJ 
cal abundance and suitable physical &&? 
properties. Norvadays, the size of the 

, 'f-)k~ 3,: typical device is lralved every 3 yean. ,yYr4$ 
But how far can we go along this +y==Lk 

.d:rs;>~f 
road? Although the present devices be-. c s h  - 
consist of tiny material domaills and $$$# 
iunctions between them, each do- ;:A,.$' 

~ ki 

main is designed to behave in the I 

same way as its macroscopic counter- Nanotubes and fullerenes may be useful as  constituent 
part. Hellce, the presellt path should units of carbon nanoelectron~cs devlce. [Adapted from 
end when we go from the present mi- Hamada (5)1 
croineter (-10 pm) world to the na- 
nometer (-10 11111) world where materials are (see figure), have attracted great interest not 
known to behave quite differently because of only in tlre scientific fields but also in the 
quantum effects. field of semiconductor technology. Solid C,, 

A t  the present pace of miniaturization, is semicond~~cting ( I ) ,  whereas nanotubes 
we will reach this end within a decade. In are predicted to be seiniconducting or metal- 
order to overcotne this technological limit, lic, depending on their network topology 
several types of devices are being investi- (Z), and several device structures have been 
gated that make use of quantum effects theoretically proposed (3). O n  page 100 of 
rather than trying to overcome them. For this issue, Collins et  al. report an experimeil- 
this reason, the nanometer-scale carbon ma- tallv fiinctionine carbon nanodevice based u 

terials, namely the fullerenes and nanotubes on  llanotubes (4). 
In eeneral, there are two kinds of elemen- - 
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tal device structures: two-terminal and three- 

tute of ~ ~ ~ h ~ ~ i ~ ~ ~ ,  ~ h . ~ k ~ ~ ~ ~ ~ ,  ~ ~ ~ ~ ~ ~ . k ~ ,  ~~k~~ terminal devices. The  transistor is a three- 
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terminal device with a variety of structures, 
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materials, and basic f~lnctional mechanisms. 
A typical two-terminal device is the diode, 
having also a variety of structures and appli- 
cations, such as switching, rectification, and 
solar cells. The  "nanotube nanodevice" re- 
ported by Collins et al, is a kind of nanodiode. 

Collins et nl. took a novel approach in 
using a scanning tunneling nlicroscope 
(STM) as nanotube manipulator. The  tip is 
first used to pick up and retract the nanotube 
rope, and then it is used as a sliding local 
probe to measure the electrical conductivity 
between the tip and substrate, connected by 
means of retracted tubes. Thev found an 
abrupt change in tlre current flolv from that 
in a graphite wire to tlrat in a device upon 
sliding the tip in one direction. Beyond cer- 
tain well-localized nositions, the current can 
flow only 111 one direction, which is called 
rectification, the fundamental function of 
the two-terminal diode device. 

In selniconductine materials, a small 
amount of impurity added as a dopant can 
make electron-excess n-tvve or electron-cle- , L 
ficient p-type semiconductors. A junction 
between b- and n- twe  semiconductors works 

, A  

as a dlode. A rectifi~ing junction can also be 
formed between a sern~conductor and a 
metal. In the case of carbon nanotubes, they 
can be either metallic or selniconductine, 

u 

depending on tlre topology. Hence, experi- 
mentally observed diode properties can be 
explained by the presence of the junction 
between two topologically or electronically 
different nanotubes. 

Such junctions can be designed by intro- 
ducing pentagon-heptagon pair defects into 
otherwise hexagonal nanotube networlts (3). 
Fullerenes are also known to work as junc- 
tion units for nanotubes (5). Therefore, the 
next milestone toward f~~llerene-nanotube 
electronics would be the construction of to- 
pologically designed two- and three-terini- 
nal nanostructures. 

Carbon is also one of the geologically 
most abundant elements. Moreover, it can 
take a varietv of forms, as lras alreadv been 
shown in fullerene and nanotube geotlietries. 
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