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THE FORMATION PROCESS OF ADHERING AND CONSORTING COMPOUND CHONDRULES 
INFERRED FROM THEIR PETROLOGY AND MAJOR-ELEMENT COMPOSITION.  T. Akaki and T. 
Nakamura. Department of Earth and Planetary Science, Faculty of Science, Kyushu University, Hakozaki, Fukuoka 
812-8581, Japan 
 
 

Introduction:  The mineralogical and isotopic 
properties of compound chondrules constrain the 
physicochemical conditions of chondrule formation 
events.  The constraint cannot be obtained from the 
study of single chondrules.  Therefore, we continue to 
study compound chondrules based on their major 
element concentration and oxygen isotopic 
composition.  

Each compound chondrule was classified into three 
groups: adhering, consorting, and enveloping types 
according to the criteria given in [1].  The adhering 
and consorting types consist of two chondrules fused 
together, whereas the enveloping type has a core 
chondrule within a host chondrule.  We have reported, 
from the electron microprobe analysis of the 
enveloping types that the host chondrules tend to have 
higher FeO and lower Al2O3 and CaO contents than 
the core chondrules [2].  The results are consistent 
with the enveloping-type formation model [1], which 
envisages the enveloping type was formed by a flash 
melting of a porous Fe-rich dust clump on a 
preexisting core chondrule.  Thus, enveloping types 
need two times of heating for the formation. 

On the other hand, it is less clear how the non-
enveloping (adhering and consorting) type compound 
chondrules formed.  They are presumed to have 
formed via collisions between totally or partially 
molten particles in the early solar nebula [3, 4].  
However, this random collision model requires either 
much longer molten period that would lead to 
evaporation of large amounts of volatile elements such 
as Na and S or implausibly high mean density of 
chondrules in the nebula [1, 5].  Here, we report the 
results of further investigation of 29 non-enveloping 
compound chondrules from two CV3 chondrites 
(Allende CV3 and Axtell CV3) and three LL3 
chondrites (Y790448 LL3.2, Y791558 LL3.1 and 
Y793596 LL3.0) based on their petrologic features and 
major element compositions.  
 

Results and Discussion:  The textural types of 
chondrules were classified into two groups: non-
porphyritic types (those that formed by complete 
melting; C, RP, BP, BO) and porphyritic types (PO, 
POP, PPO, PP and GOP) [1].  According to this 
scheme, 29 non-enveloping compound chondrules can 
be classified into three categories: 12 pairs are non-
porphyritic-non-porphyritic, 5 pairs are porphyritic-

porphyritic, and 12 pairs are mixed.  Each chondrule 
consisting compound chondrules were classified to 
primary chondrule and secondary one according to the 
criteria given in [1].  Primary chondrules are those that 
were rigid enough to retain their original shape during 
the formation of compound chondrules.  On the other 
hand, secondary chondrules are those that had 
viscosities low enough to allow them to conform to the 
shape of the boundary to the primary.   

Based on the petrologic observation, some non-
enveloping compound chondrules, especially those 
having porphyritic chondrule, show clear evidence 
indicating the formation by a collision between two 
chondrules.  For example in Fig. 1, it is composed of a 
PO chondrule and a BO chondrule.  The olivine shell 
of the BO chondrule has been crushed and bended 
towards the center of the BO chondrule at the 
boundary to the PO chondrule (marked by arrows in 
Fig. 1).  The texture indicates that the BO chondrule 
collided with the PO one, at the time when the BO 
chondrule had solid shell but its inner portion was still 
melted.   

 

 
 
Fig. 1  Compound chondrule in the Allende CV3 
chondrite composed of a barred olivine chondrule and 
a porphyritic olivine chondrule.  Scale bar is 300 µm 
in length. 
 

Next, we summarize the petrologic features of 12 
non-porphyritic compound chondrules (6 BO-BO pairs 
and 6 RP-RP pairs).  First, the constituent minerals of 
secondary chondrules such as barred olivine or radial 
pyroxene grow perpendicular to the surface of the 

Workshop on Chondrites and Protoplanetary Disk (2004) 9021.pdf



primary chondrules (Fig. 2).  This indicates that the 
surface of the primary chondrules served as a 
nucleation site for barred olivine or pyroxene 
crystallizing from the melt of the secondary chondrule.  
Furthermore, the olivine or pyroxene bars in both 
primary and secondary chondrules tend to be in the 
same orientation.  This striking feature is inconsistent 
with the formation process via collisions.  Because a 
secondary chondrule melt collides with a primary 
chondrule from arbitrary direction, which is unrelated 
to the direction of mafic mineral bars in the primary, 
and then, the barred mafic minerals grow in the 
secondary melt on the surface of the primary 
chondrule.  Therefore, the orientation of mafic mineral 
bars in the secondary does not need to be the same as 
that in the primary in the collision event.   

The inconsistency with the formation process via 
collision event for non-porphyritic compound 
chondrules is also deduced based on their chemical 
compositions.  In all 12 non-porphyritic compound 
chondrules (6 BO-BO pairs and 6 RP-RP pairs), the 
barred olivines or radial pyroxenes in secondaries tend 
to have slightly higher FeO contents than those in 
primaries.  FeO enrichment of the secondary requires a 
high FeO concentration in a pre-chondrule melt of the 
secondary.  During chondrule formation, FeO-rich and 
poor melts must have been heated to the same 
temperature and cooled in a similar way.  Then, why 
only FeO-rich melt becomes to be the secondary?  To 
explain this in a collision process, FeO-rich chondrule 
melt requires a longer time to solidify.  In order to 
examine this condition, we evaluated the 
crystallization temperature of primary and secondary 
chondrules based on their bulk chemical compositions 
using a phase diagram of SiO2-FeO-MgO [6].  The 
result showed that, in spite of differences in major 
element concentrations, liquidus temperature of 
primaries and secondaries is roughly similar to each 
other.  Because the SiO2 content is more effective on 
the liquidus temperature rather than the FeO content, 
and the difference of the SiO2 contents between the 
primaries and the secondaries is small.  Therefore, 
FeO-rich melt does not always solidify late and thus 
this condition is not verified.  

Here, the formation process of non-enveloping 
compound chondrule is summarized.  Some compound 
chondrules, especially having a porphyritic chondrule, 
were formed by a collision between totally or partially 
molten two chondrules.  On the other hand, it cannot 
be made clear whether the non-porphyritic compounds 
were formed by a collision of two chondrules.  We 
cannot argue further based solely on observations 
about the formation process of the non-porphyritic 

compounds, thus leave this issue in the future 
experiments for reproduction of compound chondrules. 
 
 
 

 
 
Fig. 2  Compound chondrule in the Y793596 LL3.0 
chondrite composed of two radial pyroxene chondrules.  
Scale bar is 300 µm in length. 
 
 
 

References:  [1] Wasson et al. (1995) Geochim. 
Cosmochim. Acta. 59, 1847-1896. [2] Akaki and 
Nakamura (2002) Symp. 27th Antract. Meteorite, 
NIPR, 1-3. [3] Lux et al. (1981) Geochim. Cosmochim. 
Acta. 45, 675-685.  [4] Gooding and Keil (1981) 
Meteoritics. 16, 17-43. [5] Sekiya and Nakamura 
(1996) 20th Proc. NIPR Symp. Antarct. Meteorites 9, 
208-217.  [6] Bowen and Schairer (1935) Amer. J. Sci. 
170, 151-217. 
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THE PROSPECT OF HIGH-PRECISION PB ISOTOPIC DATING OF METEORITES.  Yuri Amelin, Geol-
ogy Department, University of Toronto, and Geological Survey of Canada, 601 Booth St., Ottawa, ON, Canada, 
K1A 0E8 (yamelin@nrcan.gc.ca) 

 
 
Why Pb isotopes are now rarely used for dating 

meteorites:  From the classical studies by Patterson 
(1956) until the early 1980’s, the Pb-Pb method re-
mained the most widely used isotopic cosmochrono-
meter. Subsequently, the use of the Pb-Pb method for 
dating meteorites declined, while the use of extinct 
nuclide chronometers increased, and now the systems 
based on short-lived nuclides are much more widely 
applied than Pb-Pb. Decreased utilization of the U-Pb 
system perhaps resulted from limitations to precision 
and accuracy commonly encountered in the earlier 
studies due to: U and Pb mobility, extensive contami-
nation with terrestrial Pb, and the presence of excess 
radiogenic Pb of unknown origin. With these compli-
cations, it was rarely possible to obtain ages with a 
precision better than 5 to 10 m.y., and the accuracy of 
the dates was usually uncertain. This low precision 
severely limited the usefulness of the U-Pb method for 
studying the detailed chronology of the early solar 
system. 

The techniques and methodology of terrestrial U-
Pb geochronology have been greatly advanced over 
the past two decades. These new methods and con-
cepts can be applied to cosmochronology in order to 
improve precision of the ages of meteorites and get 
better constrained age interpretations. Below I summa-
rize some of the key issues of U-Pb geochronology 
and discuss their relevance to the studies of meteorites. 

The factors that control precision of Pb isotopic 
dates:  There are three main factors that limit the pre-
cision of a Pb-Pb isotope date: uncertainties related to 
common Pb correction, counting statistics, and uncer-
tainty in correcting mass bias. Their relative contribu-
tion depends on the size of the sample, the concentra-
tions of radiogenic Pb and common Pb, and uncer-
tainty of mass bias. It is important to identify and deal 
with the biggest source of uncertainty first: for exam-
ple, improving analytical precision and better control 
over mass bias would not significantly improve preci-
sion and accuracy of the age of a mineral that contains 
abundant common Pb with unknown isotopic composi-
tion.   

Importance of complete removal of common Pb:  
Of all findings in U-Pb geochronology of the last 20-
30 years, perhaps the most important one was the re-
alization that only minerals that contain uranium but 
negligible common Pb are suitable for obtaining pre-
cise and interpretable dates. U-bearing minerals with 
negligible common Pb, such as zircon, monazite and 

baddeleyite in terrestrial rocks and Ca-phosphates and 
pyroxenes in meteorites, are the minerals of choice for 
dating, which yield precise and reproducible ages of 
geological processes.  

There are two reasons why the negligible level of 
common Pb is important. First, it eliminates the major 
uncertainty in 207Pb/206Pb age calculations, using either  
model age or isochron approach. Second,  it is much 
easier to recognize the patterns of multi-stage evolu-
tion in the systems containing radiogenic Pb only, than 
in the systems containing radiogenic Pb and common 
Pb mixed together. 

The main step towards achieving low level of 
common Pb in analyses is choosing minerals that do 
no incorporate common Pb due to their structural 
properties and conditions of formation. Adhering 
phases rich in common Pb (e.g. chondrite matrix) are 
removed by a combination of air abrasion, ultrasonic 
agitation and acid leaching. 

Sensitivity:  The content of U in chondrites is low, 
about 10 ppb. Chondrules and CAIs have similar or 
only slightly higher U concentrations. As a result, the 
amount of radiogenic Pb produced in situ is low (ca. 
10 ppb of radiogenic 206Pb in a 4.56 Ga meteorite). An 
individual, relatively large, chondrule from a typical 
chondrite, with a weight of 1-10 mg, contains as little 
as ca. 10-100 picograms of radiogenic 206Pb. The 
amount of radiogenic Pb is further reduced by a factor 
of 2 to 5 by acid leaching, necessary for removing 
common Pb. This low content of Pb makes precise 
isotope analysis very sensitive to analytical blank and 
demanding to instrument sensitivity. Nevertheless, low 
electrometer noise and improved baseline stability of 
modern mass spectrometers, high ionization efficiency 
(total yield about 5-8%) achieved with the best avail-
able silica gel emitters, and low procedure blanks of 
about one picogram make precise analyses of samples 
containing about 20 pg or more of radiogenic 206Pb 
possible. In more difficult cases, it may be necessary to 
combine several chondrules for each analysis in order 
to get a sufficient amount of Pb. 

Correction of mass bias and its uncertainty be-
comes the main limiting factor for analyses of rela-
tively large Pb samples (>50-100 pg) with low content 
of common Pb. There are several ways to tackle this 
problem. A conventional approach (applying fractiona-
tion factor determined from analysis of a standard to 
the analyses of geological samples) has limited preci-
sion of about 0.03-0.06% per amu, and involves an 
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uncertainty related to the presence of a residue of the 
sample matrix, which can shift the mass bias. Using a 
double spike is a much more accurate and precise  way 
of correcting mass bias, however the double spike pro-
cedures developed so far are optimized for analysis of 
large amounts (several nanograms or more ) of com-
mon Pb, involve spiking with 204Pb and 207Pb (which 
are unacceptable for radiogenic Pb analysis because of 
extremely high sensitivity to memory and cross-
contamination), and require splitting of samples for 
double spiking. These procedures in their present form 
are not suitable for analysis of sub-picomole quantities 
of radiogenic Pb. A double-spiking procedure using 
202Pb-205Pb has to be developed and optimized for 
analysis of radiogenic Pb, in order to achieve the best 
possible precision of Pb isotopic dating of meteorites. 

The uncertainty in the decay constants of ura-
nium isotopes is an additional factor that can contrib-
ute significantly to the total error of Pb-Pb dates. The 
question of whether the decay constant errors to be 
included in the total errors of the dates is not trivial. If 
Pb isotopic dates are compared to the dates obtained 
with another long-lived nuclide chronometer, then the 
decay constant errors should obviously be included for 
both isotopic chronometers. In determination of age 
intervals with the Pb-Pb method within a relatively 
short period of the early solar system evolution (ca. 
4.57-4.40 Ga), the  errors of decay constants almost 
completely cancel out, and should be excluded from 
the uncertainty of age intervals. However, decay con-
stant errors must be considered in all other interpreta-
tions. 

The peril of multi-stage evolution:  Two-stage or 
three-stage evolution of U-Pb isotopic systems can 
produce linear arrays in Pb-Pb isochron coordinates 
(Gale and Mussett 1973). If these arrays are inter-
preted as single-stage (conventional) isochrons, then 
severely biased dates can be obtained. Possible re-
distribution of Pb during chondrite metamorphism, 
which leads to anomalously old Pb-Pb dates, has been 
discussed by Tera and Carlson (1999). It is important 
to note that anomalously old Pb-Pb dates can only be 
observed if a mineral has gained ancient radiogenic 
Pb. Minerals (e.g. zircon) that do not accommodate Pb 
during their growth  typically do not gain Pb during 
secondary processes either, unless their lattice is dam-
aged by radiation or another factor. The possible 
multi-stage evolution for such minerals therefore re-
duces to ancient Pb-loss, which leads to lower 
207Pb/206Pb apparent dates. For a set of mineral grains 
(or chondrules, CAIs, etc) that experienced ancient Pb-
loss during the same secondary process, the 207Pb/206Pb 
apparent date would vary with the fraction of radio-
genic Pb lost. The variations in radiogenic 207Pb/206Pb 

is therefore an indicator of multi-stage evolution. The 
consistency of radiogenic 207Pb/206Pb, on the other 
hand, strongly suggests single-stage evolution, because 
there are many factors (e.g., grain size, mineral com-
position, fracturing) that make metamorphic or altera-
tion-related Pb-loss vary, and there is no process 
known to stabilize the degree of secondary Pb-loss. 

There is still a hypothetical possibility that the 
studied mineral could gain radiogenic Pb released from 
other minerals. Thus the best choice for dating are the  
minerals or mineral aggregates (CAIs, chondrules) 
with very high 238U/204Pb, extracted from a medium 
with much lower 238U/204Pb. Any mobile radiogenic Pb 
in such cases would be mixed with common Pb and 
would be detected by elevated 204Pb content. This em-
phasizes, once again, the importance of using only 
minerals with negligible common Pb for Pb-Pb dating. 
In Pb-Pb dating of chondrules and CAIs, the condition 
of much higher 238U/204Pb in the studied mineral ag-
gregate compared to its surrounding is usually satis-
fied. This is not always the case for achondrites (e.g., 
eucrites), which can have fairly high 238U/204Pb in the 
whole rock. In the studies of such meteorites, it is im-
portant to identify and analyze all minerals – carriers 
of uranium and radiogenic Pb. 

Pb-Pb vs. U-Pb: CAIs and chondrules are unfor-
tunately not as resistant to acid attack as zircon. Inten-
sive acid leaching, which is necessary for common Pb 
removal, is likely to disturb the ratio of U to radiogenic 
Pb in these objects, making accurate determination of 
238U-206Pb* and 235U-207Pb* dates difficult or impossi-
ble. The capability of the U-Pb system to determine 
open-system behaviour, and the possibility of calculat-
ing both ages in a two-stage model, are therefore lost. 
The dates based on the ratio of radiogenic Pb isotopes 
are, however, not disrupted by leaching. 

Interpretation of Pb-Pb isotopic dates: The 
207Pb*/206Pb* dates can yield either the timing of min-
eral formation, or the timing of cessation of Pb and U 
migration. An extensive set of experimental data for 
thermal diffusion of Pb and U in minerals is now 
available for interpretation of Pb isotopic dates in 
terms of diffusion models. The other mechanisms of 
U-Pb isotopic resetting: aqueous alteration and shock 
metamorphism, may be just as important as thermal 
metamorphism, but experimental data about re-
distribution of Pb and U in these processes are not 
available yet.  

References: [1] Patterson C.C. (1956) Geochim. 
Cosmochim. Acta 10, 230-237. [2] Gale N. H. and 
Mussett A.E. (1973), Rev. Geophys. Space Phys., 11, 
27-86. [3] Tera F. and Carlson R.W. (1999) Geochim. 
Cosmochim. Acta 63, 1877-1889. 
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ABSTRACT 

 
The purpose of this paper is to demonstrate that the formation of E chondrites from a gas of solar 
composition is consistant with the concepts of the “Constrained Equilibrium Theory” (Blander 
and Katz, 1967) which block the formation of metallic iron alloys and also forms metastable 
silicate liquid condensates which crystallize well below liquidus temperatures by more than 400 
degrees or more.  Constraints on iron condensation can be expected in terms of nucleation 
theories and leads to supersaturation of  gaseous Fe which creates high iron chemical activities 
which increase as the temperatures decreases.  This leads to the formation of FeO at activities 
much higher than the small equilibrium activities through the reaction 
 

Fe + H2O ↔ FeO + H2 
 

This reaction allowed us to determine from the FeO activities in Semarkona the relative 
temperatures of crystallization of all chondrule types which in turn allows us to calculate the 
compositions of each chondrule type accurately by the FACT computer program.  All but one 
chondrule type theoretical calculations of compositions matched the measured chondrule 
compositions.within the accuracy of the data.  The one chondrule type which did not match the 
composition probably has inaccurately measured data on the relative amounts of type IA and 
IAB-IB.   
 
Our calculation proved that the concepts of the “Constrained Equilibrium Theory” had major 
roles in forming Semarkona, and provides the probability that similar applications can use them 
for other classes of  of meteorites.  Our theory is amazingly simpler and more accurate than so- 
called theories now believed.  In this paper we will determine that the properties of E chondrules 
which are very different from ordinary chondrites, is consistent with the concept of the 
“Constrained Equilibrium Theory”.   
 
In the formation of metastable silicate droplets the FeO concentrations are higher than 
equilibrium concentrations (about 0.1 wt%).  We calculate from data of Wiik and Keil (Keil, 
1968) and Schneider et al. (2002) that the maximum concentration of FeO in type EH chondrules 
are 8.41 wt% and 1.78 wt% for type EL chondrules.  These quantities are deduced by data on 
chemical analyses by Wiik and by Keil on measurements calculated from modal and mineral 
compositions of Fe.  In addition, we also used the data of Schneider et al. on the average 
compositions of chondrules.  Since the data is from different chondrule types (those known in 
1968 by Keil and type 3 chondrules by Schneider) there will be some uncertainties.  The 
differences do not seem to be very large. 
 
At these compositions, because of the high concentrations of Fe in the nebula, the high 
temperatures for E chondrites at these pressures (1 atmosphere) and a large supersaturation of 
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iron, can lead to a high probability for the condensation of iron as Fe-Ni alloys as suggested by 
nucleation theory.  The reduction starts at compositions of FeO of 8.70 wt% for EH chondrules 
and 1.78 wt% for EL chondrules.  Our calculated reduction of FeO to unalloyed Fe is 7.85 wt% 
of FeO for EH chondrules and 1.03 wt% FeO for EL chondrules.  The average residual iron 
oxide in the data of Schneider et al. is 0.85 wt% for EH chondrules and 0.75 for EL chondrules.  
Since the precursor chondrule droplets crystallize as the temperature decreases, the first crystals 
formed would freeze in a relatively high FeO droplet because the reduction is not likely to be 
rapid because the reducing hydrogen has a small solubility in the droplet.  The highest FeO 
contents measured by Schneider et al. is 4.6 wt% for EH3 chondrules and 1.9 wt% for EL3 
chondrules.  The other chondrules measured were all lower than these two numbers and the 
lowest ones were slightly larger than the equilibrium composition of a little less than 0.1 wt% 
FeO.  The lower the FeO content of a chondrule suggests a lower temperature of crystallization.  
 
Our calculations and observations explain the observations by Weisberg et al. (1994) in which 
the environment forms relatively high FeO in the precursor droplets (stage 1) and the 
environment changes when Fe-Ni alloys precipitate and FeO reduces to Fe (stage 2).  In our 
work, this is not a change of oxidation but is a change allowing metallic iron to condense as 
mostly Fe-Ni alloys and iron forms in the reduction of FeO.  The chondrules are never (or 
seldom) reduced to equilibrium compositions of FeO in the minerals. 
 
Three of the four compositions of E chondrites chemically analyzed by Jarosewich (1990) leads 
to ratios of MgO/SiO2, CaO/SiO2 and Al2O3/SiO2 which are smaller than expected in a solar 
composition.  Our calculations on removal of some of the condensates suggests a loss of a large 
fraction of the condensates possibly by a wind (Shu, 1996) or, more likely, if close to the sun, by 
gravitational movement of a large fraction of the condensates toward the sun. 
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OXYGEN ISOTOPIC DIFFUSION AND EXCHANGE EXPERIMENTS ON OLIVINE AND 
CHONDRULE MELTS: PRELIMINARY RESULTS.  J. S. Boesenberg1,2, R. H. Hewins2 and M. Chaussidon3 
1Earth and Planetary Sciences, American Museum of Natural History, New York, NY 10024 
(bosenberg@amnh.org), 2Geological Sciences, Rutgers University, Busch Campus, Piscataway, NJ 08854, 3CPRG-
CNRS BP20, 54501 Vandoeuvre-les-Nancy, France.  
 

Introduction: Chondrules are thought to have 
formed within hours to days based on textural features 
and zoning profiles (Fe-Mg) in olivines of 
experimentally produced chondrules [1, 2]. The 
diffusivity of oxygen in olivine is roughly four orders 
of magnitude slower than Fe-Mg in the temperature 
range chondrules likely formed (1400ºC-1900ºC) [3, 4, 
5]. Because of these differences in diffusion rates, 
oxygen isotopic experiments were run in a vacuum 
furnace 1) to explore the oxygen isotopic exchange 
kinetics during chondrule formation, 2) to determine 
over what timescales chondrule formation could occur 
based on O-isotopic exchange rates and 3) to determine 
to what extent the isotopic composition of the solar gas 
at nebular pressures could alter the initial O-isotopic 
composition of the chondrule or its components. 
Isotopically distinct components were run and the 
components were 1) chondrule melt and olivine, 2) 
chondrule melt and CO gas and 3) olivine and CO gas.  

Chondrule melt-olivine exchange: Refractory 
solids in chondrites, such as olivine, tend to be 
16O-rich, possibly because they equilibrated with a 
silicate-enriched nebular gas at high temperature, and 
exchanged oxygen during melting [6]. Chondrule relict 
forsteritic olivine is 16O-rich in ordinary chondrites [7, 
8] and mildly enriched in the carbonaceous chondrites 
[9]. Typical melt-grown chondrule olivine is 
moderately heterogeneous, with a 3-4‰ variation [9]. 
This variation might be explained by chondrule 
open-system behavior, or by the partial equilibration of 
relict olivine with the melt. A recent study by [10] 
seems to support the former rather than latter 
explanation. [10] found that olivine within two 
chondrules from the Mokoia CV3 carbonaceous 
chondrite have extreme oxygen isotopic heterogeneity 
ranging from (-50,-50) to (1,3), while their Fe-Mg 
compositions remain constant. No relict grains were 
detected. 

The first set of experiments in this study explore 
the variations seen by [10] and their possible 
explanations. Eagle Station (ES) olivine (-7, -3 ‰) was 
mixed with an iron-rich IIAB chondrule melt analogue 
(isotopically close to terrestrial mantle) and placed in a 
vacuum furnace at temperatures of 1300ºC to 1515ºC 
and pressures of ~10-3 torr. Although the experiments 
were run, ion microprobe and electron microprobe 
analysis are only partially complete at the writing of 
this abstract (Aug 2004). Our preliminary results from 
these experiments are below.  

Following analysis, exchange rates between the 
IIAB melt and relict olivine will be determined and the 
likely paths of diffusion will be explored. Oxygen 
isotopic diffusion rates within olivine will be quantified 
and compared against Fe-Mg diffusion rates to 
investigate possible relict grain and chondrule histories. 
The thermal history required to erase the exotic oxygen 
signature may be within the range plausible for 
chondrule formation, or the ES signature may persist in 
some relict cores until evaporation effects, such as 
isotopic mass fractionation, become apparent.  

Chondrule melt-gas exchange: [11, 12] 
developed the idea that nebular solids were 16O-rich 
when primitive and became 16O-poor by processing, 
especially during chondrule formation. [13] showed 
that 50% exchange of oxygen occurs between silicate 
and a H2/H2O gas mixture after only 5 minutes of 
melting at one atmosphere. [13] argued that at nebular 
pressures (~10-2 to 10-5 torr) 50% exchange could take 
10 hours, depending on surface kinetics and exchange 
probability. These times might be consistent with the 
textural and Fe-Mg zoning experiments of [1] and [2]. 

The major oxygen-bearing gaseous species in the 
early solar nebula at high temperature (~1300 - 
1600°C) is carbon monoxide (~50-60 vol%) [14]. For 
the experiments, isotopically labeled, 16O-enriched 
carbon monoxide (C16O, +200 ‰ in 16O) gas at 
pressures between 10-2 to 10-3 torr were reacted with 
the IIAB chondrule melt analogue both above and 
below its liquidus (1504°C) for various times. 
Exchange rates between the IIAB melt and gas will be 
determined. The enormous contrast in oxygen isotopic 
composition between the gas and melt should make 
exchange easy to detect, and swamp any evaporation or 
contamination effects (the largest contamination is the 
possible exchange between the experimental charge 
and the alumina furnace muffle tube). 

Olivine-gas exchange: Relict olivines are  
uncommon in most chondrules and are thought to have 
formed during condensation or around other stars, 
being incorporated into chondrules shortly after the 
flash heating event. Relicts are recognized by their high 
mg# and 16O-rich composition. Nearly all relict 
olivines plot along the slope one line in the three 
isotope oxygen diagram. Debate still continues 
concerning whether relicts (or other materials along 
this trend) result from mass dependent or independent 
fractionation [11, 15]. Perhaps, next month, when the 
Genesis mission returns with its payload of solar wind 
trapped particles this debate will begin to be resolved.  
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Terrestrial olivine spheres, purchased from a 
jeweler (Spheres were used to minimize problems with 
calculating crystal surface area or crystallographic 
orientation.) were reacted with the labeled C16O gas at 
1500ºC and 1400ºC for up to four hours in the vacuum 
furnace. Diffusion rates will be calculated for the 
olivines three crystallographic axes. 

Experimental Procedure: Charges were placed 
onto Pt or Re wire loops and suspended in a heavily 
modified Deltech vertical muffle tube furnace, which 
was converted into the presently unique “Angry 
Mountain” vacuum furnace. The furnace consists of a 
standard alumina 1.75 inch diameter muffle tube with 
customized stainless steel KF (Kwik flange) adapters 
bonded to either end using a ceramic-to-metal brazing 
technique (Brazing completed by Omley Industries - 
Grants Pass, Oregon). The KF adapters allow access to 
the sample from above and attach to turbo and 
mechanical pumps below. The experiments were run at 
pressures of 10-2-10-3 torr. The maximum attainable 
vacuum is 8 x 10-7 torr near room temperature or 3 x 
10-4 at 1550ºC. Vacuum measurements were made in a 
cold (50ºC) region of the furnace and recalculated for 
the temperature experienced by the sample. Vacuum 
gauge pressure readings were recorded by computer 
continuously throughout the experiment. Argon and/or 
CO gas was bled into the furnace at flowrates of ~10-4 
liters/min. through a gas valve. Argon was added for 30 
minutes preceding each experiment to minimize 
atmospheric oxygen contamination. Because of 
equipment limitations, drop quenching is not possible 
in this furnace. Quenching is achieved by removing the 
sample from the furnace hotspot. Therefore, quench 
products, such as melt-grown olivines, are made. 

Preliminary results and discussion of chondrule 
melt-olivine exchange experiments: General 
observations made of the data indicate that many of 
relict olivine cores remained isotopically unmodified 
and plot near previously published analyses of ES [16]. 
In short duration runs, the glass, which plots on the 
terrestrial fractionation line, appears to have a 
composition near ä18O~15. The melt grown olivines 
have isotopic compositions more 16O-rich than the 
original melt. Their compositions, which vary by 
duration and/or temperature, seem to reflect growth 
from a modified melt in which dissolved ES olivine has 
contributed to the isotopic composition of the melt. 
Relict olivines in the short duration runs do not appear 
to have diffusional profiles at the 5 µm spot size of the 
ionprobe. In the long duration runs (64-128 minutes), 
diffusional profiles are present, but have not yet been 
analyzed in detail. Most of the analyses plot on slopes 
of ~0.8 indicating mixing between the respective 
isotopic reservoirs. 

In the high temperature (1500ºC and 1515ºC), 
short duration runs, the reaction of olivine core 

compositions with the melt is minimal. Pronounced 
reaction can be seen at a duration of 32 minutes, with 
the cores being distinctly 5-6‰ heavier than ES. The 
liquidus temperature of the analogue melt was 
determined to be 1504ºC. ES olivine has a melting 
temperature over 1800ºC. At temperatures exceeding 
the liquidus of the melt, the rate of dissolution of the 
olivine into the melt appears to be only slightly 
exceeded by the rate of oxygen diffusion into the 
crystal. 

Both long duration (32 and 64 minutes) 1400ºC 
runs have olivine relict cores which appear to have 
been modified. The shorter run contains more extreme 
compositional differences between the melt and olivine 
relicts.   

The low temperature runs (1300ºC) contain little 
melt. The melt analogue is made from oxides and not 
fused powdered glass. It appears that the relict ES 
olivine is reacting with individual oxide grains to 
variable degrees, resulting is very disparate and 
unpredictable compositions. 
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THE THREE-DIMENSIONALITY OF SPIRAL SHOCKS IN DISKS: DID CHONDRULES CATCH
A BREAKING WAVE? A. C. Boley1, R. H. Durisen2, M. K. Pickett3, 1Dept. of Astronomy, Indiana Univer-
sity (acboley@astro.indiana.edu), 2Dept. of Astronomy, Indiana University (durisen@astro.indiana.edu), 3Dept. of
Chemistry & Physics, Purdue University Calumet (pickett@astro.calumet.purdue.edu)

Introduction: It is becoming evident that the
thermal processing of chondrules occurred in shocks
within the Solar Nebula. One-dimensional shock cal-
culations with radiative physics have shown that, for
shock speeds greater than about 7 km/s, flash melting
of chondrule precursors by frictional drag heating, fol-
lowed by the immersion of the chondrules in the slowly
cooling post-shock gas, produces the requisite rapid
cooling rates above the liquidus and subsequent mod-
erate cooling rates during crystallization [1]. Wood [2]
suggested that spiral arms in the Solar Nebula could
be responsible for these shocks. Gravitational instabil-
ities (GIs) in disks can produce transient spiral waves
in the inner disk due to dense patterns or clumps in
the outer disk and are the most promising mechanism
for generating chondrule-producing shocks [3]. This
can process copious amounts of material in the 2 to 3
AU region, and the transient nature of the GI induced
waves may keep the arms from processing too much
material, or providing too many heating events.

Although 3D hydrodynamics simulations [4] have
demonstrated that transient GI features produce
strong enough midplane shocks to form chondrules,
spiral shocks in vertically stratified disks are intrinsi-
cally three-dimensional, and shock strengths vary with
height [5]. Moreover, in a disk, compressions caused
by a spiral perturbation can produce hydraulic jumps.
Martos and Cox [6] have already shown that partial
hydraulic jumps occur in galactic disks when the oth-
erwise isothermal equation of state (EOS) is stiffened
by a magnetic field. Since the EOS in protoplanetary
disks is not generally isothermal, compressions should
cause jumps in them as well. These jumps create very
complex structures that result in multiple locations of
shock compressional heating plus significant transport
and mixing of material radially and vertically. We
use 3D numerical hydrodynamics simulations of disks
to characterize spiral hydraulic/shock-jump (hs-jump)
morphologies, their implications for chondrule heating
events, and their importance to mixing.

Hydraulic jumps: A classical hydraulic jump,
or bore, occurs in incompressible fluids, where the only
way to reduce the kinetic energy of fluid elements com-
ing into the wave is to convert it to gravitational po-
tential energy or dissipate it by the generation of tur-
bulence [7]. The compressible gas of a protoplane-
tary disk can also be collisionally and compressionally
heated. The result is that 3D spiral waves in disks can
be a mixture of a shock and a hydraulic jump. The
cause of the jump in a compressible gas disk can be
understood if one considers the EOS. For an isother-
mal shock in a non-self-gravitating disk, the pressure

increases exactly as the density increases and hydro-
static equilibrium in the z-direction is not lost. No ver-
tical jump occurs. However, if the shock is adiabatic,
with γ > 1, the post-shock gas pressure increases more
than the gas density and hydrostatic equilibrium is vi-
olated. The post-shock gas will expand in the direction
of the largest pressure gradient, which is perpendicular
to the plane of the disk. Disk self-gravity complicates
this picture, but, for strong adiabatic shocks, jumps
will still occur.

Methods: To produce spiral waves in disks we
use the Pickett et al. [8] 3D hydrodynamics code. A lo-
calized, corotating cos(2ϕ) potential perturbation with
maxima located around r = 4 AU is applied to an equi-
librium disk model. The perturbation stimulates the
growth of a two-armed spiral that extends from 4 AU
into the inner disk. The disk is forced to cool at a
constant rate to balance the heating due to shocks.
Except for breaking waves at the surface, cooling al-
lows the spiral arms to settle into a quasi-steady state,
near the midplane, long enough for a fluid element at
r = 2 AU to pass through both arms.

Preliminary Results: For the simulations in
this Abstract, we scaled the High-Q disk of Pickett
et al. [8] from an outer radius Rout= 40 AU to Rout

= 4.8 AU with Mdisk/Mtotal = 0.130. Although this
probably puts too much mass in the inner Solar Neb-
ula, the simulation demonstrates the 3D character of
the spiral waves. Additionally, the densities and the
changes in velocity, corrected for pitch angle, at 2 AU
do overlap the range of interest for shock production
of chondrules [1]. Figure 1 shows velocity vectors su-
perposed on density contours for a cylindrical cross
section at r = 2 AU. The spiral arms are propagating
in the positive ϕ direction and the gas is overtaking the
pattern. Upon encountering the spiral arm, the gas is
compressed and a jump immediately follows. The sec-
ond peak and portions of the primary peak are due
to jumping gas that passes through this cross section
from larger r. Figure 2 shows the same cross section
as in Figure 1 but with contours representing heating
by artificial viscosity. The strongest heating occurs in
a nearly vertical but somewhat concave shock along
the trailing edge of the arm. Heating also takes place
after the hs-jump at higher z.

The complex 3D gas motions and resulting radial
movements are demonstrated in Figure 3. The velocity
vectors in the r-z plane for 2AU × ϕ = 3 AU indicate
that the spiral arms transport and mix mass efficiently
over a large ∆r, approximately 0.4 to 0.5 AU or more.
When inward moving material encounters the spiral
wave it develops a morphology that is analogous to a
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breaking wave. These waves are large, several tenths
of an AU, and result in widespread shock heating at
high disk altitudes. The arrow labeled “A” in Fig-
ure 3 shows where a wave of jumping gas is breaking
onto the surface of the disk. As in Figure 2, heating
contours are superposed onto the velocity field.

Once we have gained a suitable understanding of
hs-jumps in a quasi-steady state and their role in pro-
ducing breaking waves, we will investigate spiral per-
turbations in the fully developed self-gravitating tur-
bulence of GI active disks [9].

References: [1] Desch, S. J., Connolly, H. C,
Jr. (2002) Meteor. Planet. Sci., 37, 183. [2] Wood, J.
A. (1996) Meteor. Planet. Sci., 31, 641. [3] Boss, A.
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B. K., Cassen, P., Durisen, R. H., Link, R. (2000) ApJ,
529, 1034-1053. [6] Martos, M. A., Cox, D. P. (1998)
ApJ, 509, 703-716. [7] Massey, B. S. (1970) Mechanics
of Fluids: 2nd Edition, Van Norstrand Reinhold Com-
pany, London. [8] Pickett, B. K., Meja, A. C., Durisen,
R. H., Cassen, P. M., Berry, D. K., Link, R. P. (2003)
ApJ, 590, 1060-1080. [9] Meja. A. C., Durisen, R. H.,
Pickett, M. K., Cai, K. (2004) astroph /0407037.
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Fig. 1. Velocity vectors for a cylindrical cross section
of the disk at r = 2 AU. Each component is scaled
to its axis appropriately. Superposed onto the graph
are density contours corresponding to 5.44(-12), 6.80(-
10), 1.36(-9), 2.72(-9), and 5.44(-9) g/cc. Notice that
immediately following the shock the gas is forced up-
wards in the z-direction.
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Fig. 2. Same as Fig. 1 except the contours now indi-
cate regions of heating from artificial viscosity. The
strongest heating occurs along the entire height of the
disk at the trailing edge of the spiral arms. However,
there are also regions of heating at higher z where gas
is falling back onto the disk from a jump at larger r.
The contours correspond to 1.15(-7), 2.31(-7), 4.61(-
7), and 9.22(-7) erg/cc/s.
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Fig. 3. Similar to Fig. 2 but for an r-z slice at 2AU × ϕ
= 3AU. Material is moved radially over large ∆r and
regions of very strong heating are present at high and
moderate z. The “A” labels where a breaking wave
is falling onto the disk; note the strong inflow in this
region.

Workshop on Chondrites and Protoplanetary Disk (2004) 9016.pdf



���������	��
��������������������������������������� �"!�
�� ��������
$#��%�����&#�'(����
�(���*),+%������-
.0/212/�3547686:97;2<�/2=�/2>?A@CBD6CE:FHG7;59I>*JKL;NM"O�@CFAE:P7BDE�QRFA6CSCBDS8?TSCBD47FL4VUXWYOV6CZTBDFTP[SC4[FY\^]_4[6C6a`�bcS8de/gfhBDi�/ E�bc?_jk;lGm>*E:nTSm/�4�U
.68SC@847FT4[d&op;[QRF_bcBqO�FHO0rsFTBDt7E:@86CBDSRo�\Rbc?T@CBD68E:F_`�O�68SC@C4H/ BuFHbcBqO�F_OA/ Embc?_j:/

v BuFHbcBDFTP�O�F�O�nAnT@C4[nT@CBqO�S8E�ZTE�OVS6847?T@hfhE�U^47@"d�EkwuS8BDFTP
SCZAExf8ZT4[F_bc@C?AwuEk6�SCZ_OVS�fh47FT68SCBDSC?ASCELSCZAEe]T?Awuyz4VU0d{OVFpo
nT@8Bud%BDSCBDt7E(d�E:S8E:47@8BDSCE:6"BD6"nHE:@CZ_OVnT6S8ZTE�d�4[6CS|4[?TSC68SaO�FHb[}
BDFTP�nT@847]TwDE:d~BDF�O�wDwT4VU�d�E:S8E:47@8BDSCBqfh6�D�h�C/�J"ZAE�f8ZT47FHbc@C?TwDE
nT@8E�fh?T@86C47@|bc?A6CS�P[@aOVBuF�OVP7P7@8E:PpOVSCE:62O�nTnHE�OV@�SC4"ZHOmt7E2]_EkE:F
ZTE�OVSCE�b�SC4�S8ZTE�d%E:wDSCBDFTP�nH47BDFcS"SCZT@847?TP[Z�d&?TwDSCBDnTwDE(��OV6CZ
ZTE�OVSCBDFTP%E:t7E:FcS86�/0��ZT4TfCy�iXOmt[E:6i"BDSCZABuF�SCZTE�6C4[w�OV@FTEk]c}
?TwqO�OV@CE�47FTE&nH47686CBD]TwDE�d�E�OVFT6"U�4[@�O[f:fh47d%nTwDBD6CZTBDFTP&S8ZTBD6�/
�c?_f8Z&i"Omt7E:6(O�@CE�O�]TwDE(SC4�d%E:wDS26C?TBDSaOV]TwDEf8ZT47F_b�@C?TwDE"nT@8Eh}
fh?T@86C4[@C6&nT@84�tpBqbcEmbLSCZHO�S�SCZTE%6CZT4Tf8yYi"Omt7E:6�d�4�t[E0i"BDS8Z
@CEk6CnHE�fhS�SC4�SCZTE�nT@CE�fI?T@C6847@{OVP7P[@CE:PcO�SCEk6�O�S�O�6CnHE:E�bz4VU
O�]H47?AS��*ycd{�V6CE�fs� ���C/�="4�i(E:t7Ek@�;7O*6C?ABuShO�]TwDE(d�E�f8Z_OVFTBD6Cd
U�4[@�nT@C4Tbc?HfhBDFTP�6CZA4�f8y�iXOmt[E:6�BDFT68B�b�E&SCZTE%6C47wqOV@�FTE:]T?Aw�O
FTE:Embc6&SC4�]HE�BqbcEkFpS8B��_E�b�/�=sE:@CE�i(E&@CE:tcBDE:i�S8ZTE�68SaO�S8?T6
4�U2U�4[?T@�b�B���E:@8E:FcS�d%E�f8Z_O�FABu68d�6(i"ZTBqf8Z�Z_Omt7E�]_E:EkFenT@84�}
nH476CEmb0OV6�6C4[?T@afIE:6|4�UH6C?_f8Z�6CZT4Tf8y�U�@847FcSC6m/�WL4c4�b�� ���pnT@84�}
nH476CEmb�SCZ_OVS�FAE:]T?TwqO�@�6CnTBD@aOVw|O�@Cd%6�d�BDP7ZcS"]HE&Eh��EmfhSCBDt7E[;
O�Zcocn_4[SCZTEk6CBD6"i"ZTBqf8Z&Z_O�6(]_EkE:F�6CSC@847FTP[wDo&6C?TnTnH47@8SCE�b%]co
@CEmfhE:FcS�fkO�wqfh?TwqO�S8BD47FT6*4�U"SCZTE&E:t[47wD?TS8Bu4[F�4�U(P7@aOmtcBDSaOVSCBD47F�}
O�wDwDo?AFT6CShO�]TwDE"bcBD6Cyc6�/NWLE�68Z_O�wDw[6CE:E"S8Z_O�S2WL4c4Tb�� 6�d�E�f8Zc}
O�FABu68d�OVnTn_EmO�@C6�SC4�]HE&SCZTE%d�4[6CSwDBDy7Ekwuo�6C47?A@afhE%4�U"SCZTE
SCZAE:@Cd�O�w�nT@84�fIE:6C68BuFAP�4�U|f8ZT47F_b�@C?TwDE:6m/
���h�k�a�I�¡ ^¢�£¥¤h¦�¢m�h§�¨ª©�OV6eO�FHb«bc?A6CS�P7@aOVBDFT6�U¡OVwuwDBDFTP

47FcS840S8ZTE�6C47wqOV@�FTEk]T?TwqO�U�@C4[d~SCZTE�nT@8E:6C4[w�OV@fhwD47?_b%d&?T68S
n_OV6C6�SCZT@847?TP[ZeS8ZTE&O7f:fh@8E:SCBD4[FL6CZT4Tf8yeO�S�S8ZTE068?T@RURO7fhE&4VU
SCZAE&FTE:]T?TwqO�]_EhU^47@CE&]HE:BDFTP�]T@847?TP[ZpS�S84{@8E:6CS�BuFA6CBqbcE�SCZTE
bcBD6Cy�/�J"ZTE&ycBDFTE:S8B�f�E:FTEk@CP7oL@8E:wDE�O�68E�bLbc?T@8BDFTP�SCZTBD6�nT@84�}
fhE:686�O�S�O�wDw"@hO7bcBDB�¬��®�.r¯BD6&d�4[@CE%SCZ_OVF°68?c±{fhBDE:FcS
SC4Ld%E:wDS�O�Fco°b�?T6CS%P7@aOVBDF�/ 12@CEh}REh²TBD6CS8BuFAP°bc?T68S�P[@aO�BDFT6
i"BDwDw�]HE�6CwD4�i(E�bYb�4�i"F³OVF_bLZAE�O�S8E�bz]co�U�@CBqfhS8BD47F_OVw"PpO�6
bc@hO�P´� µ��C/´="4�i(E:t[E:@�;(BDS&BD6&?TFTwDBDy7E:wDoLSCZHO�S�t[E:@Co¶d{OVFpo
nT@8E�fh?T@86C47@�bc?T6CS�OVP7P7@8E:PpOVSCE:6*4�U|SCZAE0FTEkE�bcE�b�68Bu·kE&\�d%d&}
6CBD·:E%47@�wqO�@CP[E:@�;NU^47@��_?���oYOVP7P7@8E:PpOVSCE:6hj0fI47?Twqb�U�4[@Cd$BDF
SCZAE"@CE:wqO�S8BDt7E:wDo�wD4�i°b�E:FT6CBDSRo�E:FctcBu@847FTd%E:FcS�4VU�SCZTE"nT@8E:6C4V}
wqO�@&fhwD47?_b¸;�4[@&BDFYE:t[E:F´E�OV@CwDBDE:@&nTZ_OV6CE:6%4�U�BDFcSCEk@C6CS8E:wDwqO�@
E:t[47wD?TSCBD4[F�/"QRFeO[bTbcBDSCBD47FN;_bcE:ShO�BDwDE�b�f:OVwqfh?TwqO�S8Bu4[FT6"4�U(SCZTE
Eh²TnHE�fhSCEmb�n_4[6CSR}R6CZA4�f8y�ZAE�O�S8BuFAP{O�S���SC4��&.r��g®��lZ_Omt[E
U�4[?TF_b&S8Z_O�S"d�O�686XO[f:fh@CEkSCBD47F�@aOVSCE:6*47FcSC4�SCZAE¹b�Bu68y�4VU�O�S
wDE�O�68S��mºc»�¼K�½¾op@k»�9"O�@CE*FTE�fhEk6C6aOV@Co�SC4�nT@84�b�?_fhE�d�E:wDS¿}
BDFTP4VU_O�Fco�BuF�U¡O�wDwDBDFTPXb�?T6CS|O�P[P7@8E:PpOVSCE:6m/l�c?HfCZ�ZTBDP7Z�@aO�S8E:6
O�@8E�FT47S"?T68?_O�wDwDo&6CEkE:F�BDF�o747?AFTP068SaOV@C64VUl6847wqO�@"d�O�6C6m/
À £:ÁmÂ�ÃqÃ� q£cÄ{�kÃ�ÅcÆÇA¤:¨�QRS*Z_O�6�O�wD6C4&]HE:E:F�6C?AP7P7Ek6CSCEmbY�gÈm�

SCZHO�S�d{O�6860O7fkfh@CE:S8BD47FY4[FcSC4�S8ZTE�bcBD6Cy�d{Omo�Z_Omt[E&]_EkE:F
nT?TFHfhSC?_OVSCE�b�]po%SCZTE�BuF�U¡O�wDwH4�U�fIwu?Ad�nT6"4VUlPpOV6O�F_b�bc?A6CS
i"ZT4[6CE�Bud%n_O7fIS"i"BuS8Z�SCZAE�bcBD68y�O[f:fh@8E:SCBD47FL68ZT4Tf8y�d�BDP7ZcS
Z_Omt[E|wqO�?TF_f8ZTEmb�68ZT4TfCy�iXOmt[E:6lbcEkE:n&BDFpS84"SCZTE"bcBD6Cy�;7b�4�i"F
SC4*i"ZTE:@8E"nT@CEh}REh²TBD6CS8BuFAP�bc?T68S|O�P7P[@CE:PcO�S8E:6|fh47?Twqb�]HE(SCZTE:@¿}
d{OVwDwuo%nT@C4TfhEk6C6CEmb�/e=s4�i�E:t[E:@�;|b�E:SaOVBuwDE�b�d%4TbcE:wD6�4�U"SCZTE

fIwu?Ad�nBDd%n_O7fhSHnT@84�fIE:6C62Z_Omt[E�U^47?TF_b*S8Z_O�S�4[]T6CE:@8t7E�b�fhwD?Td%nT6
BDFLfh47wDwqO�nA6CBDFTP�nA@C47S84768SaO�@86�OV@CE&d&?_f8Z�S84c4{wD4�iÉBuF�d{OV6C6
S84&nT@C4Tbc?HfhE�SCZAE¹b�E:6CBD@CEmb�68SC@C4[FTP&6CZA4�f8y%iXOmt[E:6��g�m�C/
Ê ¢�Ëz¤h¦T¢��I§�¤&Ì��: qÍ��k£eÎ:Ï�ÇHÃuÂV£_�h�C�I¤I ÐÆ�ÂVÃg¤:¨�Ñ*F_fhE�6CBD·:Eh}

OV]TwDE|]H4�b�BuEk6lZHOmt7E2U�4[@Cd%E�b*]po�fh47wDwDBD6CBD47F_OVw7O7f:fI?Td&?TwqO�S8Bu4[F
BDF%SCZTE0b�Bu68y�;cSCZTE:o%i"BDwuw�fh@8E�O�S8E�]_4�i¥6CZA4�f8yc6"BDF�SCZTE�bcBD6Cy
PcO�6m;|nT@84�tpBqbcEmbLSCZHO�S�SCZTE:oYOV@CE�d�4�tcBDFTP�O�S�6C?TnHE:@C6847FTBqf
68n_EkE�bc6i"BDS8Z�@CEk6CnHE�fhS�SC4�SCZTE*PpOV6��gÒm�C/2>*E:SaOVBuwDE�b�d�4TbcE:wD6
4VU�S8ZTE�nT@84TfhE:6C6m;"i"ZTBqf8Z°fh4[FT6CBqbcEk@CE�bznAw�OVFTE:S8E:6CBDd{OVwD6��mº
ycd�SC4L��º[º7º%ycdÓBDFe68BD·:E7;Nd�4�tcBDFTP�O�S�68n_EkE�bc6�4�U"µ{ycd
6k»�9&SC4LÒ�ypdÔ6:»�9&i"BDSCZ¶@CE:68n_EmfhS�SC4�SCZTE�PpOV6�;268ZT4�i�Emb
S8Z_O�S*47FTwDo%SCZTE��mº7º[º�ypd�}¡68BD·:E]H4TbcBDE:6d%4�tpBDFTP�O�S�Ò�ycd
6k»�9"nT@84�b�?_fhE�b%]H4�i´6CZT4Tf8yc6fh47FA6CBD6CS8E:FcS"i"BuS8Z�S8ZTEd%E:wDSR}
BDFTP%4�U�f8ZT47FHbc@C?TwDE�nT@CEmfh?T@C6847@86{�gÕm�C/"M(ZT4[F_bc@C?AwuE&fh4c47wDBDFTP
@hO�S8E:6fh47?Aw�b�4[FTwDo�]HEd{OVSaf8ZTE�b�B�U�S8ZTE�bcBD68y04[n_O7fhBDSRo�iXOV6
wD4�i(E:@2SCZ_OVF�Eh²TnHE�fhSCEmb�U�4[@lS8ZTBD62E�O�@8wuo�nTZHO�6CE"4VU�bcBD6Cy�E:t74V}
wD?TS8BD47F�;AZT4�i�Ekt7E:@m/J"ZTBD6*d�E�f8Z_OVFTBD6CdÖOVwu684�@8E�×[?TBD@CE:6�SCZAE
nAw�OVFTE:S8E:6CBDd{OVwD6�S840Z_Omt[E�6CBDP7FTB���fkO�FcSCwDo&E�f:fIE:FcSC@CBqf�47@8]TBDSC6�;
i"ZAB�f8Z�BD6�47FAwuo�wDBDy7E:wDo*SC44Tf:fI?T@2U�4[@�nTwqO�FAE:SCE:68BDd{O�wD6�i"ZTBqf8Z
OV@CE�]_EkBuFAP�bc@CBDt7EkF�]co{@8E:6C4[F_O�FcS�P7@hOmtcBuShO�S8Bu4[F_O�wHBDFcSCE:@hO7f8}
S8BD47FT6%i"BuS8Z´O�Ø7?TnTBDS8E:@R}Rd{OV6C6�nAw�OVFTE:S��u�mºm�C/´Q^U�Ø[?TnTBDSCE:@
ZHO�6�OVwu@8E�O7b�o�U�47@8d�E�b¸;�SCZTEkF&nT@CE:68?Td{OV]TwDo�nTwqO�FAE:SCE:68BDd{O�wD6
ZHOmt7E{OVwD6C4eOVwu@8E�O7b�o�U�47@8d�E�b�S8ZT@C4[?TP7ZT4[?TS�SCZTE�O�6CS8E:@C4[Bqb
@8E:P7BD4[F�;�nHE:@CZ_OVnT6|d�O�ycBDFTPf8ZT47F_b�@C?TwDE(U�4[@Cd{OVSCBD47F�OVSlS8ZTBD6
S8BDd�ES84c40wqO�S8E7/
Ù7ÇH q�aÂVÃcË�Â�Í��h¤:¨ v BuFHO�wDwDop;ki�E|S8?T@CF�SC4WL4c4Tb�� 6|�g�m�c6C?TPV}

P[E:6CS8E�b¶d�E�f8Z_OVFTBD6Cd�/�M(?T@C@8E:FcS&d�4TbcE:wD6�4�US8ZTE%U�47@8d{Om}
S8BD47F&4�U�PpOV6|P7BqOVFpS2nTwqOVFTE:SC6m;7i"ZAE:SCZTEk@"SCZTE"d%E�f8Z_O�FTBD68dªBD6
fI47@CE�O[f:fh@8E:SCBD47FL4[@0bcBD6Cy�BuFA6CSaOV]TBDwDBuSRoc;T@8E�×[?TBD@CE&S8ZTE&6C4[w�OV@
FAE:]T?TwqO�S84�]_E�O�S|wDE�OV6CS(d{OV@CP7BDF_OVwDw�oP[@aOmtcBDSaOVSCBD47F_OVwDwuo�?TF�}
68SaOV]TwDE7/l��?_f8Z�O*bcBD6Cy�F_OVSC?T@hO�wDwDo]HE�fh4[d�E:626CS8@C4[FTP7wDo�FT47F�}
O�²TBu68ocd�d�EkSC@CBqf�S8ZT@C4[?TP7ZLS8ZTE�P[@C4�i"S8ZY4�U"6CnABu@hO�w(iXOmt[E:6�;
i"ZAB�f8Zzbc@CBDt7E%SCZTE�E:t[47wD?TS8Bu4[FL4�US8ZTE�bcBD6Cy�;2i"ZTE:S8ZTE:@�4[@
FA47S�S8ZTE:o´O�@8EeO�]AwuE�SC4�U�4[@CdÚPpO�6%P7BqO�FcS&nTwqOVFTE:SC6��D�7�h�C/
Ñ*FTE"fh4[d�d�4[F4[?TSafh4[d�E|4VU_SCZAE�E:t[47wD?TS8Bu4[F�4�U_68?_f8Z�bcBD68yp6
BD6(SCZTEsU�47@8d{OVSCBD47F�4VU�6CS8@C47FAP_;cSC@hO�FT68BDE:FcS�68ZT4TfCy�U^@C47FcS86�BDF
S8ZTE�BDFTFTE:@�bcBD68y�;(bc@CBDt[E:Fz]poL68nTBD@aOVwO�@Cd%60O�FHb°fIwu?Ad�nT6
OVS"P7@8E�O�S8E:@bcBD6CShO�F_fhEk60�D�����¿/¸J"ZTE�6CnTBD@aOVw�n_O�S8SCE:@8Febc@8But[E:F
]coefIwu?Ad�nT6"@847SaOVSCE:6�O�S�O&68n_E:Emb�P74�t7Ek@CFTE�b�]co�SCZAE�Û*Eh}
nAwuEk@CBqO�FzO�FTP[?TwqO�@�t7E:wD4TfhBDSRoYO�S�OV]_4[?TS�®�.rÜSC4YÒ�.r�/
.*6"6C?TP[P7E:68SCE�b%]co�WL4p4Tb��g�m�C;[SCZTEk@CE�f:O�F%]_E�O�wqOV@CP7E�bcB�Uq}
U^E:@CE:FHfhE�BuF�t7Ekwu4TfhBDSRo�]HE:SRi(E:E:FzSCZAE&6CnTBD@aOVw|n_OVSCSCEk@CF°OVF_b
6847wDBqb�O�P7P[@CE:PcO�S8E:64[F�Û*E:nAwuEk@CBqO�F�4[@C]TBDS86�O�S"@hO7bcBDBNBuFA6CBqbcE
4[@"47?TS86CBqbcE�SCZHO�S"@aO[bcBD?T6�/
v BDP7?T@8E:6���O�F_b%��nT@8E:6CEkFpS*SCZTE�@8E:6C?TwDS864�UlO�FTE:i �7>

@hO7bcBqOVSCBDt7E|ZcoTbc@84�b�opFHO�d�Bqfh6�d%4TbcE:wc4�U�OVF�?TFT68SaOV]TwDEXbcBD68y�/
v 47@(47FAEh}¿OV@Cd%E�b�\RÝ�Þ ��d�4TbcEk6aj268nTBD@aO�w�b�E:FT6CBDSRo%iXOmt[E:6
4VUSCZTE%SRocn_E%6CE:E:FzBDFLSCZAE�d�BqbcnAw�OVFTE7;�S8ZTE�BDFTFAE:@0ß�BDF_bp}

Workshop on Chondrites and Protoplanetary Disk (2004) 9002.pdf



]TwqO7b�@CE:6847F_OVF_fhE�4Tf:fI?T@C60OVS�O�FTP[?TwqO�@t[E:wD4TfhBDSRo�à ÞÜá«;
47@(·:E:@84&@aO[bcBD?T6�/2J"ZTBD6(d�E�OVFT6|S8Z_O�S"O�68BDFTP7wDE�fIwu?Ad�n&f:O�F
bc@8But[E�6CnTBD@aOVwlbcEkFT6CBDSRo�i"Omt7Ek6"@CBDP7ZcSbc4�i"F%SC4&SCZAE0fhE:FcSCEk@
4�U�SCZAE6C4[wqO�@|FTEk]T?TwqOT/NJ"ZTE��[>zd�4TbcEkwTEh²TZTBD]TBDSC6|S8ZTBD6|]HEh}
Z_OmtcBD47@m;�68ZT4�i"BDFTPS8ZTE(nT@CE:68E:F_fhE�4VU�O"68SC@C4[FTP�68ZT4TfCy¹U�@C4[FpS
]HE:SRi�EkE:F��0OVF_b&��.r�/7."S(SCZHO�S"bcBD6CSaOVF_fhE7;ASCZTE*t7E:wD4TfhBDSRo
bcB���E:@CE:FHfhE"]_EkSRi�E:EkF&6C47wDBqbc62O�F_b�SCZTE(6CZA4�f8y�U^@C47FcSN6CZT4[?Twqb
]HE�4[F�S8ZTE�47@ab�E:@"4�U"��º�ycd�6k»�9�;c6C?c±{fhBDE:FcS(U�4[@|d�EkwuS8BDFTP
f8ZT47FHbc@C?TwDE�nT@8E�fh?T@86C47@�bc?A6CS�OVP7P[@CE:PcO�SCEk6�/
K�?TwDSCBDnTwDE�ZTE�OVSCBDFTP%E:t7E:FcS86¹OV@CE�@8E�×[?TBD@CE�b�SC4&EI²�nAw�OVBDF

f8ZT47FHbc@C?TwDE¶SCEh²TSC?A@CE:6´�D������O�FHb¥6CnTBD@aOVw�b�E:FT6CBDSRo i"Omt7E:6
O�@8EefhwDE�OV@CwDo°OV]TwDE{S84L6aOVSCBD6RU�o¶SCZTBD6�fh4[FT6CS8@aOVBuFcSm/«QRS&ZHO�6
O�wD684�]HE:E:F&nH47BDFcSCEmb�47?TS2SCZHO�S26C?_f8Z�O�d%E�f8Z_O�FABu68d d�BDP7ZcS
nT@84�b�?_fhE%�¿¢m¢*d{OVFpo�ZTE�OVSCBDFTP&E:t[E:FcSC6&�D�:µV�¿/|©¹wu4[]_O�wH6CBDd�}
?TwqO�S8BD47FT6�4�U�?TFT68SaOV]TwDE�b�Bu68yc6�BDFcSCE:P[@aO�S8E�b¶wD47FTP�E:FT4[?TP7Z
U�4[@0S8ZTE�P7@aOmtcBDSaOVSCBD47FHO�w|BDFT68SaO�]ABuwDBDSCBDE:6�SC4�6CE:S8SCwDE�BuFcS84xOVF
O�68ocd�nTS847SCBqf2S8?T@C]A?TwDE:FcSl]HE:Z_OmtcBD47@"�D��®��C;�OV62i�E:wDwTO�6268Bud&?�}
wqO�S8Bu4[FT6|wDBDy7E"S8Z_O�S"BDF v BDP7?T@8E:6���OVF_b&�T;c68ZT4�i�;cZT4�i(E:t7Ek@�;
SCZHO�S�FTE:]T?TwqO�68ZT4Tf8y�U�@C4[FpS860i"BDS8ZLSCZTE%@CE�×[?TBD@CEmb°fI47F_bcB�}
SCBD4[FT6�\^6CZT4Tf8yL6CnHE:E�b¸;XOVF_b�nT@8Eh}¡68ZT4Tf8y°O�FHbLnH476CS¿}¡68ZT4Tf8y
bcE:FA6CBDSCBDE:6hj{OV@CE�]co°FA4Yd�EmO�FT6�OLnHE:@Cd�O�FTE:FcS�U�E�O�S8?T@CE[/
<OVSCZTEk@�;|68ZT4Tf8yp6�i"ZTBqf8Z°OVnTn_EmO�@�SC4�Z_Omt7E%@C47?AP7ZTwDo�SCZTE
bcE:68BD@CE�b¥f8Z_O�@hO7fhS8E:@CBD6CS8Bqfh6eO�@8EeS8@aOVFT6CBDE:FcSC6�BDF«O¶fCZHO�47S8Bqf
E:FctcBD@C47FAd�E:FcS�/ v ?TSC?T@8E�i(47@8yeFTEkE�bc6&SC4�E:6CS8Bud�O�S8E&ZT4�i
4�U^SCE:F�6C?HfCZLO&bcBD6Cy%BD6"wuBDy[E:wDo&SC4&nT@84�b�?_fhE&O�6CZT4Tf8y%U�@C4[FpS
6C?ABuShO�]TwDE*U�4[@Xf8ZT4[F_bc@C?AwuE¹U�47@8d{O�S8BD47F�/
M(47FT68BqbcE:@CBDFTP�SCZTE%nT@C4[]TwDE:d�6�SCZHO�S�]_E:68E:S�SCZTE%SCZT@8E:E

47S8ZTE:@26C?AP7P7Ek6CSCEmb&d�EmfCZHO�FTBD6Cd%6�;k6CnTBD@aOVwciXOmt[E:6"� ����bc@8BDt7E:F
]cozP7@aOmtcBDSaOVSCBD47FHO�w"BDFT6CShO�]TBDwDBDSCBDE:6%6CE:E:dâSC4¶]_E�SCZTE�nT@8Eh}
U�E:@8@CE�b¹d�E�f8Z_OVFTBD6CdzU�4[@�SCZTEk@Cd{OVwDwuo"nA@C4TfhE:686CBDFTPS8ZTE�f8ZT4[Fc}
bc@8?TwDE�nA@CE�fh?A@C6C4[@C6m/
�&ã[äCãcå�ãcæ|ç�ãTè�� �D�h��=sE:i"BDFT6�;"<�/2=�/(\h��Õ[Õ7È7jk;|BDFªé2¦T¢�£cê
Ì��kÅpÃD�h¤0ÂV£_Ì���¦T��ë��a¢��¿¢IÇ_ÃuÂV£_�I�¿ÂV�:Ï�ì� D¤h§�;TnTnN/X��}¿ÕA;TM"O�d�}
]T@8B�b�P7E&r"FTBDt�/012@8E:6C6m/��g�m��>*E:6af8Z�;2��/�ØH/D;�M(47FTFA47wDwDop;H=�/
M�/D;�Ø7@m/�\R�7º[º7�7jk;2íe�h�C�h¢��:î�ë�ÃDÂ�£_�I�¡î�Ù��k qîq;|ïHð:;"�mÒ7�T/��g�m�
WL4c4Tb�;�ØH/�.�/(\a�mÕ7Õ7È[j:;5íe�h�C�h¢��: D�R ��I¤0ë(ÃuÂ�£H�h�RîzÙ��k qîq;"ï[ñ7;
È�µH�7/ � µ��WL4c4Tb�;5Ø_/|.�/(\a�mÕ7Ò�µcj:;*òXÂV�h��¦Lë(ÃuÂ�£H�h�RîÉÙ��: Ðî
ó �h�^�¡îÐ;�ð�ôV;��7�[/��g®m�¹<s?T·:d�O�BDycBuFHOT;|J�/5õ0/D;"QRn�;*Wª/(=�/
\a�mÕ7ÕVµpj:; À �hÂ��:Å[¤:;�ñ[ñ7ö7;�µc�7ºT/÷�gÈ���3|4[6C6m;0.�/�12/D;�©�@hOm}
Z_OVde;2Ø_/5.0/(\h��Õ7Õ[�7jk; À �hÂV�:Å[¤I;�ñcô7ø�;��mÈ7ÒT/ �g���J�OVF_O�y7OA;
Û�/�Û�/D;(J�OVF_O�y7OA;|=�/D;"ùOVy7O�·�Omi"OT;(Û0/D;"ùOVy7O�PcOmiXOA;Nú�/
\a�mÕ7Õ[Ò7j:; À �hÂ��kÅ7¤:;*ñ7ï�ûA;����7�A/«�gÒ��s=s4p4Tb�;(ß|/(ß|/(\a�mÕ7Õ[Ò7j:;
íe�h�C�h¢��: ��¡ ��I¤�ë�ÃuÂV£_�h�Rî�Ù��k qîq;(ï7ï[;lÕ[�T/�� Õ���M(BuEk6CwqOT; v /�Ø_/D;
="4c4Tb�;(ß|/|ß|/D;5WLE:BqbcE:FT6hfCZABuwDwDBDFTP_;|�¸/2Ø_/"\R�7º[º�µpjk;(íe�h�C�hê
¢��k D�¡ ^�h¤�ë�ÃDÂ�£_�I�¡î�Ù��: qîÐ;_BDF�nA@CE:686�/&�D��º��lWLE:BqbcE:FA6af8ZTBDwDwuBDFTPH;
��/"ØH/D;�K�O�@8·�O�@8B¡; v /D;�="4c4Tb�;�ß5/ß|/�\h��Õ[Õ7Ò7jk;�Ù��: ��k£_�h�k;
ö_ðmü�;�È7ÒA�7/ý�u�[�h��3|4[6C6�;�.�/"12/"\a�mÕ7Õ[�7j:;¹Ù��: ^�:£_�h�k;0öHð�øV;
��Ò[�7ÈA/{�D�m�m��3|4[6C6m;2.0/�12/2\R�7º[º7º7jk; ó Åc£_ÂV�&ë�ÃDÂ�£_�I�Rî�Ù��: Ðî
é�¢�£kÁ:î�þþ*þ À ;�ÿ��mº7ÒVµ_/��D�m�m��=sE:i"BDFT6�;2<�/�=�/u; v 4m²�;�©&/
� /s\¡�7º[º�µcj:;���h¢��I¦p qÆ�î�é�¢�¤:Æ�¢m�h¦c qÆ�î´���I�¿ÂV;�ø��7;"ÕA���T/
�D�:µV��M(ZTBqO�FAP_; � /TQ:/N\¡�[º7º7�[j:;¸í��I�C�a¢V�: D�R ��I¤�ë(ÃuÂ�£H�h�Rî�Ù��k qîq;
ï_ðk;��m®T�7/"�D�m®m�lK�E����B�OA;c.0/HM�/u;T>*?T@8BD6CE:F�;H<�/T=�/u;T1�B�f8y[E:SCSm;
KL/TÛ�/D;_M"OVB¡;cÛ�/�\R�7º7ºVµpjk;TO�6CS8@C4[nTZ_�7º[�T�m�7ÈT�[�

     
 

 

 

 

 

v BDP_/A�7/2>EkFT6CBDSRo0fh4[FcSC47?A@C6|BDF&SCZAE"d�BqbcnTwqO�FAEl4VU¸O¹P7@aOmtcB�}
ShO�S8Bu4[F_O�wDwDo�?TFT68SaO�]AwuEb�Bu68y�;768ZT4�i"BDFTP�O�6CS8@C47FAP�SC@hO�FT68BuEkFpS
68ZT4Tf8yLU�@847FcS0wD4Tf:OVSCE�b¶O�S�����4_�gfhwD4TfCy	�I?T6CS�47?TS86CBqbcE�SCZAE
BDFTFAE:@�]H47?TF_bAO�@Co�4�U"@aO7b�Bu?A6¹�%.r�/�<O[bcBD?T6�4�U�S8ZTE&E:Fc}
S8BD@CE@8E:P7BD4[F&6CZT4�i"F&BD6��[º�.r�/7=*O�ShfCZAE�b&@8E:P7BD47FA6XbcEkFT47S8E
@8E:P7BD4[FT6"i"BDSCZ�bcE:FT68BDSCBDE:6�OV]_4�t[E0�mºc»�9�
*P&fhd�»�7/

     
 

 

 

 

 

v BDP_/m�T/ � ²�nHO�F_bcEmb�tcBDE:i�4�U v BuP[?T@CE*�7;m6CZT4�i"BDFTPOs@CE:P[BD47F
4VU�@aO7b�Bu?A6{ÈT/g��.r�/X��47wDBqbc6&@C4[SaO�S8BDFTPLBDF°S8ZTELfh47?TFcS8E:@R}
fIwu4Tf8yci"BD6CE0bcBD@8E�fhSCBD4[F�]_EkSRi�E:EkFx�%O�F_b���.r EkF_fh47?AFpS8E:@
S8ZTE�68ZT4TfCy�U�@C4[FcSO�S"O�6CnHE:E�b�4VU�� ��º�ycd�6:»N9�/

Workshop on Chondrites and Protoplanetary Disk (2004) 9002.pdf



Thermal Structures of Protoplanetary Disks

Nuria Calvet 1, Paola D’Alessio2 and Dorothy S. Woolum3,

(1) Center for Astrophysics, 60 Garden St., Cambridge, MA 02138, ncalvet@cfa.harvard.edu, (2)

Centro de Radioastronomı́a y Astrof́ısica, Apartado Postal 3-72 (Xangari), 58089 Morelia,

Michoacán, México, p.dalessio@astrosmo.unam.mx, (3) Physics Department, California State

University, Fullerton, California 92834, USA, dwoolum@fullerton.edu

During their first ∼ 106-107 years, a large fraction of stars of low and intermediate masses

are surrounded by dusty disks, which are responsible for the observed near to far-IR SEDs. The

standard view is that the inner disk is truncated by the stellar magnetosphere (near the co-rotation

radius ∼ 2 − 4R∗) and disk material is deviated toward high latitudes, merging into the star in

accretion shocks. The disk accretion rate is inferred from the observed veiling luminosity produced

by these shocks. Assuming steady state, this mass accretion rate is used to characterize the mass

transport and the structure of the rest of the disk. We review present models of the thermal

structure of these steady accretion disks irradiated by the central star and by the accretion shocks

at the stellar surface. In these models, the dust at the disk surface is mostly heated by irradiation,

favored by the curvature of the disk photosphere. The energy of the external radiation reprocessed

by the upper layers of the disk atmosphere along with local viscous dissipation are the main heating

mechanisms of the regions closer to the disk midplane. We study the effect of dust growth and

settling on the disk thermal structure. A new ingredient, recently incorporated into the irradiated

disk models is the existence of a “wall” at the dust sublimation radius. In the case of Classical

T Tauri Stars, there is observational evidence that the wall is heated by both the stellar and the

accretion shocks radiation, which places the sublimation radius (for Tsub ∼ 1400 K) between 0.07

and 0.15 AU (10-25 R∗). The existence of the wall, supported by near-IR spectra and interferometry,

implies that the dust cannot reach the magnetospheric radius, introducing a problem for the X-wind

theory proposed to explain the origin of CAIs (Calcium-Aluminioum-rich inclusions) and chondrules

in chondritic meteorites. We also present models for more evolved disks, called transition objects,

such as TW Hya and Co Ku Tau/4. These disks show low density gaps in their inner regions ( .

10 AU), probably produced by a massive body or a planet. The disk material in the gaps is more

exposed to the external radiation.
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METEORITICAL ASTROPHYSICS: A NEW SUBDISCIPLINE. A. G. W. Cameron, Lunar and Planetary Laboratory, Uni-
versity of Arizona, Tucson, AZ 85721 (acameron@lpl.arizona.edu).

A recent remarkable discovery by Katharina Lodders [1]
showed that the abundances of extinct radioactivities (relative
to reference nuclei) in chondrites, achondrites, and irons are
proportional to the squares of their mean lives, whereas no
such abundance-mean life relationship is apparent for the data
of calcium-aluminum rich inclusions (CAIs) and a variety of
other inclusion types. In this talk I shall interpret these results
in terms of galactic and solar nebula processes.

The first step in organizing the data for interpretation is to
require that both the abundance of the extinct radioactivity (as
measured by its decay product abundance) and that of the ref-
erence nuclide should have the same nucleosynthesis history,
or else that a correction to the ratio be made to compensate
for the ratio of the two different production processes. The
striking feature of this diagram is that the lower edge of the
data (the Lodders Line) is remarkably straight; most of the
data are derived from chondrites; and its slope on the log-log
diagram is two. So the extinct radioactivities are present in
proportion to the square of their mean lives. All the other data
lie above the Lodders line in this diagam; the sources of that
data are in general somewhat larger particles than those that
have contributed to the Lodders Line.

A straight relationship between abundances of extinct ra-
dioactivities and their mean lives means that these radioac-
tivities originated from a common reservoir, the interstellar
medium (ISM), and that they were isolated from the rest of
the ISM at some point in the past, which is when the solar
nebula formed. If the extinct radioactive abundances had accu-
mulated into the solar nebula gas at constant rates they would
have become proportional to the first power of the mean lives,
a relationship often assumed for this as a galactic process.
Thus to find that they are proportional to the second power
of the mean lives indicates that a major new process was in-
volved. This relationship can be obtained if the injection of
radioactive material into the patch of gas in the interstellar
medium, that will form the solar nebula, starts and then in-
creases in injection rate in proportion to the elapsed time since
the beginning of the accumulation. Since the observed relation
includes the abundance of 146Sm (mean life 1.49×108 years),
which is very long compared to the lifetime of the solar neb-
ula, one must conclude that a galactic process is involved, with
the radioactive accumulation beginning much earlier than that
mean life prior to formation of the solar system.

This relation is derived as follows. Assume that the abun-
dance N of a particular species increases proportional to the
time t for a total time T with a proportionality constant a. Let
this go on during the time T , with the species decaying with a
mean life τ . The total amount of a species injected is given by

Ntot =

∫ T

0

atdt = aT 2/2

The amount of the radioactive species surviving at the end
of the period T is

N =

∫ T

0

ate−t/τdt = aτ2(1− (T/τ + 1)e−T/τ )

If T � τ , then N ≈ aτ2. Hence

N/Ntot ≈ 2τ2/T 2

One cannot directly know the total amount of radioactive
material injected, so it is necessary to compare the surviving
abundance to the abundance of a reference isotope of the same
element that acts as a proxy for the total production of the ra-
dioactivity. Thus the reference isotope must be made in the
same source(s) as the radioactive one, and be carried together
with the radioactive one in small particles within the ISM, and
the radioactive decay product must be lost from the small par-
ticles (by recoil, evaporation, or other means). It would also
be helpful if the reference isotope had the same nucleosyn-
thetic history as the radioactivity, but usually things cannot be
that simple. If the particles carrying the radioactive isotope
and its reference isotope are so big that the radioactive de-
cay products cannot be lost while in the ISM, then the above
derivation would not be applicable. However, the decay prod-
ucts must be retained once the particles are in the solar nebula
by incorporation into larger bodies (meteorites).

For much of the last four decades the general paradigm
in the meteoritical community has been that the solar nebula
formed hot and that inclusions such as CAIs were chemical
condensates from a cooling gas of solar composition. What
should this picture be replaced by if instead the inclusions
were not formed in the solar nebula? The great majority of
relevant nucleosynthesis in the galaxy occurs in supernova ex-
plosions. The evolution of massive stars leading to such ex-
plosions occurs in a series of concentric thermonuclear burn-
ing shells, and it has been argued that condensations in such
shells could not therefore form solids derived from a full solar
composition. However, it has been found in numerical sim-
ulations that intense heating in the center of the star leads to
neutrino heated bubbles that expand violently away from the
center, and also that the supernova shock wave that propa-
gates through the interior causes strong Rayleigh-Taylor in-
stabilities at shell boundaries, so that violent Rayleigh- Tay-
lor fingers shoot forward at such boundaries. Both proccesses
induce strong mixing, and the work of Kifonidis et al. has
shown that the result is a good approximation to a solar com-
position except in the outermost part of the stellar atmosphere
[2]. Thus in an expanding supernova remnant the cooling will
be of an approximately solar composition gas. The result is
that chemical condensation will occur, but at something like
seven orders of magnitude lower density than would be the
case for a hot solar nebula. What difference does that make?

Chemical condensation calculations have been carried out
by Katharina Lodders for a large range of pressures in a solar
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composition gas. The results show that the chemical conden-
sation in the supernova would occur at about 300 degrees C
lower temperature than would be the case in the solar nebula,
but the condensation lines of the individual chemical species
are nearly parallel, and indeed the sequence is indistinguish-
able from a solar nebula case.

Does the solar nebula have a part to play in any of this?
Yes. It has been apparent for some time that strong shock
waves in the solar nebula heat chemically condensed materi-
als, partially vaporizing some of them and in general melting
the others and leading to recrystallization upon cooling. For
this reason I call the condensed objects that become CAIs and
AOAs in the nebula protoCAIs and protoAOAs while they are
in the interstellar medium. The shock waves also melt "dust
balls" of interstellar grains into chondrules. Where do such
shock waves originate? The meteoritic community has ap-
parently remained ignorant of the theory of the Rossby Wave
Instability process in accretion disks developed in 2001 [3].
This process needs much further investigation, but the exist-
ing simulations show a group of 3 or 5 such elliptical vortices
formed around a circle in an accretion disk, with shocks trail-
ing each end of a vortex. We do not know how many such
circles of vortices there can be, nor where they are most likely
to be located in the nebula, so this is a subject needing much
further investigation.

When the supernova initially expands, the higher pressure
at the center causes it to expand more rapidly than the sur-
face region, and so the exploding star comes to resemble an
expanding uniform density sphere [4] (except for some cen-
tral fallback), mixed throughout and closely approximating a
solar composition. The surface layers of such a supernova
expand at about 10,000 km/sec (3 percent of light velocity),
whereas near the center the expansion is relatively slow. Prior
to the explosion the star loses significant mass in the form of a
Wolf-Rayet wind, expanding at about 3,000 km/sec, and this
will slow down the supernova shock somewhat. But a chem-
ical condensate of 1 cm radius ejected from the surface will
be travelling fast enough so that in most cases it would escape
from the galaxy and wander in intergalactic space. But such
objects from near the center would remain locally in the ISM.

Recent submillimeter observations of the Cas A and Ke-
pler supernova remnants [5,6] indicate that between 1 and 4
M� of micron-size grains were ejected. A similar amount
of larger protoCAIs and protoAOAs (which I collectively call
“interstellar marbles”) should also be ejected. When the solar
nebula is formed it therefore is already filled with the variety
of condensates needed to make meteorites.

Thus the conclusion follows that the interstellar medium
is filled with supernova condensates in the size range from mi-
crons to several centimeters radius. These, together with other
condensates from red giant star envelopes, form the subject
matter of meteoritical astrophysics. There is a particularly im-
portant property of these objects: whereas the gas in the inter-
stellar medium moves in response to local gas pressure, the in-
terstellar marbles are largely decoupled from the gas because
of their size and mass, and therefore they will fall through the
gas in response to gravitational potential gradients, retarded

somewhat by friction with the gas through which they move.
To gain some insight into this behavior, I constructed a

numerical model of a Giant Molecular Cloud (GMC), central
temperature 35 K, central density 106 hydrogen molecules per
cc, radius one parsec. Free fall velocity starting at 1 parsec
reaches the center at 1.56 × 105 cm/sec after a fall time of
2.4 million years, well within the lifetime of a GMC. A 1 cm.
radius marble reaches the center nearly as fast (1.49 × 105

cm/sec), whereas a 1 micron radius marble takes twice as
long and is slowly drifting. The larger marble thus acts like
a damped pendulum; so do smaller marbles but their veloc-
ities are smaller. Unlike a pendulum, marbles falling from
an initially smaller radius get to the GMC center sooner with
smaller velocities, so a dense cloud of marbles will build up
there and settle into a central object. Subsequent collisions
will continue to build up a new type of stellar object that I call
a condensar, composed of chemical condensates. My model
GMC has a total mass of 65 M�, of which a little over 1 M�
would be condensates and grains, so allowing for inefficien-
cies the condensar formed at the center would have a mass of
a few tenths of a solar mass. Lacking internal hydrogen, there
would be no thermonuclear reactions, so the condensar would
be nearly nonluminous.

This is a good match to the properties of MACHOs (MAs-
sive Compact Halo Objects), which have been discovered by
their microlensing effects on background stars in the Magel-
lanic Clouds, amplifying their luminosity by a substantial fac-
tor as they pass through the line of sight. Until now, these MA-
CHOs have been a mysterious form of dark matter, possess-
ing a gravitational field but undetected by optical instruments.
The MACHO Project has been a significantly large-scale ef-
fort to detect their unique signature in amplifying light from
background objects, and a result of their investigation is the
production of a maximum likelihood set of contours relating
probable mass and the fraction of MACHO mass in the halo
(about 0.2, probably representing condensars released in the
halo when our galaxy captured other smaller galaxies in the
course of its history). The maximum likelihood mass of the
MACHOS ranges from 0.1 to 1.0 M� [7,8].

These studies suggest that the subject matter of meteorit-
ical astrophysics goes well beyond the study of meteorites
themselves. However, the study of meteorites and their com-
ponents must be a vital part of the development of this sub-
ject. There also needs to be better intercommunication be-
tween meteoriticists, astrophysicists, and physical chemists
concerned with condensation processes.

This work has been partially supported by NASA grant
NAG5-11153.
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ORIGIN AND THERMAL HISTORY OF FeNi-METAL IN PRIMITIVE CHONDRITES.  A. J. Campbell1,
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Introduction:  FeNi metal is commonly a major
component in primitive chondrites, and is therefore a
potentially important and useful constituent for
investigating the high temperature history of
chondritic components. In part, this is because of the
mineralogical simplicity, relative to silicate systems,
that metal exhibits at high temperatures in the range
of compositions that are appropriate to chondrites.
This reduced number of phases allows one to more
easily interpret chemical variations in metal in terms
of its thermal and chemical history. In addition, the
siderophile elements span a wide range of chemical
behaviors, so that analysis of an appropriate suite of
siderophiles often can be employed to eliminate or
confirm hypotheses regarding The more complex
microstructures of the Fe-Ni system at low
temperatures makes it also a very sensitive indicator
of secondary thermal processes.

In the last few years there have been several
important developments that have enhanced our
understanding particularly of the high-temperature
history of primitive chondrite metal. The first of these
is the enormous increase in the number of specimens
that has resulted from the systematic searches for
meteorites, especially in Antarctica and the Sahara
desert. Concomitant with the increase in number of
meteorites available for study is a better recognition
of the diversity among them; hence our classification
schemes have improved, and the number of classes
expanded. Several primitive chondrite groups,
including the CR, CH, and CB classes, which are
metal-rich, consist of a small number of quite rare
meteorites, and were largely unrecognized until a
number of their members were recovered from the
Antarctic and the Sahara.

Another recent development that has facilitated
insight into primitive chondrite metal is the
improvement in microanalytical techniques that are
sensitive to siderophile elements at trace abundance
levels. Laser ablation ICP-MS has been particularly
successful in this regard. This technique has been
used to provide trace siderophile element analyses at
spatial scales down to 15 µm, which allows a new
way of approaching problems regarding chemical and
thermal history of meteoritic metal, that is
complementary to the much longer history of trace

element analysis of lithophile elements by ion
microprobe.

Finally, experimental studies continue to provide
valuable support for, or tests of, proposed metal-
forming processes. Recent experimental efforts have
focussed particularly on better understanding the
consequences of redox reactions, evaporation, and
diffusion on the compositions and textures of
primitive chondrite metal.

CH and CB Chondrites:  These meteorites
contain a variety of metal textures, and have attracted
much recent attention in both analytical and
theoretical studies [1,2]. The CH chondrites, and the
CBb chondrites QUE 94411 and HH 237, contain
zoned metal grains that have been interpreted as
products of nebular condensation [3,4,5]. These
interpretations are based on the zoning of minor
elements (Ni, Co, Cr, P, Si) as well as trace elements
(PGEs, Re, Au, Cu, Ga), and are supported by
isotopic mass fractionations in Fe, Ni, and Cu [6].
The refractory elements (relative to Fe) are enriched
in the cores of the zoned metal grains relative to the
rims, whereas elements more volatile than Fe are
depleted, but often less depleted toward the rims.
Comparisons of the observed compositional zoning
to calculations of metal condensation, grain growth,
and diffusion have been used to constrain the high-
temperature thermal history and timescales of
formation of these grains [3,4,5,7]. The unzoned
metal in CH and CBb meteorites also exhibits
significant compositional variation, and trace element
studies suggest that this metal formed under varying
conditions of temperature and oxygen fugacity [7,8].
The origin of metal in Bencubbin and related CBa

members remains uncertain, but seems to be different
from that of the zoned grains of CH and CBb

chondrites. The coexistence of metals of different
origins in the same chondrites or chondrite groups is
not the least puzzling characteristics of these
meteorites.

CAI Metal:  CAIs are generally enriched in
refractory siderophiles, to levels similar to their
refractory lithophile enrichments, indicating a high-
temperature origin for both components. Low
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temperature processes, including sulfidation and
oxidation of the metal, has partly obscured the
original compositions of CAI metal, at least in CV
chondrites [9]. However, the distribution and relative
abundances of trace siderophile elements indicate
that not all of the variations in metal composition can
be attributed to secondary processing. CAI metal
reflects incomplete mixing of metal precursors that
had a wide range of temperatures of formation
[10,11]. The distributions of Mo and W in CV CAIs
have been interpreted as evidence of relatively high
oxygen fugacity conditions [10,12], in sharp contrast
to the highly reducing conditions inferred from
Ti3+/Ti4+ ratios and other indicators in the silicate
phases [13]. There is a relative paucity of studies of
CAI metal from chondrite classes other than CV.

CR Chondrite Metal:  Renazzo and the other
CR chondrites are unequilibrated and highly reduced,
and offer excellent opportunity to study the
relationship between metal and silicate evolution in
chondrites. The formation of metal in CR chondrites
was intimately connected with the chondrule-forming
process [14]. The observed range of chondrule
textures indicates that metal was expelled, usually
incompletely, from the chondrule interiors.
Variations in minor and trace element compositions
in metal, between interior grains and grains on
chondrule rims, serve as evidence that volatile loss
during heating was followed by recondensation of
volatile siderophile elements into the rim metal
[15,16]. Redox effects are also observed in CR
chondrule metal; these are possibly related to
exchange between metal and silicate, and transport of
oxidizable elements from interior metal to the vapor
phase [14]. The bulk depletion of volatile siderophile
elements from Renazzo chondrules may have been
inherited from their precursors [15,16].

Ordinary Chondrite Metal:  The chemistry of
most ordinary chondrite metal is dominated by parent
body low-temperature processing, specifically
sulfidation and kamacite/taenite equilibration.
Nonetheless, some pre-accretional history may be
preserved in the least equilibrated specimens. As in
the CR chondrites, it is evident from textural features
and composition relationships between metal and
silicates that the chondrule-forming process played
an important role in ordinary chondrite metal
evolution.

Experiments:  Recent studies continue to yield
interesting insights into chondrite metal chemistry.
Some work has followed the trail of [17], pursuing
possible redox mechanisms for metal formation in
chondrules. Heating of a CI composition under a
range of P(H2) conditions showed that Fe metal

formation occurred primarily by FeS desulfidization,
and not by FeO reduction under the experimental
conditions [18]. However, TEM studies of
experimentally produced dusty olivines indicate that
in situ FeO reduction may have occurred [19]. Other
studies have emphasized transport properties in the
metal, to better elucidate the distributions of
siderophiles and the timescales associated with
observed diffusion [20,21]. These results, and the
relative paucity of experimental efforts, suggest that
greater emphasis on experimental strategies to
understanding high-temperature processing of
chondrite metal may prove rewarding.
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   Introduction: One of the reasons that the mecha-
nism(s) responsible for the formation of chondrules 
has remained so elusive is that each proposed mecha-
nism must be able to explain a large number of fea-
tures observed  in  chondrules.  Most models of chon-
drule formation focus on matching the expected  ther-
mal histories of chondrules: rapid heating followed by 
cooling during  crystallization at rates between ~10-
1000 K/hr [1, and references therein]. Thus far, only 
models for large shock waves in the solar nebula have 
quantitatively shown that the thermal evolution of mil-
limeter-sized  particles in the nebula can match these 
inferred thermal histories [2-4].  While  this is a posi-
tive step for the shock wave model, further testing is  
needed to see if other properties of chondrules can be 
explained in the  context of this model.   
   One area of interest is understanding the collisional 
evolution of chondrules after they encounter a shock 
wave.  These collisions could lead to sticking, destruc-
tion, or bouncing.  Here we focus on understanding 
what conditions are needed for these different out-
comes to occur and try to reconcile the seemingly con-
tradictory conclusions reached by studies of compound 
chondrule formation and chondrule destruction by 
collisions behind a shock wave. 
   Chondrule Collisions: The observation of com-
pound chondrules in meteorites has led to the  realiza-
tion that chondrules were susceptible to collisions 
while still in their molten state during the formation 
process [5,6].  The frequency of these objects has been 
used to put constraints on the density of chondrules in 
the nebula  during a chondrule formation event [3,5,7].  
By assuming a relative velocity between the chon-
drules and a time interval during which the chondrules 
were likely to "stick" upon experiencing a collision, 
previous workers have calculated that the ratio of 
chondrule mass density to gas density would be, on 
average, 0.15-0.30.  These models have typically as-
sumed a value for the relative velocity between the 
chondrules to be 100 cm/s, which has been constrained 
by estimates of chondrule surface tension [8].  This is 
roughly the relative velocity expected in a turbulent 
nebula with a value of  =10-4 (dimensionless turbu-
lence parameter). 
  In the shock wave model, relative velocities between 
the particles will arise in a different way.  As the parti-
cles enter the shock, they will be moving with some 
relative velocity with respect to the gas.  It is this rela-
tive motion that leads to the heating of the particles 
and their subsequent deceleration.  The force exerted 

on a particle by the gas will depend on its velocity, 
temperature, and size.  Thus particles of different sizes 
will decelerate at different rates, leading to relative 
velocities between the particles. 
   This effect was studied by Nakamoto and Miura [9] 
who calculated the rate at which particles of different 
sizes would collide and the energy associated with 
those collisions.  Assuming that those particles which 
experienced collisions such that the energy of the col-
liding particle (m2v2/2) was greater than the strength of 
the particle( m1/f, where  =3x106 erg/g, and f=0.3 is an 
efficiency factor) was destroyed, these authors ex-
plored how likely particles of different sizes were to 
survive behind a shock wave under various conditions.  
They concluded that in order to produce the observed 
chondrule size distribution, the ratio of chondrule mass 
density to gas mass density should be on the order of 
or less than 0.01 (close to the average value in a ca-
nonical solar nebula).  If this ratio was exceeded, the 
larger chondrules observed in meteorites would not 
survive. 
  Thus the results of compound chondrule studies  
seem to be inconsistent with the survival of chondrules 
behind a shock wave.  In order to produce the ob-
served number of compound chondrules, the particles 
must have been concentrated at relatively high mass 
ratios.  However, such high mass ratios may not allow 
those chondrules to survive the formation process.  We 
are currently investigating ways that these contradict-
ing calculations can be reconciled. 
  Model Development:  By calculating the rate at 
which different particles are decelerated as they flow 
behind a shock wave, we can calculate the relative 
velocity between two particles of different sizes.  
Given the relative velocity between two particles (par-
ticle 1 with radius r1 and particle 2 with radius r2), we 
can then calculate what the number density of particles 
the same sizes as particle 2 would have to be to ensure 
that a given particle 1 would collide with one of these 
particles (n2=1/ r1

2vt, where t is the time that the parti-
cles are susceptible to collisions and v is the relative 
velocity).  If we limit ourselves to those velocities 
which would lead to the destruction of particle 1, 
based on the criteria described above, then we can 
calculate what the minimum number density would 
have to be to ensure that particle 1 would be destroyed 
in these collisions. 
  Size Distribution of the particles.  In general, large 
relative velocities (large enough to lead to destruction 
of a particle) can be achieved between the particles 
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considered.  However, when particle 2 has a radius 
which is close in value to that of particle 1, the veloci-
ties of the particles do not differ significantly at any 
point behind the shock wave.  This means that the cri-
teria for destruction would not be met—that is that the 
collisional velocity between the particles would be too 
small to lead to destruction.  Thus, if the particle size 
distribution entering the shock wave is  narrow, then 
very few particles may be destroyed due to collisions.   
Models of the redistribution of particles in the solar 
nebula by turbulence predict that particles of similar 
size (actually similar products of radius and mass den-
sity) are preferentially concentrated by turbulent ed-
dies [10].  Thus this “window” of low relative velocity 
of the particles may be due to the size selection of tur-
bulence in the nebula.  We are investigating the de-
pendence of the size of the window and the size distri-
bution of particles in eddies on nebular parameters. 
   Results of Collisions.  In the compound chondrule 
investigations described above, the velocity of the col-
lisions was thought to be on the order of 100 cm/s or 
less, because surface tension arguments suggest that 
larger collisional velocities would disrupt the chon-
drules [8].  However, this velocity is much less than 
the disruption velocities for particles using the criteria 
outlined in [9].  While slight differences in the critical 
velocity for disruption can be expected due to large 
uncertainties, differences of several orders of magni-
tude will lead to the discrepancies described above.  
This must be examined more closely. 
  In [7], we outlined a simple model to describe the 
conditions needed for two viscous particles to stick 
based on Hertzian contact theory of two spherical par-
ticles.  Specifically, the collisional time between two 
spherical particles must be less than the Maxwell time.  
The Maxwell time is a property of a given material: on 
timescales short compared to the Maxwell time, the 
material will behave elastically and collisions will lead 
to bouncing or disruption; on timescales long com-
pared to the Maxwell time, the material will behave 
viscously and collisions will lead to flow or sticking of 
the chondrules.  This model can be expanded to con-
sider the variability of the Maxwell time with impact 
parameters as well as composition and temperature 
variations in the behavior of the chondrules.  A more 
complex model will help to constrain what will happen 
when two chondrules collide at a given velocity. 

   Compound Chondrule Formation at High Velocities.  
Should large velocity collisions allow for the forma-
tion of compound chondrules, we can estimate the 
formation rate of compounds based on the relative 
velocities calculated above.  In addition, we can im-
prove upon previous compound chondrule calculations 
by considering particles of various sizes.  In their in-
vestigation of compounds, Wasson et al. [6] detailed 
the various sizes of the different components of com-
pound chondrules and showed that the primaries and 
secondaries may have very different sizes from one 
another.   While these observations may be the result 
of uncertainties due to observing the compounds in 
thin-section [7], they may also be the result of the way 
the objects formed. 
   Summary:  The collision of two chondrules can lead 
to a number of outcomes:  the chondrules may stick 
and form a compound chondrule, one or both of the 
chondrules may be destroyed, or the two chondrules 
may simply bounce off of one another.  Behind a 
shock wave the relative velocity between two chon-
drules may vary over many orders of magnitude.  Un-
derstanding the conditions needed for each of these 
outcomes to be satisfied is important in evaluating if 
chondrules could have been formed by shock waves in 
the solar nebula. 
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Introduction: Fine-grained materials that occur
in accretionary rims (ARs) around chondrules and
Ca-Al-rich inclusions (CAIs) and in the matrix of CV
chondrites provide a unique probe for understanding
the origin of nebular dust and its subsequent
modification by nebular and/or asteroidal processes.
Isotopic studies of such materials are challenging due
to their small grain size. Oxygen isotopic
compositions of chondritic materials present large
isotopic variations, with the most refractory
components, CAIs and amoeboid olivine aggregates
(AOAs), enriched in 16O by ~5% with respect to most
chondrules and average matrix. Recent ion
microprobe data have shown the existence of large
16O-enrichments in individual chondrule olivine
grains [1,2] and AR olivine [3]. These results suggest
a genetic link between chondrule precursors and
CAIs. However, with few exceptions, matrix
materials have been measured only by “bulk”
methods and their small-scale isotopic variability has
remained largely unexplored. Here we report in situ
chemical and oxygen isotopic compositions of the
finest components of CV chondrites present in ARs
around CAIs and matrices in Leoville, Vigarano and
Allende. These data will help constrain the
environment of formation of the fine-grained nebular
dust and establish possible relationships with other
chondritic components.

Results: ARs around CAIs in CV chondrites form
a structure consisting of two to three layers that differ
in olivine grain size and/or chemical composition. In
all cases, the inner layer (IL) is more compact and
coarser grained, similar in texture to AOAs. It
consists of forsteritic olivine (Fa<10) that is 16O-rich
(∆17O ~ –25 to –15 ‰; 2σ ~ 3 ‰) (Fig. 1). In Allende
and Vigarano, olivine from this layer also presents
strong enrichments in FeO (Fa10-40) that correlate with
relative depletions in 16O (∆17O ~ –20 to –5 ‰) (Fig.
1). The middle (ML) and outer layers (OL) as well as
the matrix of each chondrite are more porous and
very fine-grained (<1 µm in Leoville and Vigarano
and up to 10 µm in Allende). Olivine from the ML in
Leoville is intermediate in mineral chemistry and
isotopic composition (Fa15-25; ∆

17O ~ –16 to –11 ‰)
(Fig. 1). In Allende, ML olivine is FeO-rich (Fa~35)
and exhibits variable ∆17O values from –15 to 0 ‰
(Fig. 1). OL and matrix olivine is mostly fayalitic
(Fa30-65), although variable in isotopic composition

(∆17O ~ –17 to 0 ‰) (Fig. 1). Larger grains in all the
samples studied are generally 16O-rich, but even some
of the finest olivine grains show 16O-rich values.

Discussion: Olivine from ARs and matrices in
CV chondrites exhibit large correlated variations in
chemical and isotopic compositions. There is a
progressive enrichment in FeO and depletion in 16O
(compared to the maximum values observed in CAIs
and AOAs) seen in olivine from all layers and
matrices, which suggests variable degrees of mixing
between two end-member compositions: FeO-poor
and 16O-rich with FeO-rich and 16O-poor. The
textural and compositional similarities of IL olivine
to AOAs suggest that this layer accreted 16O-rich
forsterite that condensed from the nebula and was
later sintered around CAIs during a heating event [3].
The fine-grained olivine from the outermost AR
layers and from CV matrices may represent the same
population of dust that escaped such thermal
processing by nebular sorting. Alternatively, it may
represent a second generation of dust that later
accreted around CAIs and chondrules and as CV
matrix. In any case, these fine-grained components
also preserve some 16O-rich signatures, suggesting
that the nebular dust was initially 16O-rich and later
underwent variable degrees of isotopic exchange with
and 16O-depleted reservoir. The observed progressive
variation in chemical and isotopic compositions most
likely resulted from variable degrees of exchange of
initially 16O-rich forsterites with an FeO-rich and 16O-
poor reservoir.

In Allende, olivine chemical and isotopic
signatures also vary with grain size so that the finest
grains are the most fayalitic and depleted in 16O. This
grain size effect on composition suggests a diffusion-
controlled exchange mechanism for the observed
compositional mixing. Calculations based on Fe-Mg
[4] and O diffusion [5] in San Carlos olivine yield
closure temperatures that differ by approximately
300˚C, higher for O because of its slower diffusion
rate. This temperature discrepancy may indicate that
this was not a coupled exchange process or that the
assumptions involved in the calculations do not
properly reflect conditions during olivine alteration.
An alternative explanation for our results could be
the formation of FeO-rich and 16O-poor overgrowths
around 16O-rich forsterite grains. In either case,
however, the conclusion remains that the initial fine-
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grained olivine in Allende ARs and matrix was
enriched in 16O. After their accretion around CAIs
and the agglomeration of the CV parent body, AR
and matrix olivine most likely experienced chemical
and isotopic exchange in situ in the parent body as
inferred by a rock fabric control on the distribution of
chemical and isotopic heterogeneities.

Implicat ions:  The preservation of 16O-rich
signatures in the finest components of CV chondrites
is strong evidence that even the finest nebular dust
originated from the same isotopic reservoir as CAIs
as well as AOAs and chondrule precursors. It is
possible that the largest fraction of nebular dust that
accreted as the outer AR layers and matrix was
similar to chondrule precursor materials. This
fraction of condensate dust largely escaped nebular
processing and was later modified in the CV asteroid.
Therefore, most chondritic materials apparently
originated from a widespread –in time and/or space–
gaseous reservoir enriched in 16O and later evolved
differently, recording distinct nebular histories. In
particular, the interaction with an 16O-poor nebular
gas is recorded by the chondrule formation process
and the variable melting of CAIs and isotopic
exchange of individual minerals. This 16O-poor
reservoir may have existed in the solar nebula either
at the same time as the 16O-rich one, but in separate
regions, or at a later time. Separate isotopic reservoirs
in the nebula could have derived from materials with
different nucleosynthetic origin (16O-rich solids and
16O-poor gas [6,7,8]) or from heterogeneities
produced locally by irradiation on the surface of the
disk [e.g., 9,10]. The formation of CAIs, chondrule
precursors and nebular dust in a single isotopic
reservoir is more consistent with the local production
models, and supports the hypothesis that the initial
isotopic composition of the solar system is ~5% more
enriched in 16O than is preserved in the bulk Earth,
Mars, or asteroids.
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Fig. 1 Oxygen isotopic compositions vs. fayalite
content of olivine from the AR (IL, inner layer; ML,
middle layer; OL, outer layer) and matrix (MX) of
the CV chondrites Leoville, Vigarano and Allende.
2σ errors on ∆17O are 2-3 ‰.
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In this talk we assess theoretical models of the 
radial, temporal, and thermal evolution of nebula 
solids, and their ultimate accretion into planetesimals 
such as we see today, using meteorite evidence as a 
guide.   

Each class of chondrites contains a characteristic 
suite of chondrules and CAIs that may have formed 
over a period of several Myr during which 
planetesimals were accreting in the disk. Details of 
the various models for transient melting of 
chondrules and igneous CAIs will be left to others. 
However, high-temperature processes of different 
kinds – evaporation, alteration, etc – did affect these 
constituents and their environment over this time 
span. Here we describe evolutionary scenarios 
consistent with a large time gap between CAI and 
chondrule formation and the presence of distinctive 
suites of chondrules and CAIs in each chondrite 
class. 

Particle-gas dynamical processes transport 
particles of all relevant sizes (microns to many 
meters) within the nebula and affect their evolution in 
a variety of important ways. Turbulent radial 
diffusion spreads particles radially down their 
concentration gradients – as one example, it can 
prevent CAIs from being lost into the sun on several 
Myr timescales [1]. Vertical diffusion spreads the 
dense midplane particle layer, determining its volume 
density, which in turn affects the particle growth rate 
and even the dominant growth process [2-4]. 
Turbulent concentration selects aerodynamically 
sorted particles for orders-of-magnitude density 
enhancement, and is applicable to porous, fluffy 
particles of appropriate size as well as to solid 
chondrules [5]. Inward radial drift under gas drag 
brings a surprisingly large amount of material to 
regions where it evaporates; these evaporation fronts 
cause significant chemical modification of the nebula 
gas over a wide range of radii [6]. Radial transport by 
stellar winds can be important for small particles [7].  

The basic physics of these processes will not be 
presented in detail. Instead we will concentrate on 
how scenarios of primary accretion which make use 
of this physics can be constrained by the meteorite 
record. We will discuss how models of the 
condensation-alteration sequence under non-
equilibrium conditions might provide new insights 
into an extended nebula evolution of meteorite 
components. We will attempt to clarify how currently 
observed aspects of chondrite parent bodies can  shed 
light on these issues, and will point out how future 
experimental studies of meteorite chemical and 
isotopic properties might better constrain these 
models or distinguish between them. We will assess 
the predictions of primary accretion models regarding 
observable physical, chemical, and isotopic 
properties, and accretion timescales, from the 
standpoint of meteoritic observations.  
 
References: [1] Cuzzi JN, Davis S., and 
Dobrovolskis A. (2003) Icarus  166, 385; [2] 
Weidenschilling SJ (1997) Icarus 197, 290; [3] Cuzzi 
JN and Weidenschilling SJ (2005); Meteorites and 
the Early Solar System II; [4] Weidenschilling SJ and 
Cuzzi JN (2005); Meteorites and the Early Solar 
System II. [5] Cuzzi JN et al. (2001) Astrophys. J. 
546, 496; [6] Cuzzi JN and Zahnle KJ (2004) 
Astrophys. J. in press (Oct  10 2004 issue). [7] Shu F. 
et al (1997) Science 277, 1475. 
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Introduction: The most general argument for 
evaporation and condensation having played a signifi-
cant role in determining the chemical properties of Solar 
System materials is based on the observation that all 
these materials are variously but systematically depleted 
in their more volatile elements relative to the bulk com-
position of condensable matter in the Solar System, 
generally accepted to be exemplified by CI chondrites. 
CAIs and chondrules are particularly valuable for gain-
ing insight into condensation and evaporation, because 
they preserve isotopic, chemical and textural evidence 
of these processes. Coupled with modeling and labora-
tory experiments, the properties of CAIs and chondrules 
provide marvelous opportunities for understanding the 
conditions under which high temperature processes oc-
curred in the early solar system. 

Theoretical background: Condensation and 
evaporation are terms widely used to describe volatility 
fractionation processes, but they are incomplete. It is 
important to distinguish between equilibrium and ki-
netically controlled processes. Condensation is usually 
used as shorthand for equilibrium fractionation with 
falling temperature, and evaporation is often taken to 
mean a kinetically controlled fractionation with increas-
ing temperature, but kinetically controlled condensation 
and near-equilibrium evaporation can also occur. Ther-
modynamic equilibrium condensation calculations have 
been widely applied for more than 30 years [e.g., 1–4]. 
Significant advances in understanding kinetically con-
trolled evaporation processes are more recent [e.g., 1,5–
15]. Volatility-based elemental fractionation can occur 
under equilibrium or kinetically-controlled conditions, 
whereas large isotopic mass fractionation effects can 
only occur under kinetic control under specifically fa-
vorable circumstances of departure from equilibrium PT 
conditions, gas composition, diffusion rates in solids 
and melts, etc. It is the presence or absence of isotopic 
fractionation effects in CAIs and chondrules coupled 
with the conditions necessary to preserve these effects 
that constrain early Solar System environments. 

Experiments: Evaporation of CAI and chondrule 
compositions in the laboratory have confirmed much of 
the theoretical understanding of evaporation processes, 
but have also shown the need for experimentally deter-
mined parameters in models. A good example of this is 
isotopic fractionation of magnesium. It is predicted that 

the gas solid fractionation factor for magnesium should 
be given by the square root of the masses of the magne-
sium isotopes, e.g.,     

! 

24 / 25 , yet well-controlled ex-
periments evaporating crystalline forsterite, liquid 
Mg2SiO4, melts of initially chondritic composition and 
CAI melts consistently give fractionation factors of 
about 2/3 of the expected value (all experiments sum-
marized in [12]). In models relating degree of mass loss 
of magnesium with isotopic fractionation, the experi-
mentally determined fractionation factor must be used. 

CAIs: There is surprisingly little evidence for di-
rect condensates among CAIs, as strong textural and 
petrologic arguments for subsequent melt crystallization 
can be made for some CAIs and for most others the 
mineralogy is too simple for strong petrologic con-
straints and textures are equivocal. In the 1970s, the 
best-known CAIs were the large Type A and B CAIs in 
CV chondrites. At the time, it was argued that most are 
condensates, because their mineralogy (spinel, melilite, 
fassaite and anorthite) matched that from condensation 
calculations and they are enriched in lithophile and si-
derophile elements by a factor of ~20 relative to CI 
chondrites [2,16]. It is now clear that although there 
may have been condensate precursors to these CAIs, the 
last event they experienced was one of heating and 
crystallization from a melt. 

Careful determination of bulk chemical composi-
tions of Type B CAIs have revealed that they are de-
pleted in magnesium and perhaps silicon relative to 
compositions predicted from equilibrium condensation 
calculations [8]. These CAIs also have correlated en-
richments in the heavy isotopes of silicon and magne-
sium [17], very similar to what has been measured in 
laboratory produced evaporation residues [6]. Both the 
elemental abundances and isotopic compositions of 
CAIs can be understood by evaporation of equilibrium 
condensates from a gas of solar composition [8] and the 
correlated elemental and isotopic fractionation effects 
have been reproduced in laboratory evaporation of CAI 
melts under plausible solar nebular conditions [12]. 
Type B CAIs have igneous textures indicating that they 
were once reheated to several hundred °C above their 
condensation temperatures for plausible nebular pres-
sures and remained partially molten for at least several 
hours [18]. The duration of this high temperature event 
is such that significant evaporative loss of magnesium, 
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silicon and oxygen is to be expected given the evapora-
tion kinetics of these elements from Type B CAI-like 
liquids in a low-pressure hydrogen-dominated gas [12]. 
A plausible source of the reheating is by the passage of 
a shock wave, and we will show that the temperature 
and pressure history of a CAI subject to Desch and 
Connolly’s [19] canonical shock will fractionate the 
elemental and isotopic composition of a reasonable pre-
cursor (i.e., a condensate from a solar composition gas) 
so as to produce a very typical Type B CAI. An alterna-
tive model for formation of Type A and B CAIs in-
volves single stage closed system evaporation of cold CI 
chondrite-like precursors under conditions at enhanced 
dust/gas ratios [15]. Partial back reaction reequilibrates 
isotopic compositions while permitting elemental frac-
tionation. We will evaluate the strengths and weak-
nesses of both models. 

Chondrules: Chondrules show a wide range of 
elemental compositions, which include large variations 
in Mg/Si ratios, FeO, Fe-metal, and alkali contents. De-
spite these variations, to date no large, systematic mass 
dependent isotopic fractionations (K, Fe, Mg, Si and O) 
have been found in chondrules [17,20-22]. Whatever 
process was responsible for the elemental fractionations 
must have occurred far from Rayleigh conditions. 

There continues to be a vigorous debate about 
whether the variations were produced by differences in 
the chondrule precursors, evaporation and recondensa-
tion during chondrule formation, or modification after 
accretion onto the parent bodies. 

Under the currently accepted conditions of chon-
drule formation, some evaporation of the alkalis, Fe and 
Si would be expected. Indeed, there is some petrologic 
evidence for recondensation of alkalis, Fe and Si onto 
chondrule rims [23,24], and alkalis and Si back into 
chondrules [25]. The fact that this evaporation and con-
densation did not also produce large isotopic fraction-
ations has led some to suggest that chondrules formed at 
high partial pressures of H2, perhaps as high as 1 bar 
[21]. However, such high partial pressures are difficult 
to reconcile with astrophysical models of planetary 
disks. An alternative is that while chondrules may have 
experienced evaporation and recondensation, the times-
cales were sufficiently long for them to approach iso-
topic equilibrium with the surrounding gas. 

Comparison of chondrule compositions to kinetic 
evaporation and recondensation paths, and equilibrium 
and kinetic condensation paths suggest that the type A 
chondrules could have formed as either near-
equilibrium melts through evaporation and recondensa-
tion, or direct condensation in CI-dust enriched (100-
1000×solar) systems [4, 15, 24-27]. While direct 
condensation of some chondrules is possible, the 
presence of relict grains in many chondrules shows that 
most chondrules formed from solid precursors [28,29]. 

chondrules formed from solid precursors [28,29]. Type 
B chondrules and Al-rich chondrules probably need 
previously fractionated precursors. The physical separa-
tion of metal from chondrules and/or their precursor 
may also be needed to explain the full range of Fe con-
tents of chondrules.  

In conclusion, it seems likely that chondrules did 
experience some evaporation and/or condensation, but 
they formed under very dust enriched conditions that 
enabled them to approach equilibrium with the sur-
rounding gas at high temperatures. Hence, the absence 
of mass dependent isotopic fractionation in them. How-
ever, equilibrium cannot have been maintained to low 
temperatures. Crystallization during cooling and the 
sluggish diffusion rates in the residual glass eventually 
prevented further chondrule-gas exchange [15]. 

Summary: Chondrules and CAIs have been evapo-
rated, either from CI-like precursors or more refractory 
condensates, with chondrules having evaporated under 
more dust-enriched conditions than did CAIs. 
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ford, p. 407. 2. Grossman L. (1972) GCA, 36, 597. 3. 
Yoneda S. and Grossman L. (1995) GCA, 59, 3413. 4. 
Ebel D. S. and Grossman L. (2000) GCA, 64, 339. 5. 
Hashimoto A. (1983) Geochem. J., 17, 111. 6. Davis A. 
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Introduction:  At the 1994 Conference on Chon-

drules and the Protoplanetary Disk, shock waves were 
discussed as mechanisms that may have been respon-
sible for forming chondrules, millimeter-sized igneous 
spheres which are significant components of chondritic 
meteorites [1, and references therein].  At the time, 
shock waves were appealing because they were 
thought to be brief, repetitive events that were quanti-
tatively shown to be able to rapidly heat silicates to the 
appropriate temperatures for chondrule formation.   

Since that meeting, more detailed models for the 
thermal processing of material in shock waves have 
been developed [2-4].  These models have tracked the 
thermal evolution of the silicates for longer periods of 
time and found that their cooling rates are also consis-
tent with what has been inferred for chondrules.  In 
addition to the thermal histories of these particles, 
shock waves may be able to explain a number of other 
features observed in primitive meteorites.  Here, we 
review the recent work that has been done in studying 
the interaction of solids with shock waves in the solar 
nebula. 

Source of Shocks in the Early Solar System: 
Shocks are ubiquitous in astrophysics, and many 
mechanisms have been suggested that could give rise 
to shocks in the early Solar System.  One is bow 
shocks around planetesimals moving supersonically 
with respect to the gas [5].  The scale of these shocks 
would be roughly the size of the planetesimals.  An-
other source is the accretion of material onto the disk 
[6].  These shocks would be large-scale but probably 
not process solids more than once.  A promising 
source of shocks is gravitational instabilities within the 
disk [7].  These would be widespread and repeatable.  
Unfortunately, disk models are not yet to the point that 
we can conclusively identify a source of shocks.  
Analysis of how chondritic material is affected by 
shocks can help constrain this astrophysical unknown. 

Physics of Heating in Shock Waves:  A shock 
front is the supersonically moving discontinuity be-
tween cool, low-density, high-velocity gas and hot, 
high-density, slow-moving gas.  As the fast-moving 
gas passes through the shock front, it is slowed, com-
pressed and heated according to the Rankine-Hugoniot 
relations.  But the motions of any solids in the gas are 
not initially affected by the shock front.  Solids con-

tinue to move supersonically through the gas until they 
collide with roughly their own mass of gas.  This su-
personic drift velocity heats the solids just as meteor-
oids are heated as they pass through the atmosphere.  
In addition, the solids are heated by thermal exchange 
with the heated, compressed post-shock gas.  Solids 
may also be heated by absorbing the infrared radiation 
emitted by other solids and gas molecules.  Eventually, 
the solids come into dynamic equilibrium with the gas, 
and then also come into thermal equilibrium.  The gas 
and solids return to their pre-shock temperatures.  The 
physics of shock wave heating of solids is one in 
which heating is relatively sudden and short-lived.  
Experimental petrology has established that chondrules 
were heated in exacltly this manner, and the shock 
wave model has gained favor as the mechanism that 
melted the chondrules.  

Chondrule Formation in Shock Waves:  As 
stated above, three separate groups [2-4] have shown 
that the cooling rates of millimeter-sized particles sus-
pended in nebular gas overrun by a shock wave can be 
consistent with those rates inferred for chondrules (10-
1000 K/hr). Despite this agreement, the models differ 
slightly in their assumptions and the conclusions as to 
how particles are able to cool at these rates.  The 
model of Iida et al. [2] assumed that the gas could cool 
itself effectively by emitting line radiation, infrared 
photons generated by transitions between the energy 
states of water and CO molecules.  They assumed 
these photons could escape the shocked region with 
high efficiency, so the gas tended to cool rapidly.  
Since the gas does not stay warm for long, solids, 
which are mainly heated by frictional heating, stay hot 
only for as long as they are moving supersonically 
through the gas.  The cooling rate of chondrules in 
such a model is > 100 K/hr.  Desch & Connolly [3] 
and Ciesla & Hood [4],  make the opposite assump-
tion, that line photons cannot escape the shocked re-
gion before being absorbed by another water or CO 
molecule.  In that case, the gas can stay warm for 
longer, and the solids are heated by the gas even after 
they slow to the gas velocity.  Because more solids 
stay hot for longer, solids absorb more infrared radia-
tion from other chondrules.  In such models,  chon-
drules tend to cool at rates of 10-100 K/hr, at rates 
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determined by how quickly the solids can travel sev-
eral optical depths from the shock front.   

Clearly line photons will escape the shocked region 
with some intermediate efficiency, not being perfectly 
trapped, but not escaping with perfect efficicency ei-
ther. The resolution of the problem will come with 
more detailed modeling of the absorption of line pho-
tons by water and CO molecules in the gas.  Likely 
inputs to this calculation will include the spatial distri-
bution of water, which is perhaps influenced by the 
presence of a snow line [8].  Current solutions very 
likely bracket the real solution. 

Cooling rates are not the only attribute of chon-
drules that may be explained in terms of the shock-
wave heating model.  One of the most prominent fea-
tures of chondrules is that they formed through liquid 
spheres.  However, if the ambient gas pressure is not 
high enough, liquid silicates, which have high vapor 
pressures, tend to boil, and they could hardly form 
chondrules.  According to Miura et al. [9], the gas 
pressure in a region behind shocks is so high that the 
boiling of liquid particles is suppressed.  It should be 
noted that a condition to heat and melt solids and a 
condition to keep the molten state stable are independ-
ent of each other, but the shock-wave heating model 
can meet these conditions consistently.  Another inter-
esting property of chondrules is their sizes.  Susa & 
Nakamoto [10] pointed out that one of the mechanisms 
to which the chondrule size distribution may be attrib-
uted is the disruption of liquid particles in the high 
velocity gas flow.  When the particles are liquid, those 
particles are exposed by the fast gas flow behind the 
shock.  And the gas flow exerts the ram pressure on 
the partilces.  When the ram pressure is stronger than 
the surface tension, which tends to keep the liquid par-
ticle spherical and is inversely proportional to the ra-
dius of the particle, the liquid particle is expected to 
break down.  In the case of the shock-wave heating 
model, the maximal size of the liquid particle is esti-
mated to be of the order of 1 mm [10], which is consis-
tent with natural chondrules. 

Other Shock Wave Studies:  While most studies 
of shock waves in the solar nebula have focused on 
whether or not they could form chondrules, a variety 
of additional effects have also been studied.   As some 
of the proposed shock generating mechanisms would 
operate on large scales, understanding how shock 
waves may have affected other objects is needed. 

Annealing Dust.  In addition to melting millimeter-
sized particles, [11] showed that smaller particles can 
be brought to and maintained at elevated temperatures 
for extended periods of time.  This would allow those 
grains  that formed at large heliocentric distances to be 
annealed into crystalline grains, which are thought to 

be present in comets.  This may also be important for 
understanding the structure of small grains that were 
present near the chondrule forming region. 

Chemical Reactions. Associated with shock waves 
are large increases in gas pressure.  These pressures 
may be larger than those expected at a given location 
in the nebula.  In addition, if a volatile substance is 
present in the nebula in solid form, and at elevated 
concentrations, that substance may be vaporized and 
the resultant partial pressure may be at a value many 
orders of magnitude higher than is expected under 
canonical solar nebula conditions.  Under such situa-
tions, the chemistry of the nebula can be affected.  The 
chemical reactions which take place in the nebula will 
depend on the temperature, pressure, and concentration 
of the reacting species.  Thus, a shock wave may pro-
vide a temporary environment in which chemical reac-
tions can take place that would not otherwise have 
occurred. 

This idea was explored in [12] in looking at the 
formation of fine-grained phyllosilicates in the solar 
nebula.  The formation of these objects was originally 
thought to be kinetically inhibited in the solar nebula.  
However, if a shock wave were to occur in a region of 
the nebula with a significant ice enhancement beyond 
the snow line [8], then the temperature at which these 
objects could form would increase due to the increased 
pressure.  This would allow them to form on very short 
timescales, provided the shocked gas did not dissipate 
before the reaction was completed. 

Discussion: The occurrence of shock waves in the 
solar nebula may have played a major role in process-
ing the primitive solids suspended in the gas.  This 
processing may be seen in the thermal evolution of the 
solids, their chemical evolution, and their dynamical 
evolution.  Understanding how these shock waves 
were created and operated, therefore, needs to be fully 
explored.  Analysis of chondritic material may provide 
important constraints on the astrophysical sources of 
shocks in the solar nebula. 
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Introduction:  Inclusions containing rhönite are
rare among CAIs and were known only from the
Allende meteorite [e.g., 1-4] until [5] reported the
discovery of two rhönite-bearing inclusions, E201
and E202, from the Efremovka CV chondrite.  Unlike
rhönite-bearing CAIs from Allende, these inclusions
show little evidence of secondary alteration and, thus,
are a good source of information about primary
nebular processes.  We are investigating the trace
element and isotopic systematics of these inclusions
in order to better understand their origin.

Results:  Trace elements, including the REE,
were measured by ion microprobe in the constituent
minerals of both inclusions.  The petrography of
these CAIs was given by [5] and preliminary trace
elements data for E201 was reported by [6].

E201: E201 is a type B1 inclusion whose core
consists of subequal amounts of coarse-grained
melilite and fassaite, often poikilitically enclosing
spinel; however, there are also spinel-free islands of
only melilite and fassaite.  Minor rhönite and
perovskite occur in the core, but no anorthite is
present [5].  Surrounding the core is a mantle of
mostly gehlenite-rich melilite, which is separated
from the core of the inclusion by perovskite/melilite
symplectites.  The inclusion is surrounded by a thin
rim of spinel and diopside.  All of the minerals
analyzed have modified group II REE patterns, which
are depleted in an ultra-refractory component (Fig.
1).  The LREE are enriched relative to the HREE and
exhibit moderate volatility-controlled fractionations;
positive Tm and Yb anomalies are also present [6].
Superimposed upon these patterns are variations
typically associated with crystal chemical controls.
Thus, melilite has a positive Eu anomaly and a more
LREE-enriched pattern than fassaite.  A small
hibonite-bearing inclusion attached to the surface of
E201 shows the same REE fractionations, indicating
that it formed from a similar reservoir.

Fassaite in E201 is zoned, with decreasing Ti and
Al and increasing Mg from the cores to rims of
crystals [5].  Trace element abundances also vary,
with REE and Y abundances increasing and Sc and V
abundances decreasing with decreasing Ti.  These
variations are consistent with the trends expected
from crystallization of type B melts [7].  One fassaite
grain has REE abundances that are significantly

higher (by an order of magnitude) than the others [6].
Core melilite REE compositions vary by a factor of
five and are inversely correlated with Ak contents, as
expected from partitioning experiments [8].
However, REE abundances are lowest in the more
gehlenitic mantle melilite.  This may reflect rapid
cooling of the outer mantle, as [9] have noted that
partition coefficients for melilite decrease with
increased cooling rate.

Figure. 1.  Representative CI chondrite-normalized
REE patterns for minerals from E201.

E202 : E202 is a compact type A inclusion
dominated by coarse-grained relatively gehlenitic
melilite with minor fassaite, both of which
poikilitically enclose spinel.  Rounded rhönite grains
are associated with fassaite and are surrounded by
perovskite/melilite symplectites [5].  A rim
containing spinel and perovskite surrounds one edge
of the inclusion.  The minerals in this inclusion have
REE patterns that are largely unfractionated, but
show some variations consistent with mineral/melt
partitioning (Fig. 2).  Melilite REE patterns are flat
with small positive Eu anomalies; REE
concentrations vary by a factor of three, but are not
correlated with Ak contents.  Both fassaite and
rhönite REE patterns are HREE-enriched with
negative Eu anomalies, and show little variation in
abundance.  REE concentrations are a factor of 5
higher in fassaite than rhönite.  Perovskite has a
slightly LREE-enriched pattern with a negative Eu
anomaly and REE abundances of 600–900 x CI.

Preliminary Mg isotopic analyses suggest that
both inclusions have 26Mg excesses due to the decay
of 26Al, with 26Al/27Al ratios consistent with the
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canonical value of 5 x 10-5.  Additional
measurements are planned to confirm this, and to
look for Mg isotopic fractionation in the mantle of
E201 that may provide evidence for evaporative loss
of Mg.

Figure. 2  Representative CI-chondrite normalized
REE patterns for minerals from E202.

Discussion:  The presence of rhönite in these
inclusions and unusually Ti-rich fassaite in E201 may
indicate high Ti/Si in their precursor materials [5],
suggesting that the two inclusions originated in a
similar region of the solar nebula.  However, the trace
element data indicate that they have experienced very
different histories.  In addition to the obvious
differences in REE pattern types between the two
inclusions, it is interesting to note that rhönite, which
in E202 exhibits HREE-rich partitioning similar to
fassaite, is in E201 much more strongly LREE-
enriched than fassaite.

The modified group II REE pattern of E201 is
unusual for type B1 inclusions [10] and indicates that
its precursor material condensed after the
fractionation and removal of an ultrarefractory
component.  The fact that an inclusion with similar
REE patterns has accreted onto E201 suggests that
melting of the E201 precursor material probably
occurred in close spatial and/or temporal proximity to
the original condensation event.  E201 probably
cooled rapidly under non-equilibrium conditions, as
indicated by the absence of anorthite and the
presence of rhönite [5], which is not predicted from
equilibrium crystallization of type B CAI melts [11,
12].  Rapid cooling is also suggested by the low REE
abundances in the mantle melilite, as noted above.

Spinel-free islands such as those seen in E201
have been interpreted as xenolithic components in
some CAIs [13], but such an origin is unlikely in
E201.  Although the anomalously REE-rich fassaite
grain noted above comes from a spinel-free region,
two other fassaite grains from spinel-free areas have

REE abundances in the range of those from spinel-
rich areas.  Moreover, [14] showed that REE
concentrations for subliquidus fassaite extend to
compositions that encompass such grains.  Finally, it
is not likely that xenolithic components would
fortuitously have the same unusual fractionated REE
patterns as the host CAI.  The spinel-free regions
may, however, represent unmolten or partially
unmolten remnants of precursor material, which are
not in complete equilibrium with the remainder of the
CAI.

The origin of E202 is more enigmatic.  Although
compact type A inclusions are generally thought to
have crystallized from liquids, their crystallization
histories have been difficult to decipher.  REE
patterns in the minerals from E202 exhibit variations
that are consistent with their formation from a melt,
and [5] inferred a crystallization sequence of spinel
followed by melilite, rhönite and fassaite for E202.
However, melilite REE abundances are not correlated
with Ak content as expected for igneous partitioning
and fassaite REE and other trace element abundances
show no systematic variations from one grain to
another.  E202 may have experienced later heating
[e.g., 15] that obscured original igneous trends in
melilite and homogenized fassaite REE
compositions.  However, the extent of metamorphism
must have been limited, because major and trace
element compositions in melilite are not
homogeneous.

Conclusions:  Trace element data show that E201
and E202 did not originate in the same part of the
solar nebula.  Both inclusions crystallized from melts
of different precursor materials and E202 may have
experienced some later metamorphism.  The presence
of rhönite in both CAIs could reflect crystallization
kinetics [5], possibly coupled with elevated Ti/Si for
E201, which contains Ti-rich fassaite in addition to
rhönite.
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2053-2068.  [2] Fuchs L. H. (1978) Meteoritics 13, 73-88.
[3] Allen J. M. et al. (1978) PLPSC 9th, 1209-1233.  [4]
Podosek F. A. et al. (1991) GCA  55, 1083-1110.  [5]
Nazarov M. A. et al. (2000) LPS. XXXI, #1242.  [6] Floss
C. (2000) MAPS  35, A53-A54.  [7] Simon S. B. et al.
(1991) GCA 55, 2635-26455.  [8] Beckett J. R. et al. (1990)
GCA 54, 1755-1774.  [9] Davis A. M. et al. (1996) LPS.
XXVII, 291-292.  [10] Sylvester P. J. et al. (1992).  [11]
Stolper E. (1982) GCA 46, 2159-2180.  [12] Stopler E. and
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Introduction:  Many anhydrous interplanetary dust 

particles (IDPs) are the most pristine samples of primitive 
solar system dust currently available for laboratory analy-
sis. Their primitive nature is demonstrated by: 1) the high 
content of moderately volatile elements, indicating they 
have not been heated significantly since formation, 2) the 
absence of hydrated material, indicating they never ex-
perienced aqueous processing, 3) the presence of unequi-
librated mineral assemblages, 4) the presence of large iso-
topic anomalies (e.g., D and 15N enrichment), in these 
IDPs.  

Measurements:  We have begun a project to identify 
the host phases of the major and minor elements in primi-
tive IDPs, and compare the host of each element to predic-
tions allowing us to test nebula condensation models. The 
project proceeds in three steps: 

1) We map the spatial distributions of elements 
from K to Zn in ultramicrotome sections, each ~80 to 
100 nm thick, using a zone plate focused X-Ray Mi-
croprobe (XRM) at Sector 2 of the Advanced Photon 
Source (APS) at Argonne National Laboratory. This 
XRM has an analysis beamspot ~150 nm in size, suf-
ficient to resolve individual mineral grains in most 
primitive IDPs. 

2) We map the spatial distribution of C, N, and O 
using a Scanning Transmission X-ray Microscope 
(STXM), which employs zone plate focusing to 
achieve an ~50 nm analysis beamspot, on ultramicro-
tome sections, and then determine the C, N, and O 
functional groups by X-ray Absorption Near-Edge 
Structure (XANES) spectroscopy. 

3) Once the element hot-spots are identified using 
the XRM and STXM, we identify the host using a 
Transmission Electron Microscope (TEM). 

      We have analyzed 3 primitive, anhydrous IDPs, 
L2011*B2, L2010B10, and L2009*F3, using the XRM, 
and 3 primitive, anhydrous IDPs, L2005*A3, L2008H9, 
and L2011R11, using the STXM. 

XRM Results: Some of the element maps we obtained 
in this project are shown in Flynn et al. [1]. Each of the 
elements that we mapped was found to be localized within 
each of the IDPs.  

K Results.  L2011*B2 is a cluster fragment that has a 
relatively high K concentration. The K is spatially corre-
lated with the Si in this particle. TEM examination of 
other sections of this particle indicate the K-host is a py-
roxene, while nebula condensation models predict that K 
should condense in feldspar.  

S Results: Small S hot-spots were detected in all the 

IDPs examined.  Most of the S is concentrated in Fe-
sulfides, consistent with nebua condensation models. 

Zn Results: The Zn is concentrated in small hot- spots 
co-located with both Fe and S, indicating that the Zn host 
is a Zn-rich, Fe-sulfide. 

Cu results: The Cu in L2011*B2 is concentrated in 
small hot spots that are co-located with both Fe and S, 
suggesting the Cu is also in an Fe-sulfide. 

Ca Results: The Ca is concentrated in a silicate phase, 
which has not yet been examined by TEM.  

STXM Results: Because carbonate has a strong ab-
sorption at ~290.5 eV, the STXM is a particularly sensi-
tive tool to searech for carbonate in the IDPs. 

Carbonate Results: One IDP, L2011R11 shows a 
strong absorptions consistent with carbonate (see Fig. 1), 
suggesting carbonate may be a nebula condensate. 

Nitride Results: The N concentrations in L2011R11 
and L2005*A3 are so low that we have not mapped the N 
distribution in these IDPs, but we obtained N-XANES 
spectra consistent with amide or amine compounds. 
L2008H9 contains more N than the other two anhydrous 
IDPs. This N is concentrated in several small grains, and 
has an N-XANES spectrum consistent with nitrides (as 
described in Flynn et al. [2]). TEM examination of these 
N-rich grains is in progress.  
    References: [1]  Flynn, G. J., Keller, L. P., and Sutton, 
S. R. (2004) Sub-Micrometer Scale Minor Element Map-
ping in Interplanetary Dust Particles, Lunar & Planetary 
Science XXXV, Lunar & Planetary Institute, Houston TX, 
CD-ROM, Abst. #1334. [2] Flynn, G. J., Keller, L. P., 
Wirick, S. and Jacobsen, C. (2004) Nitrogen Mapping and 
Nitrogen XANES Spectroscopy of IDPs,  Meteoritics & 
Planet. Science, Abst. # 5092. 
 

 
Figure 1: XANES spectrum of selected areas on 

L2011R11 that show the large absorption at ~290.5 eV, 
characteristic of carbonate. 
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Introduction:  I will review current ideas about tur-
bulence and the evolution of protoplanetary disks.  An-
gular  momentum conservation  anchors  disk  gas  and
dust in its orbit about the young star.  Turbulence is cen-
tral to disk evolution because it is often, but not always,
associated with angular momentum transport; this per-
mits the development of slow radial flows and ultimate-
ly drives accretion onto the central star and overall evo-
lution of the disk.  

Magnetorotational Instability:  One means of ini-
tiating turbulence in differentially rotating, highly con-
ducting fluids  is  now well  known:  numerical  experi-
ments (e.g. [1])  and laboratory experiments (e.g. [2])
show that  turbulence can be can be initiated and sus-
tained by the magnetorotational instability (MRI) [3,4].
MRI driven turbulence has been shown to  result in an-
gular momentum exchange between annuli in the disk
and thus accretion.  The MRI likely drives accretion in
many astrophysical disk systems, including cataclysmic
variables, X-ray binaries, galactic nuclei, and even the
central engine of gamma-ray bursts.

The MRI is effective only if the ionization fraction
is large enough to couple the magnetic field to the disk
fluid; the bulk of T Tauri disks is likely to be predomi-
nantly neutral [5,6].  At low ionization nonideal plasma
effects enter, including Hall drift, Ohmic diffusion, and
ambipolar diffusion.  These nonideal effects complicate
both  analytic  stability  studies  and  numerical  experi-
ments.  Nonideal effects alter the stability properties of
the disk, but most of the disk at 0.1 AU < r < 30 AU is
simply too poorly ionized for the MRI to be effective at
promoting turbulence and angular momentum transport.
We are thus motivated to look for other sources of tur-
bulence, or else to conclude that the bulk of the disk is
“dead” (laminar) and accretion occurs only in thin sur-
face layers ionized by cosmic rays [6] or X-rays [7,8].  

Self-Gravity:  Gravitational  instability  can  also
drive turbulence in disks.  Gravitational instability oc-
curs when the self-gravity of the disk overcomes the sta-
bilizing influences of pressure and rotation.  In the lan-
guage of planetary science, this happens when the disk
central density exceeds the Roche density.   What hap-
pens next depends on how rapidly the collapsing disk
can dispose of its internal energy.  If the disk cooling
time is less than about half a rotation period, then bound
objects (perhaps planets) form (e.g.  [9]).   If  the disk
cools more slowly, steady “gravito-turbulence,” accom-
panied by angular momentum diffusion, follows.  Mas-

sive disks, typically more than 1/10 the mass of the cen-
tral star, are required for gravitational instability.  Such
conditions are only likely present in the outer disk (r > 2
AU) in the first ~104 years of the disk's existence.

Baroclinic Instability:Recent work has argued that
a fluid instability related to radial stratification-- essen-
tially radial convection-- (the “global baroclinic insta-
bility” [10]) may drive turbulence and angular momen-
tum transport.  This result is potentially important be-
cause protoplanetary disks  will  often have  radial  en-
tropy gradients that are favorable for instability.  Our re-
cent work, however, shows no evidence of convective
instabilities in our numerical experiments.  Instabilities
present in other contexts (such as baroclinic instability
in  planetary  atmospheres)  are  strongly  suppressed  in
disks by angular momentum conservation and by differ-
ential rotation.  

Other Mechanisms:  It  is  too early to  conclude,
however, that “dead” disks really exist.  Most studies
have used approximations that neglect the vertical struc-
ture of the disk.  Vertical gradients in orbital velocity  in
the gas may lead to instabilities and the production of
vortices;  numerical  studies  indicate  that  anticyclonic
vortices in disks can be long lived [11].  Interaction with
the dust layer may play a crucial role [12].  And disk
winds can also drive disk evolution (e.g. [13]).

 Nevertheless  it  is  interesting to  ask  what  would
happen if dead disks do exist.   If accretion can continue
in thin MRI-active surface layers, then matter naturally
accumulates at certain radii in the disk (the location of
the accumulation points depends on the opacity and oth-
er factors).   If allowed to continue for long enough, the
accumulation regions can become unstable, producing
episodic accretion.

References:  [1] Hawley, J.F.  et  al.  (1996),  Ap. J.
440, 742.  [2] Sisan et al. (2004), physics/0402125. [3]
Balbus, S.A., and Hawley, J.F. (1991),  Ap.J. 376, 214.
[4] Balbus, S.A., and Hawley, J.F.  (1998),  Rev. Mod.
Phys. 70, 1.  [5] Hayashi, C. 1981, Prog. Theor. Phys.,
70, 35.  [6] Gammie, C.F. (1996),  Ap. J. 457, 355.  [7]
Glassgold, A. et al. (1997) Ap.J. 480, 344.  [8] Sano et
al.  (2000)  Ap.J. 543, 486.  [9] Gammie, C.F.  (2001)
Ap.J. 553, 174. [10] Klahr, H.H., and Bodenheimer, P.
(2003) Ap.J.  582, 869.  [11] Godon, P., and Livio, M.
(1999) Ap.J.  523, 350. [12] Goodman, J. and Rafikov,
R. (2001) Ap.J. 552, 793.  [13] Wardle, M., and Konigl,
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Introduction:  Hypervelocity collisions is a fun-
damental process which affect the evolution of solid
material in the universe. Collisions of particles occur
in dust clouds or protoplanetary disks. Planetesimals or
meteorites impact large planetary bodies through the
geological history. Solid material during an impact is
subjected to high-temperature flash heating at highly
compressed state which is followed by release of the
pressure while temperature can remain rather high to
cause vaporization of some portion of the material.
The main reason of chemical differentiation here is the
selective character of volatility of different elements,
which can result in sufficiently different compositions
of impact products (melted residua, vapor-
ized/condensed stuff, etc.) while the bulk composition
of the whole system remains unchanged. The process
of star bursts also have some similarity to the evolution
of initially high temperature and high-pressure impact-
produced plumes. This supports the validity of the
investigation of chemical differentiation of siliceous
material during impact-related high-temperature flash
processes. Here we present some basic results of our
experimental investigation of evaporative chemistry
under impact-simulated conditions.

Experimental technique: The simulation of im-
pact-related high-temperature processing was per-
formed using a laser pulse (LP) technique [1]. The Nd
glass laser had the following parameters: the wave-
length - 1,06 µm, the energy of a pulse 400÷600 J, the
power density 106÷107 W/cm2, and a pulse duration
∼10-3 s. Typical temperature under such condition is
4000÷5000 K. The experiments were performed by
vaporizing samples in a sealed cell which was usually
filled by gas (helium, air, H2, CH4, etc.) at 1 atm. The
laser beam was focused into a spot with diameter 3÷5
mm producing melting, evaporation, and dispersion of
melted droplets into expanding plume. A copper foil
was placed in the path of spreading of the vapor plume
at a distance ∼7 cm from the sample to collect con-
densed material. The glass spherules with diameters
ranging from around one to several tens of microns
were found on the surface of the condensed film.
Chemical analysis of the spherules were performed
using FESEM/EDS microprobe analyses.

Experimental results: High-temperature impact-
related treatment results in fundamental chemical
changes of siliceous materials.

Formation of refractory compositions. Experi-
mental investigation of differentiation of mafic melts
shows that spherules in the beginning of a mass loss
process are loosing Si, Fe, alkalis, and their composi-
tion enriches in Mg, Ca, Al, and Ti. With a developed
mass loss spherules looses Mg while Si is still present
in the system [2]. Even Na is not totally lost. Greater
mass loss results in the enrichment of Ca, Al, and Ti in
the system (Fig. 1). The end members of the mass loss
process depends on the temperature of volatilization.
Volatilization under 3000 K results in Al-rich spher-
ules and volatilization at temperatures over 3000 K
results in Ca-rich spherules.

Reduction of iron. An important effect of high-
temperature processing is the reduction of iron. Two
main mechanisms are responsible for the reduction:
thermal and chemical. Thermal mechanism produces
metallic iron nanoparticles through the body of high-
temperature siliceous melts due to direct dissociation
of iron oxide

FeO → Fe + O
while chemical mechanism involve reducing compo-
nents (C, H, etc.) in exchange reactions
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- droplets of melt
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Fig. 1. Chemical composition (wt. %) of starting augite
and of dispersed melted droplets which were produced
in LP experiment. The field of droplets compositions
indicate the trend of compositional changes of the au-
gite melt during successive mass loss.
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FeO + C → Fe + CO
Fig. 2 shows metallic iron nanoparticles (white points)
inside the melt which were formed in LP experiment
with olivine. Gray uniform body under the melt is the
not melted starting olivine. Reduction of iron in olivine
is a result of only thermal mechanism since no reduc-
ing components were present in the system. Generally
both mechanisms are working in a multicomponent
system making reduction rather efficient. Fig. 3 shows
a melted spherule from LP experiment with Murchi-
son. Its surface is heavily covered by Fe-metal and FeS
particles. Due to immiscibility metallic particles are
concentrated on the surface of melted droplets but
some metallic particles can be present inside the melt.
Siderophile elements have a noticeable trend of en-
richment in the formed metallic particles.

Synthesis of complex organics. We performed
systematic experiments with samples containing inor-

ganic carbon and hydrogen. In one set of experiments,
carbon and hydrogen were incorporated into the sam-
ple in inorganic phases, in another, carbon and hydro-
gen free samples were vaporized in CO2+H2O or CH4
atmospheres. Experiments show the synthesis of a
rather complex organic components (mainly hydrocar-
bons) even at oxidized conditions only if hydrogen and
carbon is present in the system [3]. The possible
mechanism here can be the Fischer-Tropsch-type of
synthesis on the surface of forming condensed parti-
cles. Fig. 4 shows chromatograms of organic com-
pounds obtained at oxidized conditions in LP experi-
ment with a composite sample in atmosphere of air.
Synthesis of organics at reduced conditions is suffi-
ciently high [4]. Extracted organics were mainly PAHs
with degree of polymerization up to C20. X-ray pho-
toelectron spectroscopy of obtained condensates indi-
cate much higher concentration of carbon bound in C-
C and C-H bonds than the amount of organic compo-
nents extracted by solvents. It is probable that some
organics are present in the form of a kerogen-like ma-
terial.

References: [1] M. V. Gerasimov (1998) Earth,
Moon, and Planets, vol. 80, Nos. 1-3, pp.209-259.
[2] M. V. Gerasimov et al., GSA Special Paper, in
press. [3] M.V. Gerasimov et al. (2002) Deep-Sea Re-
search Part II, v. 49, No 6, pp. 995-1009. [4] M. V.
Gerasimov and E. N. Safonova (2003) 38th Vernadsky-
Brown Microsymposium, GEOKHI RAS, Moscow,
CD-ROM, #MS022.
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Fig.4 Chromatograms of organic compounds extracted
from condensed material in LP experiment with peri-
dotite(90%)+MgCO3·Mg(OH)2(10%) target (a) and
from control analysis (b).

Fig. 2. SEM view of a cross-section of a piece of melt
over a not melted olivine (gray) after a LP experiment.
White points in the melt are iron-metal nanoparticles.

Fig. 3. SEM view of a melted spherule produced in
LP experiment with Murchison. Its surface is covered
by Fe-metal (small) and FeS (large) particles.
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Introduction:  The I-Xe system is based on the 

decay of 129I to 129Xe.  The 16 Ma half life of 129I is 
sufficiently long to enable a wide variety of processes 
from the earliest chondrule formation to processes on 
sizable planetesimals.  Here we examine how best to 
integrate data from this system into a wider timescale 
incorporating results from other chronometers. 

Calibration of Chronometers:  In addition to I-
Xe, chronological information with the precision re-
quired to study the formation of the solar system can 
be obtained from systems based on the decay of 53Mn, 
26Al and 235/238U (Pb-Pb).  In order to maximize the 
return on these studies, it is necessary to calibrate the 
various chronometers against one another.  Previous 
attempts have relied on single analyses of minerals in 
which more than one system can be accurately meas-
ured to determine a calibration1,2.  However, sufficient 
data are now available in the case of some chronome-
ter pairs to allow the consistency of the chronometers 
to be examined more closely.  In what follows we 
adopt the arbitrary zeroes conventional within the I-

Xe, Mn-Cr and Pb-Pb systems and examine the data 
for consistency and to establish a calibration. 

I-Xe vs Mn-Cr.  In Fig. 1 we present data from the 
Mn-Cr and I-Xe system measured in the chondrites 
Richardton and Ste Marguerite, in Acapulco and from 
chondrules.  I-Xe data are normalized to Shallowater 
enstatite having a zero age, while the zero of the Mn-
Cr system is defined by the angrite LEW86010.   

The I-Xe measurement used here for Acapulco 
dates the closure of phosphate grains to xenon loss, 
while in the chondrites Ste Marguerite and Richardton 
it dates the closure of feldspar.  I-Xe data for pyroxene 
from Richardton yield closure ages up to 10 Ma earlier 
than the feldspar data, testifying to the extended period 
of processing post-formation that the parent body of 
this meteorite experienced.  The Mn-Cr system in 
Richardton and Ste Marguerite records the moment at 
which chromium ceased equilibrating between chro-
mite and silicate phases, suggesting that identification 
of the Richardton Mn-Cr age with the feldspar I-Xe 
may be questionable.  The final point is obtained from 
chondrules.  In the Mn-Cr system chondrule data are 
sparse and tightly clustered.  I-Xe chondrule data, in 
contrast, exhibit a wide spread that may be attributed 
to resetting or setting of the chronometer by parent 
body processes.  However, dynamical considerations 
suggest that particles of the size of chondrules had to 
be sequestered on sizable bodies in the solar nebula on 
timescale short compared to the errors of isotope chro-
nology, suggesting that the earliest parent body proc-
esses should approximate formation ages.  Thus 
whether I-Xe ages are formation ages or alteration 
ages, the earliest chondrule data might be expected to 
be comparable to Mn-Cr (formation) ages. 

There is a reasonable correlation between the two 
systems and the gradient of the best fit line (0.95) is 
close to 1.  From the best fit line we would deduce that 
the I-Xe system closed in Shallowater enstatite 6.3 ± 
0.3 Ma earlier than the Mn-Cr system closed in 
LEW86010. 

I-Xe (and Mn-Cr) vs Pb-Pb  .In Figure 2, we plot 
Pb-Pb ages vs I-Xe intervals for samples in which we 
would argue it is plausible that the two chronometers 
date the same event within the limits of the various 
techniques.  Our first point stems from the identifica-
tion of the oldest I-Xe chondrule age with the clustered 
chondrule Pb-Pb ages identified by Amelin et al.3  We 
also include two previously unreported Richardton 
chondrules in which the Pb-Pb and I-Xe systems have 
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Fig 1. Comparison of relative ages of Acapulco, Richardton,
Ste Marguerite and the earliest chondrules in the Mn-Cr and 
I-Xe systems.  Data sources in text and reference [2] 
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both yielded dates (O. V. Pravdivtseva, unpublished 
data).  Data from the Pb-Pb and I-Xe chronometers 
from samples of Acapulo phosphate were reported by 
Nichols et al.1 and are included, as is the data for the 
two systems from Kernouve reported by Brazzle et al.4  
In addition to these five points, we employ the calibra-
tion between Mn-Cr and I-Xe intervals advanced here 
to add equivalent I-Xe intervals derived from Mn-Cr 
intervals for the LEW86010 angrite5 and Ste Margue-
rite6.  The correlation line fixes the zero point of the I-
Xe dating scheme, closure of Shallowater pyroxene to 
xenon loss, at 4562.3 +/- .4 Ma before the present.  
The gradient of the correlation line – 0.73 +/- 0.7 – is 
significantly different from 1, however, suggesting 
some error in the half lives of either 129I, 235U or both.  
Begemann et al.7 have noted the need for improved 
determinations of the half lives of longer lived ra-
dionuclides and speculated that similar problems may 
exist among the shorter lived radioactives that form the 
basis of chronometers.  Some indication that this is the 
case may be seen here, though the details of the cali-
bration are dependent on the choice of samples in-
cluded8 

 

Proposed Chronology: the chronology of solar 
system formation produced by adopting the calibra-
tions derived here is shown in Fig. 3.  The sequence of 
events is perhaps more palatable that that produced in 
previous attempts at producing a unified chronology2; 
for instance, no parent body processes appear to de-
finitively predate the earliest chondrule ages, though 
this has been achieved by adopting a calibration be-
tween short and long-lived chronometers requiring 
some revision of accepted half lives.  

References:  

[1] Nichols et al. (1994) GCA 58 2553.  [2] Gilmour and 
Saxton (2001) Phil. Trans. R. Soc. Lond A 359 2037.  [3] 
Amelin et al. (2002) Science 297 1678.  [4] Brazzle et al. 
(1999) GCA 63 739  [5] Lugmair and Shukolyukov 
(1998) GCA 62 2863  [6] Polnau and Lugmair (2001) 
LPSC 32 abs #1527  [7] Begemann et al. (2001) GCA 
65 111  [8] Busfield (2002) PhD Thesis, Univ. of 
Manchester.  
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Fig. 2.  Comparison of the I-Xe and Mn-Cr systems with the
absolute Pb-Pb chronometer for samples from Acapulco,
Richardton, Kernouve, LEW86010 and Ste Marguerite.  Mn-
Cr data have been converted to I-Xe intervals using the cali-
bration of Fig. 1.  Data sources in text and reference [2] 
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THE EFFECTS OF X-RAYS ON THE GAS AND DUST IN YOUNG STELLAR 
OBJECTS. 
A. E. Glassgold1, E. D. Feigelson2, T. Montmerle3, and S. Wolk.4, 1Berkeley Astronomy De-
partment, 2Penn State University, 3Observatoire de Grenoble,4Center for Astrophysics. 

 
 
X-rays are emitted by essentially all young 

stellar objects (YSOs) and affect the circum-
stellar material of these systems. We will up-
date the basic facts about YSO X-ray emis-
sion with recent observations from the 
Chandra and XMM/Newton satellite observa-
tories, with emphasis on the flares of solar-
mass stars recorded by the Chandra Orion 
Ultradeep Project (COUP). We will also dis-
cuss some of the important collateral effects 
of  YSO X-rays on the circumstellar gas and 
dust.  

 
A primary consequence of the detection of 
YSO X-rays is that particle acceleration must 
occur at early stages in the formation of sun-
like stars. Extensive observations of the cur-
rent Sun suggest that these particles included 
MeV nuclei that may have been responsible 
for the production of short-lived radionu-
clides in chondritic meteorites. This conclu-
sion is supported by the detection of gyro-
synchrotron radiation from some YSOs, pro-
viding direct evidence for the acceleration of 
electrons to MeV energies. 
 

We will also relate the YSO X-ray obser-
vations to the particle fluences that are 
needed to account for the meteoritic meas-
urements in the local irradiation scenario. We 
will discuss the limitations in making this 
connection due to gaps in our understanding 
of the nature of the flares. 

 
The X-rays are also a source of ionization 

and heating for the gas and dust in the imme-
diate environs of the YSO.  One early sugges-
tion was that hard X-rays penetrate deep into 
the disk and provide sufficient ionization to 
mediate the Balbus-Hawley instability, 

widely believed to be the origin of the turbu-
lent viscosity underlying disk accretion. This 
idea is relevant in the context that the power-
ful winds generated by YSOs can blow away 
most of the galactic cosmic rays that would 
otherwise ionize the disk. Recent theoretical 
studies of disk ionization support the viability 
of this proposal. 

 
The X-rays also help to heat the surface 

layers of protoplanetary disks to temperatures 
well above the midplane temperatures charac-
teristic of the dust emission observed in the 
infrared. Even more important, the X-rays 
add an important ionic character to the chem-
istry of these layers that, together with their 
elevated temperatures, generates a wide vari-
ety of new diagnostics that have yet to be ex-
plored, especially for the inner disk region. 

 
We will review some of the characteristic 

effects of X-rays on the condensed phases of 
the material near the YSO. During intense 
flares, X-rays may be an important thermal 
processing mechanism for pre-chondritic ma-
terial. We will attempt to understand this pos-
sibility on the basis of simple theoretical con-
siderations and the available laboratory data.  
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ORIGIN OF SHORT-LIVED RADIONUCLIDES IN THE EARLY SOLAR SYSTEM.  J. N. Goswami1,      
K. K. Marhas2, M. Chaussidon3, M. Gounelle4 and B. Meyer5. 1Physical Research Laboratory, Ahmedabad, India, 
2Max-Planck Institute for Chemistry, Mainz, Germany, 3CRPG, Nancy, France, 4CSNSM, University Paris XI, 
France, 5Clemson University, South Carolina, USA. 

 
 
Isotopic studies of early solar system objects such 

as CAIs and chondrules as well as of differentiated 
meteorites have revealed the presence of about a dozen 
short-lived now-extinct nuclides with half-life ranging 
from 105 to 108 years at the time of formation of these 
objects. The former presence of the now-extinct nu-
clides is based on the observation of excess abun-
dances of their decay products in these samples. Corre-
lation of such an excess with abundance of the stable 
isotope of the parent element conclusively establishes 
that the nuclide was incorporated “live” into the ana-
lyzed object at the time of its formation and decayed 
in-situ.  

The origin of these nuclides has been debated over 
the last few decades. There are three viable sources: (i) 
continuous galactic nucleosynthesis, (ii) energetic par-
ticle interactions and (iii) freshly synthesized material 
from stellar objects. The possibility that continuous 
galactic synthesis, fuelled by supernova events occur-
ring in the galaxy, may explain the observed abun-
dance of the short-lived nuclide 129I (mean-life,   = 23 
Ma) was proposed soon after its discovery in 1960 [1-
3]. The proposal for energetic particle production as 
well as of injection of freshly synthesized material 
from specific stellar objects were put forward soon 
after the discovery of the short-lived nuclide 26Al (  = 
1Ma) in CAIs in mid-seventies [4-7]. The observa-
tional evidence for other short-lived radionuclides such 
as 41Ca (  = 0.15 Ma), 10Be and 60Fe (  =2.2 Ma) that 
cannot be explained in the continuous galactic synthe-
sis scenario has now focussed most of the attention to 
the plausibility of either energetic particle production 
or injection from specific stellar objects as the poten-
tial sources of the short-lived nuclides present in the 
early solar system [see, e.g. 8 and references therein].  

Several settings for energetic particle interactions 
have been proposed for the production of the short-
lived nuclides. This could have happened within the 
natal presolar molecular cloud or later in a solar nebula 
environment. Although the source of energetic parti-
cles is difficult to pinpoint in the former case,  signifi-
cant flux of low energy particles are expected in a mo-
lecular cloud environment. In the solar nebula, the 
active early Sun acts as the source of the energetic 
particles; however, the setting in which interactions of 
solar energetic particles (SEP) with solar nebula mate-
rial took place to produce the short-lived nuclides is 

currently a matter of debate. Irradiation of infalling 
material into the Sun along the nebular midplane by 
SEP very close to the Sun (the X-wind model [9, 10]) 
as well as SEP irradiation of nebular gas and dust of 
solar composition at the asteroidal belt region has been 
proposed. In the stellar origin models, nucleosynthetic 
yields of the short-lived nuclides from different stellar 
sources such as supernova, asymptotic giant branch 
(AGB) and Wolf-Rayet stars have been considered 
along with models for mixing of the freshly synthe-
sized stellar material with material in the collapsing 
protosolar cloud for explaining the observed abun-
dances of the short-lived nuclides in the early solar 
system [11-18]. Most of these approaches are success-
ful in explaining only a subset of the meteorite data on 
abundances of the short-lived nuclides in the early 
solar system. The crucial test for identifying the most 
plausible source will be its ability to concurrently ex-
plain the data for a larger set of these short-lived nu-
clides. 

The evidence for the presence of 10Be in the early 
solar system objects [19] clearly points towards the 
presence of an energetic particle produced component 
contributing to the inventory of the short-lived nu-
clides in the early solar system as 10Be is not a product 
of stellar nucleosynthesis. However, it is not clear if 
this irradiation took place in a presolar environment or 
a solar nebula environment [19-24]. On the other hand 
the presence of 60Fe in early solar system       [25, 26] 
clearly hints at a contribution from a stellar source. 
Energetic particle irradiation is extremely inefficient in 
producing this nuclide due to the lack of suitable tar-
gets in material of solar composition. In contrast, 60Fe 
is produced copiously in supernova events and is also 
a product of nucleosynthesis in AGB stars.  

If we consider the short-lived nuclides 26Al, 41Ca, 
60Fe, and 182Hf, it appears that the abundances of these 
nuclides in the early solar system may be explained by 
considering injection of freshly synthesized material 
from the outer shells of a supernova [18]. On the other 
hand a thermally pulsating AGB star could be a source 
of the short-lived nuclides 26Al, 41Ca, 107Pd and 60Fe, 
even though it is difficult to match the inferred abun-
dance of 60Fe concurrently with abundances of the 
other three short-lived nuclides [16]. It is also difficult 
to explain the abundance of the short-lived nuclide 
53Mn by considering either of these stellar sources; it is 
not a product of AGB nucleosynthesis and is produced 
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in the inner regions of supernova and not in the outer 
shells. The possibility that this nuclide could be a 
product of continuous galactic nucleosyntheis has been 
proposed [27]. 

If we consider the standard composition and en-
ergy spectra of SEP seen in contemporary solar flares 
to be valid for flares from the early Sun, it is not pos-
sible to explain the observed abundances of the differ-
ent short-lived nuclides in early solar system for any 
given combination of SEP flux, energy spectra and 
irradiation duration. This was shown in mid-eighties 
by considering abundances of 26Al and 53Mn [28] and 
is now extended to include the nuclides 41Ca and 10Be 
[21-23, 29]. A solution to this problem has been of-
fered in the X-wind model by assuming that emission 
of energetic particles from the proto-Sun was domi-
nated by 3He-rich impulsive flares. However, to obtain 
self-consistent data for 41Ca and 26Al abundances, ad-
ditional assumptions on the composition of the irradi-
ated refractory target material had to be invoked [10, 
20]. Further, production of 60Fe in any significant 
amount may be ruled out by SEP interactions with 
solar system material.  

Another potential problem of the solar energetic 
particle irradiation scenario is the recent experimental 
data that show presence of 10Be in early solar system 
objects that are devoid of 26Al [22, 30]. This would 
suggest that either the sources of 10Be and 26Al are 
decoupled or energetic particle production of 10Be did 
not co-produce significant amount of 26Al; this may be 
achieved by fine tuning the energy spectra of the SEP 
[22]. In this context the proposal for an irradiation in a 
presolar environment and/or trapping of cosmic ray 
10Be by protosolar cloud as the source of 10Be also 
needs to be considered seriously [24]. 

At present it appears that more than a single source 
may be needed to explain the presence of the now-
extinct short-lived nuclides present in the early solar 
system. Although the active early Sun is expected to 
be a source of copious flux of SEP, it is not clear 
whether SEP interactions with nebular material at as-
teroidal distances has effectively contributed to the 
inventory of the various short-lived nuclides present in 
the early solar system. Shielding of SEP by nebular 
gas and dust itself, during the very early stages of solar 
system evolution, could have reduced the effectiveness 
of SEP interactions. This was obviated in the X-wind 
model where SEP interactions takes place very close to 
the Sun. There has been recent suggestion for the pres-
ence of an extremely short-lived nuclide 7Be (  ~77d) 
in the early solar system [31]. If confirmed, it will pro-
vide a very important input to quantify the SEP pro-
duction of short-lived nuclides as we can rule out other 

sources for this nuclide. Similarly a more quantitative 
and robust estimate of initial 60Fe abundance is needed 
that will hopefully allow us to pinpoint either a super-
nova or a AGB star as the source of this nuclide and 
make quantitative estimate of the contribution from 
this source to the inventory of the other short-lived 
nuclides in the early solar system.  
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Papanastassiou, D. A. & Wasserburg, G. J. (1976) 
Geophys. Res. Lett., 3, 109. [5] Heymann, D. & 
Dziczkaniec, M. (1976) Science, 191, 79. [6] Lee, T., 
Papanastassiou, D. A. & Wasserburg, G. J. (1977) Ap. 
J. 211, L107. [7] Cameron, A. G. W. & Truran, J. W. 
(1977) Icarus, 30, 447-461. [8] Goswami, J. N.  
(2004) New Astron. Rev., 48, 125. [9] Shu, F. H. et al. 
(1997) Science, 277, 1475. [10] Lee, T. et al. (1998) 
Ap. J., 506, 898. [11] Wasserburg, G. J. et al. (1994) 
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1908.pdf. [19] McKeegan, K. D., Chaussidon, M. & 
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M. et al. (2001) Ap. J., 548, 1051. [21] Goswami, J. N. 
, Marhas, K. K. & Sahijpal, S. (2001) Ap. J., 549, 
1151. [22] Marhas, K. K., Goswami, J. N. & Davis, A. 
M. (2002) Science, 298, 2182. [23] Leya, I., Halliday , 
A. N. & Wieler, R. (2003) Ap. J., 616, 2003. [24] 
Desch, S. J., Srinivasan, G. & Conolly Jr., H. C. 
(2004) Ap. J. 602, 528. [25] Tachibana, S. & Huss, G. 
R. (2003) Ap. J., 588, L41. [26] Mostefaoui, S. et al. 
(2004) New Astron. Rev., 48,  155. [27] Wasserburg, 
G. J., Busso, M. & Gallino, R. (1996) Ap. J., 466, 
L109. [28] Wasserburg, G. J. & Arnould, M.  (1987) 
In: Lecture notes in Physics, 287, Springer-Varlag p. 
262. [29] Marhas, K. K. & Goswami, J. N. (2004) New 
Astron. Rev., 48, 139 [30] Marhas, K. K. & Goswami, 
J. N. (2003) LPSC XXXIV,1303.pdf. [31] Chaussidon, 
M., Robert, F. & McKeegan, K. D. (2004) LPSC 
XXXV, 1568.pdf. 
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ON EARLY SOLAR SYSTEM CHRONOLOGY: IMPLICATIONS OF AN INITIALLY 
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Russell2. 1Université Paris XI-CSNSM. Bâtiment 104, 91 405 Orsay, France (gounelle@csnsm.in2p3.fr). 
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Introduction:  Short-lived radionuclides (SR) with 

half-lives ~ Ma were alive in the early Solar System. 
Because their half-life is comparable to the timescales of 
early Solar System events such as CAI and chondrule 
formation, or planetary bodies differentiation, short-lived 
radionuclides can be used as chronometers [1]. Early Solar 
System chronology is usually built with the assumption that 
the distribution of short-lived radionuclides was 
homogeneous through the solar accretion disk [2]. This 
assumption leads to inconsistencies in the ages of several 
objects, such as CAIs, chondrules or the HED parent-body, 
especially for 53Mn and 26Al ages [3, 4]. The homogeneity 
assumption might be inappropriate. This would be the case if 
some of the SRs (e.g. 26Al and 53Mn) have been formed by 
irradiation, instead of being delivered by a late minute 
supernova [5]. In this paper, we explore a possible 
chronology based on an heterogeneous distribution of 26Al 
and 53Mn in the accretion disk.  

Model: Our basic assumption is that the different 
abundances of extinct short-lived radionuclides in CAIs and 
chondrules are due to spatial rather than temporal 
differences. We develop a simple model where CAIs and 
chondrules form contemporaneously, in different spatial 
locations, and are characterised by distinct initial 26Al and 
53Mn abundances. In this model, all unprimitive bodies are 
supposed to be originally chondritic, i.e. to be made of a 
mixture of CAIs, chondrules and matrix. This mixture 
determines the initial content in 26Al and 53Mn of a 
chondritic parent-body as a function of its CAI and 
chondrule abundance fraction. This approach enables us to 
calculate 26Al and 53Mn ages since the formation of the 
parent-body until the isotopic closure of 26Al and 53Mn. SR 
ages depend on the CAI and chondrule fraction of the 
precursor parent-body, as well as on its chemistry. We have 
explored three possible types of chemistry for the precursor 
parent-body: CV, CM and OC. Our aim is to identify 
compatible 26Al and 53Mn ages for a diversity of unprimitive 
objects, the d’Orbigny angrite, the Asuka-881394 eucrite, the 
H4 chondrites Sainte Marguerite and Forest Vale.  

Results and discussion: We find compatible ages for 
realistic precursors chondritic parent-bodies, i.e. objects 
having similar or identical petrograpy to the existing 
chondrite groups. For example, for a CV precursor having 0 
% CAI for the d’Orbigny parent-body, a compatible 26Al and 
53Mn age of 3.4 Ma since chondrule-CAI formation is found 
if the chondrule fraction is ~ 60 %. These ages depend little 
on the precursor parent-body chemistry. 

We anchor the calculated relative chronology to an 
absolute chronology using absolute Pb-Pb ages and relative 
Hf-W ages of the objects under scrutiny (Figure 1). Our 
model provides a compatible Al-Mg/Mn-Cr/Pb-Pb 
chronology, and is shown to be robust to any reasonable 
change in the input parameters. 

 
Figure 1: Absolute timescale for early Solar 

System events. Blue diamonds denote experimental 
Pb-Pb ages for D’Orbigny, the Forest Vale and Sainte 
Marguerite H4 chondrites, and a combined 182Hf-
182W/Pb_Pb age for the Asuka-881394 parent-body. 
The red circles are our calculated compatible 26Al and 
53Mn ages for the precursors of d’Orbigny, the HED 
parent-body, and the H4 chondrites Forest Vale and 
Sainte Marguerite. Error bars are experimental error 

bars, and 
22

exp calcσσ +
when the age is the difference 

of a calculated and measured age. The green and 
yellow squares are experimental ages for the CAIs and 
chondrules respectively. Data from literature. 
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Introduction: Radionuclides with half-lives of the 
order of the Ma were present in the accretion disc 
when the components of chondrites, Calcium-
Aluminium-rich Inclusions (CAIs) and chondrules, 
formed (see [1] for a recent review). Some short-lived 
radioanuclides such as 10Be, 26Al, 41Ca and 53Mn were 
present in early Solar System at levels above 
expectations from the continuous galactic 
nucleosynthesis, requiring therefore a special, last-
minute, explanation for their origin (e.g. [1]). Two 
models have been proposed for the origin of these 
extinct short-lived radionuclides. The external stellar 
model stipulates that they were made in a supernova 
or an AGB star, and injected within the collapsing 
molecular cloud core that would eventually lead to the 
formation of our Sun, meteoritic components and 
planets (e.g. [2]). Alternatively, the internal irradiation 
model stipulates that short-lived radionuclides have 
been produced via in situ irradiation of accretion disc 
gas and/or dust by energetic particles (protons, 4He, 
3He) accelerated by the protosun (e.g. [3-5]). 
Distinguishing between these two models has critical 
implications for low-mass star formation theories and 
the origin of chondrites.  

Two recent experimental findings shed a new light 
on the origin of short-lived radionuclides and have 
urged us to revisit the irradiation model we proposed 
for the origin of short-lived radionuclides [3, 4, 6] in 
the context of the x-wind model [7]. In some rare 
hibonites from the CM2 chondrites, Mahras et al. [8] 
detected the past presence of 10Be while the decay 
product of 26Al is conspicuously absent. This 
decoupling between 10Be and 26Al was interpreted as 
contradicting irradiation models that simultaneously 
produce 10Be and 26Al. Chaussidon et al. [9] have 
made a strong case for the presence of 7Be in the early 
Solar System at a level 7Be/9Be = (4.9 ± 1.3) x 10-3. 
This value is two orders of magnitude smaller than the 
one presented previously [10], and that we discussed 
last previously [11].  

In this paper, we explore the possibility of bringing 
this new experimental data set in a coherent way 
within the framework of our irradiation model [3, 4, 
6]. Compared to our 2001 calculations, no parameters 

were changed. Since the only modifications are the 
addition of 7Be to the list of calculated yields, and the 
use of better constrained nuclear cross sections, we 
refer the reader to our previous work for details of the 
irradiation model.  
Results: Because of its short half-life (53 days) 
compared to typical irradiation timescales varying 
between a few years to a few 10s of years, 7Be yields 
need to be calculated at saturation. In other words, 
7Be/9Be = f7 x τ instead of, for example, 10Be/9Be = f10 
x tirr, where f7 and f10 are the production rates of 7Be 
and 10Be respectively, τ is the mean-life of 7Be and tirr 
the irradiation time. For 7Be we consider p, 3He, 4He 
channels on 16O. Cross sections are taken from the 
compilation of [12] and completed with simulations. 
For the cross sections 24Mg(3He,p)26Al and 
4He(16O,x)10Be, we used respectively the new 
measurement of [13] and previoulsy overlooked 
experimental data [14].  

Figure 1 shows the calculated yields of short-lived 
radionuclides. We have distinguished between the two 
classes of flares occurring within the modern Sun: 
impulsive and gradual flares corresponding to 3He- 
and proton-rich events respectively [15]. The spectral 
parameters, as well as the relative abundance of 
cosmic-rays are identical to [3], i.e. p = 4, 3He/p = 0.3, 
4He/p = 0.1 for impulsive flares and p = 2.7, 3He/p = 0, 
4He/p = 0.1 for gradual flares, with p being defined as 
dN = E-p dE, where N is the number flux of protons. 
We are in the case 2d of [3], where the core size 
distribution of protoCAIs range from 50 µm to 2.5 cm, 
similar to natural CAIs, and M, the effective number of 
passage of protons in the irradiation zone is 1.6.  

Without changing any parameters, the yield of 7Be 
is in a very good agreement with the value found by 
[9]. The impulsive flares yield a value 7Be/9Be = 7.5 x 
10-3 to be compared to the experimental value 7Be/9Be 
= (4.9 ±1.3) x 10-3 [9]. Gradual flares produce an even 
better agreement, with 7Be/9Be  = 6.2 x 10-3. Given the 
uncertainties discussed below, these differences 
between impulsive and gradual flares are insignificant. 
The main difference between the two types of flares is 
the ability of impulsive flares to produce the complete 
set of short-lived radionuclides at the meteoritic level. 
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Discussion: Because of its very short half-life (53 
days) compared to the evolutionary timescales of 
protostars (105-106 yr), the presence of 7Be in CAIs is 
a smoking gun for evidence of in situ irradiation. 
Unless CAIs themselves formed outside the Solar 
System, it is not possible to make 7Be at a stage 
anterior to the CAI formation without having 7Be 
decay to negligible levels. Impulsive flares that can 
account for the abundance of 10Be, 26Al, 41Ca and 
53Mn, can reproduce, within errors the observed 
abundance of 7Be in CAIs.  

 The rare CAIs containing 10Be and no 26Al can be 
accounted for by gradual flares that have the property 
of producing high levels of 10Be while underproducing 
26Al and 41Ca (see Figure 1). Gradual flares are 100 
times less abundant in the contemporary Sun than 
impulsive flares [15] in agreement with the rarity of 
FUN-like CAIs relatively to "normal" CAIs. The 
overproduction of 10Be by these flares (see Figure 1) 
can be accounted for by a combination of shorter 
exposure ages and lower luminosity for rare gradual 
flares in protostars. Because X-ray observations of 
protostars are still in their infancy, we cannot at the 
present time distinguish between the two possibilities. 
We note that a shorter exposure age is compatible with 
the origin of FUN-like CAIs proposed by [4]. 
According to these authors, FUN-like CAIs have 
retained some isotopic anomalies because they spent 
only short times in the reconnection ring where 
isotopic homogeneisation occurs [3].  

We did not try to adjust our parameters (proton 
spectral shape, helium nuclei abundances...) to obtain a 
perfect match (see Figure 1) between our model and 
the experimental value. Indeed, the large uncertainties, 
mainly on the nuclear cross sections, but also on the 
cosmic-ray physics of protostars would make this 
attempt meaningless. We feel satisfied that our model 
can reproduce, the large diversity of new experimental 
data within a factor of a few. This is done with 
reasonable input parameters as the high abundance of 
3He nuclei is now well established for impulsive flares 
[16], and since we scale our yields to the X-ray 
luminosity of protostars [17].  
Conclusions:  The wealth of new experimental data 
can be accounted for by our irradiation model. We 
note that we calculated in 2003 a value 7Be/9Be ~ 3 x 
10-3 [11], close to the value found experimentally some 
months later. Our model emphasizes the importance in 
distinguishing between impulsive and gradual flares. 
While impulsive flares can account for the distribution 
of short-lived radionuclides within normal CAIs, the 
rare gradual flares can account for the distribution of 
short-lived radionuclides in rare FUN-like CAIs. 

implications for our model of  the discovery of 60Fe in 
ordinary chondrites [18]. 
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Figure 1: Yields of radionuclides normalised to their 
Early Solar System (ESS) values. Continuous line and 
dotted lines are impulsive and gradual flares 
respectively. 
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DISEQUILIBRUIUM MELTING AND OXYGEN ISOTOPE EXCHANGE OF CAIs AND CHONDRULES
IN THE SOLAR NEBULA.  James P. Greenwood, Earth & Environmental Studies Dept., Wesleyan University,
Middletown, CT 06459-0139 (jgreenwood@wesleyan.edu).

Introduction:  An empirical model for the
melting rates of silicates and oxides is used (1), in
conjunction with available diffusivity data, to assess
exchange of oxygen isotopes in refractory, calcium-
aluminum-rich inclusions (CAIs) during transient
heating events in the early solar nebula.  It is found
that multiple heating events of short duration
(seconds or less) with peak temperatures lower than
the melting point of spinel (<2135˚C), subsequently
followed by an anneal at temperatures of ~1000 to
1250˚C, are necessary to promote oxygen isotope
exchange of melilite and anorthite relative to fassaite
and spinel in CAIs.  Oxygen isotope compositions of
CAIs and chondrules can be explained as resulting
from transient high-temperature events in the solar
nebula.

Disequilibrium melting kinetics:
Disequilibrium melting kinetics leads to melilite
melting faster than fassaite during rapid, high-
temperature, events (1).

Oxygen isotope exchange in CAIs: While
melting is a rapid process, transport of oxygen in the
molten minerals should be slower, and would seem to
be the rate-limiting step.  The observation that only
oxygen isotopes are exchanged, that trace element
signatures are not altered, and that major-element
mineral zoning seems relatively unaffected (2),
argues strongly that if the process is diffusive in
nature, that oxygen diffusion was decoupled from
cation diffusion.  Oxygen must diffuse as a molecular
species, such as H2O, O2, or CO in the molten CAIs.
CO is the main oxygen-bearing gas in the early solar
nebula, and H2O is expected to be an important
product of photodissociation of CO in the solar
nebula (3).  Water diffusion in silicate melts is likely
decoupled from network oxygen or cation
diffusivities (4).  Diffusivity of water in basaltic
melts is 30 to 50 times faster than in granitic melts
(5,6) and is a low activation energy (126 kJ/mol)
process relative to the activation energies for
diffusion of cations or oxygen in silicate melts (200-
400 kJ/mol) (4).  The small difference in H2O
diffusivity between basalt and granite, relative to the
three orders of magnitude difference in viscosity of
these melts, suggests that the diffusivity of water will
not be greatly different in melilitic or fassaitic melts.
This points toward the importance of melting kinetics
in this process, as variable diffusivity of water (and
likely other volatile species) among the
monomineralic melts is probably not a viable
mechanism to explain the differences in the oxygen
isotope compositions of the CAI minerals of CV

chondrites.  The diffusivity of H2O is slow enough to
suggest that transport of the volatile oxygen-bearing
species during remelting events may be via
permeation.  A high pressure gas pulse (as might be
expected in bipolar outflows) may be necessary to
exchange oxygen isotopes during melting.  A
subsequent anneal at lower gas pressures would lead
to the loss of vesiculation features.

Anorthite liquid is more viscous than both
melilitic and fassaitic liquids, and would be the
slowest to exchange with an 16O-depleted volatile
reservoir. The higher viscosity of anorthite melt also
translates into more sluggish melting kinetics.  The
problem is that fassaite is generally 16O-rich and
anorthite is generally 16O-poor, suggesting that short
transient heating events cannot effectively exchange
oxygen in anorthite and leave fassaite relatively
unaltered.  Anorthite is difficult to crystallize from
CAI melts during controlled cooling rate experiments
while melilite, spinel, and fassaite have little
difficulty nucleating and crystallizing (7).  This
suggests that the multiple, short duration heating
events will result in melilite and fassaite
recrystallizing rapidly during cooling, while anorthite
will stay molten until finally quenching to a glass at
approximately 1000˚C (~2/3 Tm).  Since atomic
mobility is enhanced in liquids relative to solids,
anorthite melt would have greater opportunity to
exchange oxygen during cooling, relative to the
newly crystallized fassaite and melilite.  A
subsequent high-temperature anneal would allow
anorthite the time needed to nucleate and crystallize
into blocky grains, as well as promote the 120˚ triple
junctions observed in melilite grain assemblages (8).

Proposed thermal history of CAIs and
chondrules .  The thermal history of the CAIs
involves at least three stages and is illustrated in Fig.
1.  In stage 1, protoCAIs were formed by the
condensation of a gas of solar composition (9),
followed by remelting and slow cooling to produce
igneous textures (10) and promote evaporation of Mg
and Si (11).  These protoCAIs were 16O-rich and their
oxygen isotope composition resembled that of 16O-
rich spinel in CAIs.  In stage 2, these objects were
heated in multiple, short duration, heating events to
Tpeak < Tm of spinel (2135˚C), but above Tm of
melilite and fassaite (~1500˚C), and then cooled
quickly to a temperature below the solidus in the CAI
system (~1230˚C; (1 0 )) in an 16O-depleted
environment.  This episode of multiple heating events
led to 16O-rich spinel and pyroxene and 16O-poor
melilite and anorthite-rich glass.  In stage 3, the
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protoCAIs were heated above the glass transition of
anorthite (~1000˚C), but below Tm of melilite or
fassaite (~1260˚C) for a longer duration.

The rapid cooling in stage 2 from Tpeak to
T<1230˚C for the multiple, short duration heating
events is necessary so that fassaitic liquid does not
exchange oxygen isotopes.  Fassaite and melilite
would be able to crystallize during the rapid cooling,
while anorthite-rich melt would continue to exchange
oxygen before quenching to a poorly-crystalline
glass.  This would be due to the greater ease in
crystallization of fassaite and melilite (due to the
higher fluidity of their melts) relative to anorthite.  A
fourth high-temperature stage would be necessary to
form 16O-rich CAI rims (12), as rim formation likely
takes place after oxygen isotope exchange of melilite
in CAIs (13).  The oxygen isotope compositions of
the FUN inclusions (14) can be understood in the
present model as well.  Evaporation in stage 1 led to
original 16O-rich spinel, olivine, and pyroxene having
a mass-dependent fractionation array.  The multiple
transient heating events of stage 2 led to preferential
oxygen isotope exchange of melilite, as in the large
CAIs.

The homogeneous oxygen isotope
compositions of the small CAIs of ordinary, enstatite,
and CH chondrites (14) can also be explained by the
present model (Fig. 1).  The smaller CAIs were
extensively heated due to their smaller size, and
underwent greater degrees of melting.  In stage 2, the
multiple, short duration heating events likely lead to
an assemblage of 16O-rich spinel and a fine-grained
16O-poor assemblage of melilite, fassaite and
anorthite-rich glass. In stage 3, 16O-rich spinel was
able to completely dissolve, albeit slowly, into the
CAI melt derived from the 16O-poor components.
This was followed by crystallization of this
completely molten CAI with all mineral phases
having the same oxygen isotope composition, but
having an oxygen isotope composition that is
intermediate between 16O-rich and 16O-poor minerals
of CV chondrites, depending on the modal abundance

of spinel.  Spinel dissolved into these melts after the
majority of oxygen isotope exchange with an ambient
volatile reservoir, in order to explain the oxygen
isotope distribution of these smaller CAIs.

This model can be extended to chondrules as
well (Fig. 1).  In stage 1, 16O-rich protochondrules are
formed.  The multiple transient heating events of
stage 2 lead to protochondrules that are 16O-poor,
with textures similar to those of the present chondrule
population.  Occasional 16O-rich olivine (and even
rarer pyroxene) can survive as relict grains in
chondrules, depending on the degree of heating.
Stage 3 led to the further growth of large olivine and
pyroxene crystals in porphyritic chondrules and the
loss of glass in the barred olivine chondrules (15).
The recent finding of 16O-rich olivine grains in
microporphyritic chondrules (traditionally believed to
be the least melted chondrules) (16) supports a model
involving multiple melting events.
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MINERALOGY AND CHEMISTRY OF FINE-GRAINED MATRICES, RIMS, AND DARK INCLUSIONS 
IN THE CR CARBONACEOUS CHONDRITES ACFER/EL DJOUF 001 AND THE UNGROUPED 
CARBONACEOUS CHONDRITES ACFER 094 AND ADELAIDE. Ansgar Greshake1, Alexander N. Krot2, 
and Klaus Keil2, 1Museum für Naturkunde, Institut für Mineralogie, Humboldt-Universität zu Berlin, Invalidenstr. 
43, 10115 Berlin, Germany, email: ansgar.greshake@rz.hu-berlin.de, 2Hawai'i Institute of Geophysics and Planetol-
ogy, School of Ocean and Earth Science and Technology, University of Hawai'i at Manoa, Honolulu, HI 96822, 
USA. 

 
Introduction: Apart from the relative coarse-

grained high-temperature components − refractory 
inclusions [Ca,Al-rich inclusions (CAIs) and amoeboid 
olivine aggregates (AOAs)], chondrules, and Fe,Ni-
metal − most carbonaceous chondrites contain abun-
dant, very fine-grained (<1 µm) materials whose origin 
and genetic relationship to the coarse-grained compo-
nents remain controversial. These fine-grained materi-
als are observed in several textural occurrences: (i) as 
rims around coarse-grained components, (ii) as inter-
stitial matrix, and (iii) as lithic clasts (dark inclusions). 
Due to the small grain size and high porosity, these 
materials are highly susceptible to aqueous alteration 
and thermal metamorphism – processes that operated 
on most chondrite parent asteroids and significantly 
modified or even erased solar nebular records in fine-
grained materials. There are only a few carbonaceous 
chondrites which appear to have escaped thermal 
metamorphism and experienced small degree aqueous 
alteration; these include CR (Renazzo-like) and the 
ungrouped carbonaceous chondrites Acfer 094 and 
Adelaide. The primitive nature of Acfer 094 and CR 
chondrite North West Africa 530 is supported by the 
discovery of amorphous presolar silicates in these me-
teorites [1, 2]. In order to decipher the solar nebular 
records in fine-grained rims, matrix, and dark inclu-
sions of these meteorites, we studied their mineralogy 
and chemistry using scanning electron microscopy 
(SEM), electron probe microanalyses (EPMA), and 
transmission electron microscopy (TEM). 

CR chondrites Acfer/El Djouf 001: Fine-grained 
materials in Acfer/El Djouf 001 include dark inclu-
sions, fine-grained clastic matrix, and rare fine-grained 
matrix-like rims around chondrules; the latter are tex-
turally similar to those in CM chondrites [3]. Matrix 
appears to be very heterogeneous and consists of sub-
µm sized mostly magnesian olivine and pyroxene, em-
bedded into very fine-grained phyllosilicates inter-
spersed with tiny Fe,Ni-metal and sulfide grains. Oli-
vine is the most abundant anhydrous phase and some-
times occurs as clusters of several anhedral grains; 
pyroxene is less frequent and many grains are found to 
be intergrowths of ortho- and clinopyroxene, indica-
tive of quenching at high temperatures (Fig. 1). Phyl-
losilicates are composed of saponite-serpentine inter-

growths, textures commonly observed in CI1 chon-
drites [4]. Dark inclusions are much finer-grained, 
display a lower porosity, and contain higher abun-
dances of saponite, serpentine, and magnetite and a 
lower abundance of anhydrous silicates (olivine and 
pyroxenes) than the CR matrix [5]. Fine-grained rims 
are mineralogically heterogeneous and contain regions 
in which anhydrous phases are more abundant than 
phyllosilicates. However, such regions are rare and the 
rims generally resemble the mineralogy of the matrix 
with abundant serpentine and saponite.  

 

  
Figure 1. Bright field TEM image showing a Mg-rich 
pyroxene grain (Px) in the dominantly hydrous matrix 
of the CR2 chondrite Acfer 097. 

 
Compositionally, matrix, dark inclusions, and rims 

are very similar; the matrix seems slightly enriched in 
Ca relative to rims and dark inclusions while the rims 
might be slightly depleted in Fe. Major deviations 
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from the CI values are observed for the most volatile 
elements with K being strongly enriched and Na and S 
being depleted in all fine-grained lithologies [e.g., 3]. 
The Ca/Al ratios vary from 1.54 in the matrix to 1.21 
in the rims and 1.17 in the dark inclusions (CI=1.07; 
[6]); Ti/Al-ratios are 0.04 in the matrix and dark inclu-
sions and 0.03 in the fine-grained rims (CI=0.05; [6]).   

Adelaide: Our TEM study of the Adelaide matrix 
is consistent with observations of [7]. It predominantly 
consists of sub-µm-sized ferrous olivines set into an 
amorphous to microcrystalline anhydrous groundmass. 
The olivines commonly form clusters of anhedral 
grains; euhedral olivines, pyroxenes, and sulfides are 
less abundant. Some matrix regions are solely com-
posed of tiny ferrous olivines. The bulk composition of 
the Adelaide matrix normalized to Si & CI shows a Ca 
depletion: the Ca/Al-ratio (0.16) is much lower relative 
to bulk Adelaide (0.69; [8]), whereas the Ti/Al-ratio 
(0.04) is less clearly below bulk Adelaide (0.08; [8]). 
K, Na, S are depleted, whereas Fe is enriched, possibly 
due to extensive terrestrial weathering of Adelaide. 

Acfer 094: Matrix in Acfer 094 consists of Mg-
rich  olivine,  magnesian low-Ca pyroxene, and  Fe,Ni-  

 
Figure 2. Bright field TEM image of the fine-grained 
material in Acfer 094 (after [9]). The matrix is domi-
nated by small olivines (Ol) and pyroxenes (Px) em-
bedded in an amorphous groundmass (am). 

sulfides all of rounded or elongated morphologies set 
into an amorphous ferrous silicate matrix (Fig. 2).  

Phyllosilicates are exceptionally rare; they prefer-
entially replace amorphous material and occasionally 
form tiny veins cutting through olivines. The bulk 
composition of the Acfer 094 matrix normalized to Si 
and CI is chondritic for most refractory and moder-
ately volatile elements; only Ca seems slightly en-
riched and Ni slightly depleted. The Ca/Al-ratio of 1.6 
is clearly superchondritic and the Ti/Al-ratio of 0.04 
slightly below the chondritic value of 0.05 [6]. Proba-
bly due to terrestrial weathering, K is significantly 
enriched and Na slightly and S more strongly depleted. 

Discussion: Fine-grained matrix, rims, and dark 
inclusions studied in Acfer/El Djouf 001 experienced 
aqueous alteration and contain no anhydrous amor-
phous material; crystalline material is dominated by 
magnesian olivine and pyroxenes which appear to 
have been quenched at high temperatures. Fine-
grained matrix in Adelaide appears to have experi-
enced thermal metamorphism resulting in formation of 
abundant crystalline ferrous silicates [7]. Matrix in 
Acfer 094 appears to be the most pristine; it largely 
escaped aqueous alteration and thermal metamorphism 
and contains abundant amorphous ferrous silicates and 
tiny crystalline magnesian silicates [9]. We infer that 
the primary components of fine-grained matrices are 
composed of crystalline magnesian silicates and amor-
phous ferrous silciates; crystalline ferrous silicates and 
phyllosilicates are secondary and resulted from aque-
ous alteration and thermal processing of primitive ma-
trices most likely in an asteroidal setting. 
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Introduction:  Al-rich chondrules, which com-

monly consist of primary anorthite or Al-rich glass, 
spinel, Al-rich diopside, and olivine, are rare in most 
unequilibrated enstatite chondrites (UECs).  In a pre-
vious study of calcium-aluminum-rich inclusions 
(CAIs) in UECs [1], we incidentally analyzed the oxy-
gen isotopic composition of an Al-rich chondrule from 
EET 87746 (EH3).  The data showed that its oxygen 
isotopes fall outside the typical range for UEC ferro-
magnesian chondrules.  In this report, we have meas-
ured oxygen isotopic compositions of additional Al-
rich chondrules in UECs, with the goals of determin-
ing their relationship to UEC ferromagnesian chon-
drules and comparing them with Al-rich chondrules in 
unequilibrated ordinary chondrites (UOCs) and with 
CAIs in general. 

Samples and Experimental:  The Al-rich chon-
drules were identified from elemental X-ray maps of 
polished UEC thin sections by using a scanning elec-
tron microscope (SEM).  One of the Al-rich chon-
drules was previously described [1]:  E4642-1 from 
EET 87746 is ~100 µm in diameter and consists of 
euhedral spinel (up to ~20x50 µm), aluminous diop-
side, and two types of glass (CaO ~9-12%, Na2O ~3-
4%; and CaO <2%, Na2O ~10-11%).  The Al-rich 
chondrules L2003-1 and L2003-2 are from LEW 
87220 (EL3).  L2003-1 is ~420 µm in size and domi-
nated by Na-Ca-rich glass that encloses dendritic Al-
rich diopside laths.  It also contains spinel, olivine, and 
enstatite grains (Fig. 1).  L2003-2, a porphyritic chon-
drule of ~250 µm in diameter, is mainly composed of 
anorthite and enstatite, with minor amount of spinel 
and Al-rich diopside.  E4640-2 is a small (~100 µm in 
diameter) compact pyroxene-anorthite Al-rich chon-
drule from EET 87746, with Al2O3 in diopside up to 
33 wt%.  

In-situ oxygen isotope analyses of the Al-rich 
chondrules were carried out using the Cameca IMS 6f 
ion microprobe at ASU.  A 0.2-0.34 nA beam of Cs+ 
was focused into a spot of ~20 µm in diameter in aper-
ture illumination mode.  Secondary ions were acceler-
ated to -9 KeV and collected by peak-jumping into 
either a Faraday cup (16O-) or electron multiplier (17O- 
and 18O-) at a mass resolving power of ~6000, easily 
resolving the 16OH- interference on 17O-.  Uncertainties 
on individual analyses, taking into account the varia-
tion on repeated analyses of the standard, are ~3‰ 

(2σ).  The magnitude of matrix effects is small (~1-
2‰) under our analysis conditions.  No correction for 
such effects has been made. 

Results and Discussion:  The oxygen isotope re-
sults from three Al-rich chondrules, plus data from the 
one analyzed previously [1], are plotted in Fig. 2.  
Shown for reference on the plot are the oxygen iso-
topic compositions of bulk ferromagnesian chondrules 
from enstatite chondrites [2]. 

The oxygen isotopic compositions of the four UEC 
Al-rich chondrules spread over a range of ~10‰.  Data 
from the pyroxene-anorthite Al-rich chondrule E4640-
2 falls within the range of the ferromagnesian chon-
drules of enstatite chondrites, whereas the other three 
Al-rich chondrules plot to the 16O-enriched direction, 
along the extension line defined by the ferromagnesian 
chondrules.  E4642-1 is the most 16O-enriched Al-rich 
chondrule, with δ17O = -5‰ and δ18O = -3‰.  All the 
data points from the Al-rich chondrules roughly de-
termine a correlation line of slope 0.7±0.1, similar to 
the one defined by bulk ferromagnesian chondrules 
[2].  

The observation that both Al-rich and ferromag-
nesian chondrules in UECs are approximately distrib-
uted on a single isotopic mixing line indicates that they 
are genetically related to each other.  The oxygen iso-
topes of UEC CAIs [1, 3], however, do not fall on the 
same mixing line.  Neither can UEC CAIs be linked to 
ferromagnesian chondrules of enstatite chondrites 
through the CCAM or Young and Russell lines [1].  
There is no compelling evidence that the chondrule 
mixing line of slope 0.7±0.1 in enstatite chondrites 
might form from overprinting of a slope ~1 mixing 
line with mass-dependent fractionation processes.  
Therefore, the UEC CAIs apparently do not represent 
the 16O-rich end-member of the UEC chondrule mix-
ing line.  The Al-rich chondrules in UECs cannot be 
mixing products of CAIs and ferromagnesian chon-
drules.  Similar relationship between Al-rich chon-
drules, ferromagnesian chondrules, and CAIs was also 
observed in ordinary chondrites [4].  

Internal isotopic heterogeneities among minerals 
were exhibited in the Al-rich chondrules L2003-1 and 
L2003-2.  In general, spinel and olivine are more 16O-
enriched than other mineral phases, such as Al-rich 
diopside or anorthite.  Because of the large uncertain-
ties of the data and possible matrix effects, the origin 
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of these internal variations cannot be unequivocally 
determined.  They could be produced either by mass-
dependent isotopic fractionation or by partial isotopic 
exchange with an external reservoir, either in the nebu-
lar or on the parent body. 

The entire oxygen isotopic range (~10‰) of UEC 
Al-rich chondrules observed in this study is signifi-
cantly smaller than that of UOC Al-rich chondrules 
(~20‰) [4].  This could merely be a sampling bias due 
to the smaller dataset of this study.  On the other hand, 
it might be another indication of the genetic relation-
ship between Al-rich and ferromagnesian chondrules 
in enstatite chondrites.  It has been known that the 
ferromagnesian chondrules in enstatite chondrites have 
a very restricted oxygen isotopic region, which is re-
garded as an indication of close approach to equilib-
rium between chondrules and the ambient nebular gas 
for enstatite chondrites [5].  Isotopic exchange at simi-
lar conditions would produce a narrow oxygen isotopic 
range for Al-rich chondrules as well.  Furthermore, a 
larger degree of equilibration with the ambient nebular 
gas (higher temperature?) may well explain the differ-
ence in Al-Mg systematics between UEC and UOC 
Al-rich chondrules:  In UOCs, about one third of those 
Al-rich chondrules measured contain 26Mg excesses 
from the in situ decay of 26Al [6], with inferred initial 

(26Al/27Al)o ratios ranging from ~5x10-6 to ~1x10-5.  In 
UECs, out of the 14 UEC Al-rich chondrules analyzed 
so far [7, 8, and unpublished data], only one was found 
containing resolvable 26Mg excesses from the in situ 
decay of 26Al, with a (26Al/27Al)o ratio of ~5x10-6 [7]. 

Conclusions:  The oxygen isotopic compositions 
of UEC Al-rich chondrules define a mixing line of 
slope ~0.7±0.1 that extends to the 16O-enriched direc-
tion from the ferromagnesian chondrule field of ensta-
tite chondrites, suggesting that they are genetically 
related to ferromagnesian chondrules, but not to CAIs 
in enstatite chondrites.  Therefore, similar to their 
UOC counterparts, UEC Al-rich chondrules were not 
simple mixtures of ferromagnesian chondrules and 
CAI material. 
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Fig. 1 Backscatter electron image of the Al-rich 

chondrule L2003-1 from LEW 87220.  The chondrule 
is about 420 µm in diameter. 
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Fig. 2.  Oxygen isotopic compositions of Al-rich chon-
drules in unequilibrated enstatite chondrites.  Data 
points are color-coded for each individual chondrule.  
E4642-1 –blue; L2003-1 –red; L2003-2 –brown; 
E4640-2 –black.  Triangle –spinel; Circle –anorthite or 
glass; Square –diopside; Cross –olivine. 
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Introduction: Cathodoluminescence (CL) spectral 
properties of shocked plagioclase samples have 
previously been investigated in detail [1-4]. These 
authors observed that shock metamorphism causes 
peak shifts from green towards red wavelengths, peak 
broadening, decrease of luminescence intensity and 
disappearance of the crystal field sensitive Mn2+ and 
Fe3+-related peaks resulting from breakdown of the 
crystal structure (i.e., occurrence of diaplectic glass) at 
around 35 GPa. Here, we present the results of 
cathodoluminescence spectra, which were performed 
on experimentally shocked (shock pressures from 20 to 
40 GPa) plagioclase specimens. The purpose of this 
study is to further investigate the capability of the CL 
technique to identify shock metamorphic effects in the 
shocked plagioclase.  
Experimental Procedure: The samples (An20, An40 
and An80) were subjected to shock pressures of 20, 30, 
40, and 50 GPa (using the propellant gun at Institute 
for Material Research, Tohoku University, Japan). 
However, only the An40 samples were selected for this 
study, because they show better quality than the other 
grains. CL spectra were recorded (at Okayama 
University of Science, Japan) in the wavelength range 
of 300-800 nm, with 1 nm resolution by the photon 
counting method using a photomultiplier detector, 
Hamamatsu Photonics R2228.  
Results and Discussion: Unshocked plagioclase 
shows a broad peak at around 580 nm related to Mn(II) 
activator, whereas both samples shocked at 20 and 30 
GPa exhibit similar single broad peak at around 620 
nm. But comparison of CL intensity among these 
samples might be difficult in such scheme due to a 
scanty CL measurement of the sample shocked at 20 
GPa and the effect of surface condition on CL 
spectrum. The sample shocked at 40 GPa proves the 
reduction of CL intensity at around 620 nm and an 
enhancement of a peak at 450 nm is related to defect 
center (Fig. 1). A broad band at around 325 nm and a 
shoulder band of the Mn-related broad peak at 580 nm 
of the unshocked sample are related to the defect 
centers (Fig. 1). Decreasing of the luminescence, peak 
intensity and disappearance of the crystal field 
sensitive Mn2+-related peaks at 30 and 40 GPa 
samples are in a good agreement with the previous 
studies indicating the formation of the shock-induced 
diaplectic glass. Consequently, changes in CL spectra 

of the shocked plagioclase, including peak broadening, 
peak disappearances or shifts, and decreases in peak 
intensities are related not only to local variations in the 
crystal field strength, such as distance changes 
between coordinated –O- and Mn2+ activator ion, but 
also to changes (lacking or absence of recombination 
centers) of the distance between electron traps in the 
band gap between the conduction and valance bands. 
Moreover, this study can aid to determine whether or 
not CL effects in the shocked plagioclase are 
characteristic for particular shock pressure stages. This 
study might help to understand the nature of shock 
waves during the formation of chondrites and high-
temperature-and pressure processes in the 
protoplanetary disk. 

Figure 1. CL spectra of unshocked (An40-andesine) 
and shocked   (20, 30, and 40 GPa) plagioclase 
samples (An40). 
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