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Abstract--We report results of a consortium study of a large interplanetary dust particle known as cluster 
L2008#5. This cluster is composed of fifty-three fragments ( >5/.tm in diameter) and several hundred fines 
(<5  /zm in diameter). Fragments and some fines were characterized using a variety of chemical and 
mineralogical techniques including: energy dispersive X-ray analyses for bulk chemical compositions for 
elements carbon through nickel, transmission electron microscopy for mineralogy, noble gas measurements, 
synchrotron X-ray fluorescence for trace element abundances, isotopic abundances using an ion probe, 
trace organic abundances, and reflectance spectroscopy. Our results show that cluster L2008#5 displays 
strong chemical and mineralogical heterogeneity on a size scale of the individual fragments ( ~  10/~m in 
diameter). Despite the strong heterogeneity, we believe that nearly all of the analyzed fragments were 
originally part of the same cluster in space. 

Several methods were used to estimate the degree of heating that this cluster experienced. Variations in 
the inferred peak temperatures experienced by different fragments suggest that a thermal gradient was 
maintained. The cluster as a whole was not strongly heated; it is estimated to have a low earth-encounter 
velocity which is consistent with origin from an object in an asteroidal orbit rather than from a comet, 
which would most likely have a high entry velocity. 

Our conclusions show that cluster L2008#5 consists of a chemically and mineralogically diverse mixture 
of fragments. We believe that cluster L2008#5 represents a heterogeneous breccia and that it was most 
likely derived from an object in an asteroidal orbit. We also present an important cautionary note for 
attempts to interpret individual, small-sized 10-15/.tm IDPs as representative of parent bodies. It is not 
unique that individual building blocks of IDPs, such as discrete olivine, pyroxene, sulfide grains, regions 
of carbonaceous material, and other noncrystalline material, are found in several fragments; however, it is 
unique that these building blocks are combined in various proportions in related IDPs from one large cluster 
particle. 

INTRODUCTION 

Since May of 1981, NASA at the Johnson Space Center (JSC) 
has used high-flying aircraft to collect interplanetary dust par- 
ticles (IDPs) in the Earth's stratosphere. The conventional fiat 
plates used for particle collection have a surface area of ~30 
cm 2 and capture IDPs, typically with diameters ranging from 
~ 2 - 2 5  #m. Within the past five years, large area collectors 
(LACs), with a tenfold increase in surface area, have also 
been used to sample the stratospheric particle population. The 
LACs were found to collect a greater number of larger sized 
extraterrestrial particles, many with diameters > 25 t~m. Al- 
though some of these large IDPs remain intact when removed 
from the collectors, many collide with the collection surface, 
fracture, and produce fragments of various sizes. We used the 
term cluster particle for a fragmented, large IDP. In general, 

* This paper is dedicated to the memory of A. O. Nier who greatly 
contributed to the study of interplanetary dust particles. 

a cluster particle is a group of fragments in a clump on a 
collection surface with a minimum of three large-size frag- 
ments (>10  /~m in diameter) and many fines (fragments 
< 5/zm in diameter). The study of cluster particles has sev- 
eral advantages over that of small-sized individual IDPs: ( 1 ) 
cluster IDPs provide a large amount of extraterrestrial mate- 
rial which may be relatively pristine or unheated, (2) frag- 
ments from the same cluster can be examined using a variety 
of techniques, and (3) cluster particles bridge the size-gap 
from conventional stratospheric IDPs to larger particles. 
These larger particles, or micrometeorites, generally range 
from ~ 100-1000 /zm in diameter with a mass distribution 
peaking near 200 #m (Love and Brownlee, 1993 ). Extrater- 
restrial particles in this size range are, by mass, the most abun- 
dant material striking the Earth (Grtin et al., 1985). 

A preliminary mineralogical and chemical study of two to 
three fragments from several cluster particles showed that, in 
general, bulk compositions for most major elements were chon- 
dritic (within --2 x CI), with the exception of carbon (Thomas 
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Table 1 
fragments from cluster L2008#5 obtained by quantitative 
energy dispersive X-ray spectroscopy (EDX). 

Fraqment Clu11 Clu13 
Size* 9 
C 14 3 
Na 2.1 0.4 

133 206 
0 . 8  0 . 6  

si i0.i 27.7 
P 0.4 0.0 
s 4.3 0.2 
K 0.1 0.7 
Ca 9.8 0.4 
Ti 0.0 0.0 
Cr 0.i 0.5 
Mn 0.2 0.3 
Fe 7.9 2.7 
Ni 0.6 0.0 
O 36.7 42.6 

Total** 100.0 99.7 

1__~_~ l_q_G__ ~ ~ / C i u 1 4  Clu15 

2 2 4 12 
3.1 0.8 1.8 1.7 
6.3 15.6 9.4 11.0 
3.1 1.6 1.7 1.2 

12.7 22.4 12.4 14.4 
0.4 0.3 0.4 0.5 
1.7 0.4 11.2 6.8 
0.3 1.8 0.0 0.1 
1.6 0.0 1.9 0.8 
0.0 0.0 0.0 0.0 
0.1 0.3 0.1 0.1 
0.1 0.3 0.1 0.1 

28.2 12.7 25.4 16.6 
0.9 0.1 1.6 1.2 

39.8 41.9 30.1 33.8 

100.3 100.2 100.1 100.3 

4 
2.4 

12 2 
1 2 

14 4 
0 7 
4 3 
0 0 
0 9 
0 0 
0 2 
0.2 

24.2 
0.6 

34.8 

I00.I 

14 10 6 
1.0 1.6 0.6 
8.5 9.6 2.7 
1.0 0.9 0.3 

23.8 20.6 6.8 
0.7 0.3 0.4 
5.6 4.1 25.3 
0.0 0.2 0.0 
0.5 1.0 0.0 
0.0 0.0 0.0 
0.1 0.4 0.0 
0.0 0.2 0.0 

10.8 19.4 36.9 
0.6 1.2 3.5 

33.2 30.0 17.6 

99.8 99.5 100.1 

C 
Na 

st. 
P 
s 
K 
Ca 
Tt. 
Cr 
Mn 
F e  
N£ 
O 

T o t a l * *  

Clu113 

2 7 
1.5 1.0 
1.3 17.6 
04 0.7 
5 6 22.7 
04 0.4 
3 9 2.8 
00 0.0 
0 1 0.2 
00 0.0 
0.9 0.1 
0.0 0.1 

51.8 6.4 
3.4 0.3 

28.2 40.9 

99.5 100.2 

O l u 1 1 4  

6 4 
0.9 1.2 

11.3 11.6 
0.7 1.2 

11.0 15.4 
0.4 0.3 

13.2 6.7 
0.0 0.0 
0.6 1.1 
0.0 0.0 
0.2 0.2 
0.4 0.3 

26.8 23.2 
1.2 1.3 

27.1 33.5 

99.8 100.0 

5x7 
2 

2.2 
9 7 
0 9 

12 4 
0 5 
5 2 
0 1 
0 9 
0 0 
0.3 
0.3 

30.8 
1.0 

33.2 

1 8 6 2 2 
1.6 0.9 1.6 0.9 1.0 
5.1 5.0 8.3 20.4 18.7 
0.6 1.8 1.0 0.7 0.4 

10.3  21 .5  11.8  26 .4  22 .3  
0 . 3  0 .4  0 .5  0 .3  0 .2  
7.8 0.5 13.5 0.5 0.2 
0 . 3  0 .3  0 . 0  0 . 0  0 . 0  
0.4 13.8 0.6 0.3 0.0 
0 . 0  3 .6  0 .0  0 . 0  0 . 0  
0 .5  0 . 0  0 .0  0 .2  0 .3  
0.i 0.0 0.I 0.0 0.3 

37.6 1.3 25.2 3.5 13.7 
2.5 0.0 1.5 0.0 0.0 

31.5 43.0 30.2 44.1 41.2 

99.5 99.6 i00.1 i00.3 99.3 i00.3 

Clu21  C lu22  C lu23  C lu24  
S~ze* 1-TTgIE ~ ~ 5x7 
c 4 2 7 5 
Na 3.2 0.1 1.9 2.7 
Mq 4.4 0.5 9.7 11.8 
AI 0.6 0.I 1.4 1.7 
Si 7.9 0.9 13.3 14.5 
P 0.5 0.2 0.6 0.9 
S 7.1 23.4 9.4 2.8 
K 0.i 0.0 0.I 0.0 
Ca 0.2 0.0 0.5 0.9 
Ti 0.0 0.0 0.0 0.0 
Cr 0.i 0.0 0.3 0.2 
Mn 1.0 0.i 0.i 0.3 
Fe 38.1 57.6 23.4 17.6 
Ri 4.0 0.2 1.5 0.8 
0 29.1 15.2 31.0 40.3 

Total** 100.2 100.4 100.2 99.5 

Clu25 
5x7 

7 
2.3 

11.7 
1.5 

15.3 
0.6 
5.4 
0.1 
0.9 
0.0 
0.2 
0.2 

18.4 
i.i 

35.6 

100.3 

~lu26 
5x5 

5 
1.9 

II.0 
1.9 

18.4 
0.4 
6.2 
03 
01 
00 
02 
01 

18 8 
18 

33.8 

99.9 

Clu27 C l u 2 8  
5x7 

8 9 
2.6 2.6 
9.1 10.5 
4.2 1.4 

12.8 14.0 
0.8 0.6 
2.0 4.1 
0.2 0.i 
0.8 0.9 
0.0 0.0 
0.i 0.2 
0.i 0.2 

19.4 19.0 
i.i 1.3 

39.3 36.3 

100.5 100.2 

et al., 1993a). However, the results also indicated that fragments 
from cluster particles can show chemical and mineralogical het- 
erogeneities at the 10 #m scale which suggests that conclusions 
drawn from one fragment of a cluster are not necessarily repre- 
sentative of other fragments from the same cluster. These initial 
results prompted us to do a more systematic investigation of many 
fragments from one individual cluster praticle. Here we report 
the results of a consortium study in which multiple fragments 
from one large cluster were distributed to several research groups 
and analyzed using a variety of mineralogical and chemical tech- 
niques. The main objectives of this study were (1) to determine 
if fragments from a single cluster are chemically and mineralog- 
ically heterogeneous, (2) to determine if heterogeneities extend 

to other properties of cluster IDPs, (3) to compare the chemical 
and mineralogical properties of a cluster IDP to chondrites, and 
(4) to compare reflectance spectra of a characterized cluster IDP 
to those of plausible parent bodies (e.g., asteroids and comets). 

METHODS 

We were allocated ~95% of the fragments from cluster particle 
#5 from the large area collector L2008. This cluster contained a mix- 
ture of optically light and dark fragments and subfragments, or fines, 
as observed in reflected light. Based on the number and size of the 
fragments, without considering pore spaces between individual frag- 
ments, we estimate that the original size of this cluster was ~40-50  
#m in diameter. It is possible that the cluster is much larger if the 
porosity is higher (see section "'What is the source of cluster 
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TABLE h (Continued) 
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I Framment Clu31 
Size* --~ 
C 9 
Na 2.2 

lO4 
1 .5  

si 16.4 
P 0.5 
s 3.4 
K 0.1 
Ca 1.0 
Ti 0.0 
Cr 0.2 
Mn 0.1 
Fe 15.7 
Ni 0.7 
O 38.5 

Total** 100.0 

Ciu32 Ciu33 Clu34 C l u 3 5  Clu36 Ciu37 C1u38 C lu39  

17 23 3 2 3 3 3 3 29 
2.4 2.0 0.4 3.0 1.7 1.0 0.5 4.5 1.5 
8.7 7.1 3.6 9.0 9.6 8.8 2.7 7.0 8.1 
1.1 1.0 0.2 0.8 1.1 0.8 0.2 4.9 1.0 

16.4 16.4 5.8 11.3 12.2 13.1 3.0 19.2 12.3 
0.5 0.5 0.2 1.2 0.7 0.1 0.3 3.7 0.5 
4.5 6.6 12.4 1.5 9.2 1.0 25.6 1.2 5.9 
0.1 0.1 0.0 0.I 0.0 0.0 0.0 0.7 0.i 
0.6 0.6 0.2 0.7 1.0 1.0 0.0 13.3 0.5 
0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 
0.1 0.1 0.2 0.2 0.2 0.3 0.0 0.4 0.1 
0.1 0.1 0.1 0.4 0.2 0.3 0.0 0.1 0.1 

13.8 11.6 46.0 34.5 25.5 38.4 47.8 3.7 10.5 
0.7 0.6 3.0 0.9 2.6 1.8 0.5 0.2 0.6 

34.0 30.3 25.0 34.2 32.9 30.2 16.2 37.8 29.8 

99.9 100.0 100.1 99.8 99.9 99.9 99.8 99.7 99.9 

Fragment Clu311 Clu312 Clu313 clu314 Clu315 Clu317 Clu318 Clu319 Clu320 
size* -ID-£IV ~ ~ ~ - - V  -V£i5- ~ ~ I-'0- 
C 4 9 15 14 15 2 4 4 12 
Na 1.6 1.6 2.2 2.6 2.7 4.5 5.7 1.5 5.4 
MQ 7.8 9.0 9.3 9.6 15.5 10.0 7.0 11.1 2.2 

0.7 1.4 1.3 1.4 0.9 3.9 10.6 1.2 0.5 
Si 10.9 17.5 16.3 14.6 7.4 20.9 13.7 15.1 30.0 
P 0.3 0.4 0.5 0.6 0.6 0.3 2.5 0.8 0.5 
S 8.2 6.0 4.6 3.7 6.2 0.6 2.4 6.6 0.3 
K 0.1 0.1 0.0 0.0 0.0 0.2 0.1 0.0 0.5 
Ca 0.8 0.4 0.6 0.6 0.5 0.2 4.0 1.0 0.1 
Ti 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cr 0.3 0.2 0.i 0.i 0.0 0.0 0.i 0.3 0.0 
Mn 0.2 0.1 0.1 0.0 0.i 0.3 0.I 0.2 0.4 
Fe 33.5 18.6 12.5 15.8 12.1 17.9 8.6 20.3 0.9 
Ni 1.9 1.1 0.7 0.8 0.3 0.1 0.5 1.2 0.0 
O 29.9 34.4 37.1 36.1 38.9 39.4 40.9 36.4 47.1 

Total** 100.2 99.8 100.2 99.9 99.9 100.3 100.2 99.7 99.9 

Fragment Clu51 
Size* 
C 4 
Na 2.3 

92 
0 . 8  

si 13.3 
P 0.6 
S 10.6 
K 0.0 
Ca 1.0 
Ti 0.0 
Cr 0.1 
Mn 0.I 
Fe 23.1 
Ni 2.3 
O 32.3 

Clu52 

13 
1.6 
9.6 
2.0 

18.3 
0.7 
5.0 
0.1 
22 
O0 
01 
10 

11 3 
06 

35 1 

Ciu53 Clu54 
7x7 lOxl--~ 

5 12 
1.8 1.3 

10.2 10.2 
1.0 1.0 

15.7 16.5 
0.6 05 
7.0 94 
0.0 00 
0.9 08 
0.0 00 
0.3 02 
0.2 0.2 

26.1 17.1 
1.2 0.8 

29.9 30.5 

Total** 99.7 100.6 99.9 100.5 100.4 

Ciu55 Clu56 
10x-V£~ 

4 4 
2.3 1.3 
9.4 11.7 
1.8 1.2 

16.0 17.4 
0.5 0.6 
5.8 9.4 
0.0 0.0 
0.5 0.9 
0.0 0.0 
0.1 0.3 
0.2 0.2 

19.4 16.4 
4.3 0.9 

36.1 35.3 

99.6 

*Size in mlcrometers 
**Totals may not equal I00.0; C abundances are reported as whole number values 

L2008#5?"). Fragments include three that are ~ 15 x 15 #m, six 
that are ~12 x 12 #m, ~50 that range from 5-10 #m in diameter, 
and several hundred subfragments (also called fines) < 5 #m in 
diameter. The fifty-three fragments ( >5/zm in diameter) from cluster 
L2008#5 were placed on beryllium substrates for analysis at JSC 
using a JEOL 35 CF scanning electron microscope (SEM) operated 
at 15 kV and equipped with a Princeton Gamma Tech (PGT) X-ray 
energy dispersive (EDX) spectrometer. The PGT spectrometer is a 
detector with a thin organic window which was used to determine 
bulk particle compositions; this spectrometer allows detection of el- 
ements with Z > 5. Our complete procedures and analytical checks 
for quantitative SEM EDX light element analysis of IDPs are de- 
scribed in detail elsewhere (Thomas et al., 1993b). 

Following the initial bulk chemical analyses at JSC, multiple frag- 
ments were distributed to several research groups for the following 
analyses: mineralogical studies using transmission electron micros- 
copy (TEM), noble gas measurements, trace element abundances by 
Synchrotron X-ray Fluorescence (SXRF), ion microprobe studies for 
isotopic compositions, microprobe two-step laser mass spectrometer 
(/zL2MS) for trace organic chemistry, and reflectance spectroscopy 
using a microscope photometer (Fig. 1 ). 

TEM 

Ten of the fragments and ten of the fines were embedded in epoxy, 
thin sectioned using an ultramicrotome, and examined with a JEOL 
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Fragments 

SEM/EDXA 
5 ~  ~ Fragments ~ Reflectance spectra TEM ,~.f / " ~  

10 Fragments 7 Fragments 

SXRF " Ion probe 
4 Fragments 5 Fra~lments 

T 
Trace organics 
5 Fragments 

Fines 

TEM/ \ Noble gas abundances 
10 Fines 4 Samples of Fines 

FIG. 1. Methods flowchart showing the types of analyses performed 
on fragments and fines from cluster L2008#5. 

2000 FX TEM equipped with a Link EDX spectrometer. Modal min- 
eralogy was determined for fragments and fines as described in K16ck 
et al. (1989). 

Noble Gas Measurements 

Helium content and the helium release temperatures for four sam- 
ples were determined by step-heating experiments (technique de- 
scribed in detail by Nier and Schlutter, 1993). Each sample consisted 
of several fines, which approximate a fragment 10/zm in diameter. 
The fines, which were folded into a square of tantalum foil called an 
oven, were heated, the gas was extracted, and helium measurements 
were made by a mass spectrometer. 

SXRF 

This technique, which is particularly sensitive for the elements 
from chromium to bromine, was used to determine trace element 
abundances in four large fragments. The analytical method is de- 
scribed in detail by Flynn and Sutton ( 1991 ). 

Ion Probe 

The Washington University modified IMS-3f microprobe was used 
to determine hydrogen, carbon, and nitrogen isotopes of eight frag- 
ments. A primary ion beam of 8.5 KeV Cs ÷ ions was used to analyze 
the fragments. Hydrogen, carbon, and nitrogen (measured as CN) 
were measured as negative secondary ions. Carbon and nitrogen iso- 
topic measurements were performed at a mass resolving power of 
5,500 and hydrogen isotopic measurements were performed at low 
mass resolution. Further details of the technique can be found in 
McKeegan et al. (1985). 

Trace Organic Composition 

Following ion probe analysis, the same fragments were analyzed 
for the presence of polycyclic aromatic hydrocarbons (PAHs). PAHs 
signatures were obtained with a gL2MS (Kovalenko et al., 1992; 
Clemett et al., 1993). 

Reflectance Spectra 

Spectra over the visible wavelength range (380-800 nm) were 
acquired for seven fragments using techniques described by Bradley 
et al. (1994). 

RESULTS AND DISCUSSION 

Chemis t ry  a n d  Minera logy 

Table  1 shows normal i zed  e l emen t  abundances  for  fifty- 
three f ragments  ana lyzed  f rom cluster  L2008#5;  ~ 2 5 %  of  
the f ragments  conta in  at least  one ma jo r  e l ement  wi th  non-  
chondr i t ic  abundances .  Table  2 shows the mean,  s tandard 
devia t ion ,  and range  of  e l ement  abundances  of  all frag- 
ments .  The  c lus ter  mean  for  all e lements  is chondri t ic ,  
wi th in  a fac tor  of  two of  CI, wi th  the except ion  of  mino r  
e lements  sodium,  phosphorus ,  and t i t an ium which  were ~ 4  
x CI, ~ 5  x CI, and 2.5 x CI, respect ively.  The  range  of  
major  e lements  (C,  O, Mg, Si, S, and Fe) and the c lus ter  
mean  are shown graphica l ly  in Fig. 2; large ranges  for  ma-  
jo r  e lements  sugges t  that  compos i t iona l  d i f ferences  exis t  
(a l so  see Table  1 ). Chemica l  he te rogene i ty  of  indiv idual  

Table 2 
Mean composition (wt.%) and range of dement abundances of 53 fragments from cluster 

L2008#5. Bulk composition ofOrgueil (CI) is shown for comparison. 

Cluster Fragments Range Bulk Composition of 
Mean and lo  Variations Orgueil (CI)* 

(Wt.%) (Wt.%) 

C 7±3 .7  1-29 3.5 
O 34.0~2.3  15.2-47.1 46.4 
Na 1.9±0.6 0.1-5.7 0.5 
Mg 9.5±0.9 0.5-20.6 9.5 

1.4±0.2 0.1-10.6 0.9 
Si 14.9±0.7 0.9-30.0 10.7 
P 0.6±0.1 0.0-3.7 0.1 
S 6.3±4.2 0.2-25.6 5.3 
K 0.1±0.1 0.0-1.8 0.1 
Ca 1.4±0.1 0.0-13.8 0.9 
Ti 0.1±0.0 0.0-3.6 0.04 
Cr 0.2±0.1 0.0-0.9 0.3 
Mn 0.2±0.1 0.0-1.0 0.2 
Fe 21.1±0.5 0.9-57.6 18.5 

1.2±0.1 0.0-3.5 1.1 

*Normalized without water; Anders and Orevesse (1989) 



Geochemistry of a large IDP 2801 

70 

• cI 
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50 o t  • 40 

~ ao ,'n 

20 

10 

0 C 0 Mg Si S Fe 
FIG. 2. Range and mean of major element abundances for fifty- 

three fragments from cluster L2008#5. Average values are also 
shown for Orgueil (CI). The range of element abundances varies 
widely among fragments; however, the cluster mean is chondritic 
(within 2 x CI). 

cluster fragments is shown in a Si-Mg-Fe (atomic) trian- 
gular plot (Fig. 3 ). Individual fragments display a variety 
of compositions ranging from Si- to Fe-rich. More than 
50% of the fragments plot in the region between the solid- 
solution tie lines for pyroxene and olivine; this region also 
represents solar abundances for these elements. Atomic 
Mg/(Mg + Fe) values range from 0.2-0.95 with the clus- 
ter average at 0.51 (Fig. 4). 

Representative bulk EDX analyses of eighteen fragments 
are shown in Table 3. Fragments are grouped according to 
their chemical compositions; e.g., some fragments are clearly 
dominated by sulfides, magnetite, or carbonaceous material, 
while others have a bulk chondritic composition. In general, 
fragments dominated by sulfides have lower oxygen abun- 
dances, and sulfur and iron are > 2 x CI. In two fragments, 

Clul 11 and Clu34, Ni is > 2 x CI suggesting that kamacite 
or Ni-rich iron sulfide (e.g., pentlandite) could be present. In 
the magnetite-dominated chemical group, sulfur abundance 
ranges from 1.0-7.8 wt% and Fe > 2 x CI. Of the represen- 
tative fragments with chondritic element abundances, Clu51 
has Ni > 2 x CI and S ~ 2 x CI; this fragment contains Ni- 
rich and Ni-poor iron sulfides. Mineralogy was determined 
for two of the chondritic fragments: Clul8 is composed pri- 
marily of fine-grained aggregates containing ~10 nm Fe 
metal and Fe-sulfide grains embedded in a silica-rich glassy 
matrix, while Clu51 contains a mixture of olivine and pyrox- 
ene grains (also see Table 3). Of the fifty-three fragments 
analyzed, twelve were carbon-rich fragments with C > 3 
x CI ( ~  11 wt%). All other major element abundances are 
within 2 x CI for the C-rich fragments. 

For comparison to other published data, we have normal- 
ized some of our element abundances to silicon; the atomic 
abundance ratios to silicon for IDPs and other extraterrestrial 
materials are shown in Table 4. The average ratios of major 
elements are essentially the same for the cluster fragments, 
anhydrous IDPs, and 10-20 #m fragments of the Orgueil CI 
chondrite, with the exception of carbon. Although the heter- 
ogeneity is the same for cluster IDPs and other fine grained 
chondritic material (e.g., chondrite matrix), the grain size in 
IDPs is, in general, much finer than the grain size of chon- 
drites. Some coarse (5-10/zm) fragments from both L2008#5 
and Orgueil are nonchondritic (e.g., individual fragments are 
dominated by single minerals such as olivine, iron sulfides, 
etc.) unlike the fine-grained anhydrous IDPs, which have 
chondritic compositions. 

Tables 5 and 6 list mineral assemblages found in ten large 
fragments and fines from cluster L2008#5. Fragments have 
been classified according to the most abundant mineral phase. 
A variety of mineral phases are present in this cluster particle, 
and minerals with similar compositional ranges are found in 

Si 

Pyroxene Solid 
/ - - - - - -~- -~ . . . . - -~  ................................. -XSolutio n 

/ . .  ............. e ................. - . . ~ . a a ~  ............... ~ Olivine Solid 

/ o [] ~ OD O ° 

/ . . . . . . . . .  O~Fe Mg 
FIc. 3. Atomic abundances of Si-Mg-Fe for fifty-three cluster fragments are shown on a triangular plot. Fragments 

range in composition from Si- to Fe-rich. The cluster average is located between the olivine and pyroxene compositional 
tie lines indicating that L2008#5 is composed of a subequal mixture of olivine and pyroxene. The value for CI plots 
close to that for the cluster average. Key: E], cluster fragments; ~r, cluster average; 0, Orgueii (CI). 
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FIG. 4. Atomic Mg/(Mg + Fe) values for fifty-three fragments 
range from 0.2-1.0 with an average at 0.51. The mean value for 
Orgueil (CI) is 0.55. 

large fragments and fines. For example, olivine compositions 
range from Fo 57-99  in large fragments and from Fo 66-98  
in fines. However, several olivine-dominated fragments have 
ranges of olivine compositions which differ from one frag- 
ment to another (e.g., Clu35 and Clu317). Some fragments 
contain olivines with narrow ranges, or equilibrated compo- 
sitions (e.g., Clu51 and Clu52, Fig. 5a) and others have oliv- 
ines with large ranges, or unequilibrated compositions (e.g., 
Clu35 and Clul7, Fig. 5b). 

Pyroxene compositions include enstatite and high-Ca py- 
roxenes. Low-Fe, Mn-enriched (LIME) silicate grains were 
observed in two fragments and one fine. Silicates with this 
unique composition have been previously reported from some 
anhydrous IDPs and chondritic meteorite matrices (Kltick et 
al., 1989). Fine-grained aggregates (FGAs) ,  also known as 
unequilibrated aggregates (Bradley, 1994a), tar balls (Brad- 
ley and Brownlee, 1988), and GEMS (glass with embedded 
metal and sulfides; Bradley, 1994b) are the major constituents 
in two fragments (C1u52 and Clul7) ;  they are observed as 
minor components in one fragment (Clul  1 ) and two fines (#2 
and #7). All FGAs in fragments and fines from L2008#5 are 
composed of a glassy matrix with embedded metal and sul- 
fides. Fe-sulfides with Ni (FSN) are present in most fragments 
and fines. 

Noncrystalline regions, typically <500 nm in size, com- 
posed of carbonaceous material or glass are present in some 
fragments. We observed amorphous, carbonaceous material 
in four fragments with C > 3 × CI. Carbonaceous material 
can have a smooth or vesicular texture (Fig. 6a,b); we did 
not observe carbonaceous material in the fines. Noncrystal- 
line, noncarbonaceous solids have compositions which range 
from Si-rich to feldspathic with minor amounts of magnesium 
and iron present in some regions; some glassy regions contain 
considerable iron, up to 25 wt%. Glassy areas have either a 
smooth or a vesicular texture. Mineral grain sizes vary from 
fragment to fragment: of the twenty fragments and fines ex- 
amined, nine have constituent grains that are predominantly 
coarse grained (--1 #m in diameter) (e.g., fragment Clu317, 
Fig. 7a), six are predominantly fine grained (<50  nm in di- 
ameter) (e.g., fragment Clul7, Fig. 7b), and five contain a 
mixture of coarse and fine grains. Partial magnetite rims were 
observed in fourteen of twenty fragments and fines from this 
cluster (e.g., fragment Clul7, Fig. 8). 

Noble Gas Measurements 

Helium content and helium release temperatures for four 
samples were determined by step-heating experiments. The 
four samples are fines estimated to make up a 10-#m sized 
fragment. The average 4He abundance is -4 .1  (cc x 10 H) 
and the extraction temperatures for removal of 50% of the He 
range from 750-1040°C, with an average at 928°C (Table 7). 
In previous work on twenty individual IDPs, the average 4He 
abundance was 4.6 (cc × 1011) (Nier and Schlutter, 1992) 
which is close to the cluster average (Table 7). However, the 
range of 4He is from ~ 0  (undetectable) to 17. The average 
4He abundance of 24 IDPs from unrelated, cluster IDPs is 4.7 
(cc × 10 l~ ) and the range is from 0.33 to 44.6 (Table 7, Nier 
and Schlutter, 1993). The 50% helium release temperature 
for these IDPs is 798°C. The average 4He abundance is nearly 
identical for individual IDPs, unrelated cluster IDPs, and clus- 
ter L2008#5 fragments, indicating that the exposure history is 
similar for all three groups of IDPs. The range of 3He/4He 
exhibited by the individual and unrelated cluster IDPs is much 
larger than that of the L2008#5 cluster fragments, possibly 
due to the small number of fragments analyzed. The average 
50% He release temperature for the cluster fragments is sig- 
nificantly higher than that of unrelated cluster IDPs (928 vs. 
798°C, respectively) suggesting that this cluster was heated, 
on average, to higher temperatures during atmospheric entry. 
Helium release temperatures observed from our four cluster 
fragments are significantly different (750°C vs. a group rang- 
ing from 910-1040°C). The low helium release temperature 
of one fragment suggests that it was not strongly heated dur- 
ing atmospheric entry while the high release temperatures of 
three others suggest they were strongly heated; the range of 
fragment temperatures indicates that this cluster has likely 
maintained a thermal gradient during atmospheric entry, es- 
pecially if the cluster was very porous and if it contained 
components subject to sublimation (e.g., organic material, 
water). 

3He/4He ratios are given for three groups of IDPs, bulk 
carbonaceous and unequilibrated ordinary chondrites, and 
four samples of Nogoya (Table 7).  The 3He/4He range for 
cluster L2008#5 is 3 .3-7 .2  ( x  104), which is within that 
for both groups of IDPs, as well as bulk CM, and CV chon- 
drites. 

SXRF 

Four fragments from L2008#5 were analyzed by SXRF to 
determine trace element abundances. With the exception of 
zinc in one IDP, the individual fragments show variations of 
individual element abundances essentially spanning the entire 
range of individual analyses reported by Flyrm et al. (1993) 
for all anhydrous IDPs. All fragments show deviations by 
more than a factor of two from CI for at least three elements 
(Fig. 9 and Table 8). The only consistent trends are enrich- 
ments in copper, selenium, and bromine, and a depletion in 
zinc relative to CI. 

Two fragments show marked depletions in zinc (Zn/Fe 
< 0.1); Zn/Fe ratios range from 0.2-0.5 for the remaining 
fragments (Table 8). With the exception of the zinc depletion, 
which is seen in all fragments, there is no obvious pattern 
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Table 3 
R, epresentative analyses of sulfide-dominated, magnetite-dominated, chondritic, and carbon- 
rich fragments from cluster L2008#5. (Minor elements are excluded resulting in low totals). 

Representative bulk analyses of sulfide-dominated fragments 
Element Wt% Clu38 Clu 111 Ciu22 Clu34 

C 3 6 2 3 
O 16.2 17.6 15.2 25.0 

Mg 2.7 2.7 0.5 3.6 
Si 3.0 6.8 0.9 5.8 
S 25.6 25.3 23.4 12.4 

Fe 47.8 36.9 57.6 46.0 
Ni 0.5 3.5 0.2 3.0 

Total 98.8 98.8 98.0 98.8 
Representative bulk analyses of magnetite-dominated fragments 

Element Wt% Clu21 Glu 117 Clu 112 Clu37 
C 4 1 2 3 
O 29.1 31.5 28.2 30.2 

Mg 4.4 5.1 1.3 8.8 
Si 7.9 10.3 5.6 13.1 
S 7.1 7.8 3.9 1.0 
Fe 38.1 37.6 51.8 38.4 
Ni 4.0 2.5 3.4 1.8 

Total 94.6 95.8 96.2 96.3 
Representative bulk analyses of chondritic fra~nents 

Element Wt.% C1u25 C1u24 Clul8 C1u28 CluS1 Clu116 
C 7 5 4 9 4 2 
O 35.6 40.3 34.8 36.3 32.3 33.2 

Mg 11.7 11.8 12.2 10.5 9.2 9.7 
Si 15.3 14.5 14.4 14.0 13.3 12.4 
S 5.4 2.8 4.3 4.1 10.6 5.2 
Fe 18.4 17.6 24.2 19.0 23.1 30.8 
Ni 1.1 0.8 0.6 1.3 2.3 1.0 

Total 94.5 92.8 94.5 94.2 94.8 94.3 
Representative bulk analyses of carbon-rich fray, merits 

Element Wt.% Clu310 Clu313 Clu32 Clu33 
C 29 15 17 23 
O 29.8 37.1 34.0 30.3 

Mg 8.1 9.3 8.7 7.1 
Si 12.3 16.3 16.4 16.4 
S 5.9 4.6 4.5 6.6 

Fe 10.5 12.5 11.6 11.6 
Ni 0.6 0.7 0.6 0.6 

Total 96.2 95.5 92.8 95.6 

suggesting genetic links between the fragments. Flynn and 
Sutton (1991) have previously reported the analyses of two 
stratospheric particles which were recovered from the collec- 
tors intact but which broke into several fragments before trace 
element analysis. One of these (L2003E1) separated into 
three fragments. All elements from chromium to selenium 
were within a factor of three of CI except Cr (4.5 X CI) in 
one fragment and selenium (0.17 x CI) in another fragment. 
Each fragment exhibited a similar bromine enrichment. These 
fragments of L2003E1 showed a much narrower range of vari- 
ation in element abundances than did the fragments of cluster 
L2008#5. The second fragmented IDP (U2015G1) (Sutton 
and Flynn, 1988) exhibited significant compositional heter- 
ogeneity with Ni/Fe differing by a factor of three and the Zn/ 
Fe differing by a factor of nine between the two fragments. 

The zinc content of individual IDPs correlates well with 
other indicators of severe heating (Flynn et al., 1992; Keller 
et al., 1992; Thomas et al., 1992). Zinc is depleted relative 
to CI in all four fragments with two showing the very low 

Zn/Fe ratios suggestive of significant heating. The range of 
Zn/Fe ratios of Clul6 and Clul8 is an order of magnitude 
lower than that for fragments Clu21 and C1u319 indicating 
different degrees of heating between the pairs of fragments, 
assuming comparable initial zinc levels. 

Despite the heterogeneity between fragments of this 
cluster, the average composition of the four fragments 
agrees well with the average previously reported by Flynn 
et al. (1993) for eight heated, anhydrous IDPs (Table 8, 
Fig. 10). The average composition of the cluster fragments 
shows the general enrichment of volatile elements relative 
to CI meteorites which is characteristic of smaller, individ- 
ual IDPs (Flynn et al., 1992), with depletions in zinc and 
germanium consistent with significant heating (Flynn et 
al., 1994). 

Isotopic Measurements 

Ion microprobe measurements of hydrogen isotopes were 
performed on five fragments with a range of bulk carbon 
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Table 4 
Comparison of atomic abundance ratios to silicon (ranges in parentheses) for cluster fragments, 

anhydrous IDPs, and other extraterrestrial materials 

t2003#5 ~ Anhydrous O r g ~  Orgueild CM c v  
Fragmmts a IDPs b IDPs c Fragmems b ~ Matrix e 

o o c r  Comet 

C 1.1 2.0 2.4 0.6 0.8 4.4 
(0.2-4.6) (0.7-4.9) (0.0-1.3) 

O 4.0 4.0 4.0 5.1 7.6 4.8 
Na 0.2 0.1 0.05 0.09 0.05 0.04 0.02 0.12 0.05 
Mg 0.7 0.8 1.0 1.0 1.0 1.0 1.0 05 0.5 

(0.04-1.6) (0.5-1.8)  (0.6-2.0)  (0.04-1,2) 
AI 0.1 0.1 0.07 0.1 0,08 0.1 0.1 0.12 0.04 
S 0.4 0.4 0.4 0.2 0.4 0.2 0.05 0.05 0.4 

(0.01-1.5) (0.2-1.3)  (0.1-1.8)  (0.01-0.5) 
Ca 0.07 0.04 0.05 0.1 0.06 0.03 0.07 0.02 0.04 
Cr 0.008 0.008 0.008 0,02 0.01 0.01 
IVln 0.008 0.008 0.004 0.01 0.006 0.006 
Fe 0.7 0.6 0.7 0.73 0.87 0.89 0.93 0.6 0.3 

(0.03-1.9) (0.2-2.0)  (0.2-2.0)  (0.02-2.1) 
Ni 0.04 0.02 0.02 0.06 0.05 0.06 0.04 0.03 0.02 
a This work. 
bThomas et al. (1993b). 
c Schramm etal. (1989). 
d Anders and Grevesse (1989). 
e McSween and Richardson (1977). (CM, CV). 
fHuss et al. (1981). (Semarkona). 
g Jessberger et al. (1988). 

abundances (Table 9). Three of the fragments were subse- 
quently measured for carbon and nitrogen isotopes as well. 
Four C-poor fragments were obtained by crushing C1u37, 
which was previously determined to contain 3 wt% C. Sub- 
sequent EDX analysis confirmed that all subfragments had 
low carbon abundances. Four C-rich ( 10-29 wt%) fragments 
were analyzed as well. These included Clu110, Clu313, and 
two subfragments of Clu 19, and nine subfragments of Clu310. 

Deuterium enrichments (6D) were observed in three of the 
four C-rich fragments and range from +322 to +822 %0 (Ta- 
ble 9). Three of the four C-rich fragments were also found to 
have 15N enrichments of up to 260 %0. No substantial carbon 
isotopic anomalies were observed. 

Trace Organic Chemistry 

Four fragments were analyzed for trace organic com- 
ponents using microprobe two-step mass spectrometry 
(#L 2MS) (Kovalenko et al., 1992). These fragments had 
been analyzed previously for D/H isotopic ratios using the 
ion microprobe technique described in the previous sec- 
tion. In the first step of/zL2MS, constituent molecules of 
the sample are desorbed with a pulsed infrared laser beam 
which is focused to microscopic dimensions. For this 
study, either a CO2 laser (h = 10.6 ~zm) or Nd:YAG laser 
(h = 1.064 /~m) was used, giving a spatial resolution of 
- 4 0  #m or ~5  #m, respectively. The choice of desorption 
laser is determined by the particle size and proximity of 
other fragments on the sample mount. Both lasers give sim- 
ilar mass spectra; the difference is the spatial profile. The 
laser power is kept low enough ( ~ 1 0  6 W / c m  2) to ensure 
desorption of neutral organic species with little or no frag- 
mentation. In the second step, polycyclic aromatic hydro- 

carbons (PAHs) in the desorbed plume are preferentially 
ionized by a pulsed ultraviolet laser beam (Nd:YAG, h 
= 266 nm) which passes through the plume. The wave- 
length provides selectivity through resonance enhanced 
multiphoton ionization according to mass. 

PAHs were observed in several of the cluster fragments, 
most notably Clul9(/~) and C lu l l0  (Table 9). Significant 
variability of the PAH signature was observed both among 
different fragment particles and among subfragments of the 
same particles. The variation in signal is partially correlated, 
as would be expected, to the size of the fragment, however 
there are clear exceptions. For example, a strong distribution 
of aromatic species was observed in Clul9(/~) (Fig. 11), 
whereas no signal was observed in C lu l9 (a )  above the de- 
tection limits of the instrument, t each fragment having ap- 
proximately the same dimensions. The mass spectra of PAHs 
from those fragments show evidence of aromatic species 
which are very different from those of two previously studied 
unrelated IDPs, Aurelian (U47-M1-2a) and Florianus (U47- 
M1-7a) (Clemett et al., 1993). Both the mass range of aro- 
matic species observed and the structural complexity are re- 
duced, ranging primarily from one to six fused ring species 
with little indication of alkylation (replacement of -H with 
-(CH2)nCH3, where n = 0, 1, 2 ' - - ) .  However, individual 
peak intensities in some cases (e.g., naphthalene and chyr- 

* The detection sensitivity for a given PAH species depends both 
on its concentration in the sample and its photoionization cross sec- 
tion (Zenobi and Zare, 1991). The ultimate detection sensitivity for 
the molecule coronene (C24, Hn, 300 amu) has been measured in the 
#L2MS instrument to be 0.8 attomoles (~500,000 molecules in a 40 
/zm analysis spot), and that for the molecule phrenanthrene (C~4, H~o, 
178 ainu) ~0.02 attomoles (~ 12,000 molecules in a 40 #m analysis 
spot). 
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Table 5 
Mineralogy often large fragments from cluster L2008#5 

2805 

Mineral 
Grain 
Sizes 

Pyroxene C-type (CG'[', Mt 
F ~  Olivine Enstalite (I-~C.a) FGA* FSN** Material Glass  Others FG:I:) Rim* 

Clu317 Fo 63- Rare Not Obsv. Yes CG Yes 
68; 2 wt.% 
1Fo 95 

Clu 11 Fo 79- Yes Yes Rare Yes Obsv. CG & Yes 
84 14 wt.% FG 

Clu35 Fo 57- Yes Rare Not Obsv. Yes Chromite CG & Yes 
82 2 wt.% FG 

Clul3 1 Fo 88 -99% Yes Not Obsv. Kamaeite CG & Yes 
3 wt.% FG 

C1u315 Yes Yes Obsv. Fe Metal, FG No 
15 wt.% Kamaeite 

Clu51 Fo 84 Yes Not Obsv. Yes FG Yes 
4wt.% 

C1u52 Fo 95; Yes; Yes Yes Obsv. FG No 
LIME.. LIME.. 13 wt.% 

Clul7 Fo 79- Yes Yes Yes Obsv. Yes FG Yes 
99 12 wt.% 

C1u38 Rare, Large, Not Obsv. CG Yes 
Fo 65- single 3 wt.% 
76 

Clu318 LIME.. Rare Not Obsv. Yes Large CG Yes 
4 wt.% Mag- 

netite 
*Fine grain aggregate **Fe-Sutfide with Ni 1"Coarse-grained :~Fine-grained *Magnetite Rim 
.-LIME Low iron, manganese-enriched (From KlOck etaL,1990). 

sene/triphenylene) are more intense than the most intense 
peaks observed previously from Aurelian.* Additionally, 
spectra are dominated by even mass PAHs with little evidence 
of  odd mass peaks observed in Aurelian and Florianus. The 
odd mass peaks were previously interpreted as nitrogen con- 
taining functional groups such as -CN or -NH2 attached to an 
aromatic chromophore. It is likely that the distribution of  
PAHs observed in C lu l9  and C l u l l 0  may have been per- 
turbed by prior exposure to the ion probe ( 10 KeV Cs + ions) 
used for the D / H  measurements; however, as observed pre- 
viously by Clemett et al. (1993),  strong PAHs signals are 
only observed in deuterium-rich particles (also see Table 9).  
Deuterium enrichment alone does not necessarily indicate that 
PAHs will be present, but PAHs signals have only been ob- 

* Care must be taken in comparing different mass peak intensities 
since ion intensities are not only proportional to the concentration of 
the compound in the sample, but also the photoionization adsorption 
cross section for that compound at the laser ionization wavelength (h 
= 266 nm). 

served on deuterium-rich particles. PAHs and elemental car- 
bon coexist in some fragments of  this cluster; however, con- 
sidering the mass of  the entire cluster, they appear to be in- 
homogeneously distributed. 

Reflectance Spectra 

Visible wavelength reflectance spectra were acquired from 
seven individual fragments from cluster L2008#5 (Fig. 12). 
Fragments were randomly selected for maximum variability; 
some are chondritic while others are dominated by single min- 
eral grains. All spectra show a rise into the red, similar to that 
in certain primitive asteroids, although two fragments (C1u33 
and Clu313 ) exhibit a slight decline at - 8 0 0  nm. These two 
fragments are the most C-rich of  the seven IDPs (Table 10). 
Reflectivity values range from 3 - 1 8 %  (Table 10 and Fig. 
12). Two fragments with the highest albedos, Clu39 and 
C l u l l l ,  are dominated by large single mineral grains (Ca- 
rich pyroxene and Fe-Ni sulfide, respectively). Five frag- 
ments have albedos which are essentially indistinguishable: 
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Table 6 
Mineralogy of ten fines from cluster L2008#5 

2806 

8 Fo 68- Yes Lg. Mag- CG No 
91 netite 

9 Yes Lg Mag- CG No 
netite & 
Kamacite 

I0 Yes Yes Yes Kamacite CG No 
Chromite 
Ferri- 
hydrite 

*Fine grain aggregate **Fe-Sulfide with Ni tCoarse-grained :[:Fine-grained *Magnetite rim 
*.LIME Low iron, manganese-enriched (From K1Ock eta/., 1990). 

Clu313, C1u33, C1u23, Clu37, and Clul 11 (Fig. 12). The bulk 
carbon abundance ranges from 3-23  wt% for these five frag- 
ments. Although the two C-rich fragments (C1u33 and 
C1u313) have low albedos, other fragments which have chon- 
dritic carbon abundances exhibit nearly identical albedos 
(Clu37 and Clu23). C1u37 is probably dominated by mag- 
netite; this fragment has 38.4 wt% Fe and ~1 wt% S (Table 
3). Clu23 is chondritic for all major elements although sulfur 
is approaching 2 × CI abundance, suggesting iron sulfides are 
present. Fragment Clu312 has the lowest albedo and has chon- 
dritic abundances for all elements. Our data suggest that sev- 
eral criteria (carbon content, chemical, and mineral abun- 
dances) influence albedos and slopes of reflectance spectra. 

The average reflectance spectrum for the seven fragments 
of L2008#5 is shown in Fig. 13a. The reflectance ( ~ 8 %  at 
550 nm) and spectrum shape are comparable to spectra from 
several carbonaceous chondrites (5-10%;  e.g., Hiroi et al., 
1993). Reflectance spectra for "typical"  S, M, C, P, and D 
asteroids are shown in Fig. 13b (Zellner et al., 1985). The 
average spectrum for the seven fragments shows differences 
from the spectra of common asteroids. The average cluster 
spectrum has a lower albedo and lacks the reddened slope of 
S-type asteroids, and is significantly brighter than the P- and 
D-type spectra; however, analyzed fragments were selected 

based on their diverse bulk chemical abundances which em- 
phasizes interfragment variations of albedos. 

DISCUSSION AND IMPLICATIONS 

In the following sections we discuss and summarize some 
of the more important observations associated with cluster 
particle L2008#5: (1)  the types of carbonaceous materials, 
including bulk carbon, carbon and nitrogen isotopes, PAHs, 
and the coexistence of these carbonaceous phases within a 
fragment, (2) the interfragment variability of carbonaceous 
materials, (3) cluster heating during atmospheric entry, (4) 
possible sources for this cluster based on our estimations of 
size, porosity, entry velocities, and reflectance spectra, and 
(5) our hypothesis that this cluster is a breccia based on the 
physical and chemical variations between fragments. 

Carbonaceous Phases 

Bulk carbon abundances 

Carbon abundance ranges from 2 -29  wt% (see Tables 1, 
2, and Fig. 2). The cluster average is 7 wt% C which falls 
within the range exhibited by CI chondrites. Carbonaceous 
material is observed in TEM thin sections of fragments with 
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FIG, 5. Olivine compositions in two fragments from cluster 

L2008#5. (a) Fragment CIu51 contains olivines with equilibrated 
compositions which range from ~Fo 80-85 with an average at ~Fo 
84. (b) Fragment Clul7 contains olivines with nnequilibrated com- 
positions; olivines range from ~Fo 80-100 with an average at 
Fo 93. 

bon content supports the assertion by McKeegan et al. ( 1985, 
1987) that the D-rich carrier phase in IDPs is organic and not 
water of hydration. This degree of D enrichment appears to 
be too great to be caused by known solar system processes 
(Geiss and Reeves, 1981 ). The enrichment is commonly con- 
sidered to be due to the partial retention of much larger en- 
richments of precursor molecules which formed in a presolar 
molecular cloud from ion-molecule chemista'y. 

Since the isotopic measurements were made on bulk sam- 
ples, and #L2MS measurements may reflect a relatively small 
fraction of the total organic matter present, it  is not possible 
to identify the isotopic analyses with the PAHs observed in a 
given particle. However, to date, strong PAH signals have 

(a) 

C > 3 x CI.. The C-rich material is amorphous or poorly 
crystalline and in some instances exhibits vesicular textures. 
The amorphous carbon material is not distributed equally 
among fragments (see Table 5, carbonaceous material). For 
example, coarse-grained fragments tend to be C-poor ( < 5  
wt% C), while those rich in FGAs have high carbon contents 
( ~  12 wt% C). However, amorphous carbonaceous material 
is still rather evenly distributed in C-rich fragments; it acts 
as a matrix holding individual grains together (Figs. 6a, b, 
and 14). 

Isotopic and PAH measurements 

We investigated the chemical state of the carbon in frag- 
ments with bulk carbon abundances ranging from 3-29  wt% 
by two complementary techniques: ion microprobe measure- 
ments of hydrogen, carbon, and nitrogen isotopes of each 
fragment and #L2MS measurements which are exceptionally 
sensitive to the presence of PAHs. 

We found substantial D enrichments in most of the C-rich 
fragments analyzed with enrichments ranging from +322 to 
+822%0. The apparent correlation of D enrichments with car- 

FIG. 6. TEM photomicrographs of thin sections of two fragments 
from cluster L2008#5. (a) Carbonaceous material (C) in fragment 
Clu17 has a vesicular texture. This fragment contains fine grain ag- 
gregates (FGAs); epoxy (E) is used as the embedding medium. (b) 
A lower magnification TEM image of carbonaceous material in frag- 
ment Clu52. The texture of the carbonaceous regions is vesicular 
which suggests that another phase, possibly polycyclic aromatic hy- 
drocarbons (PAHs), was lost due to heating during atmospheric entry. 
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orites (Kerridge 1985; Ash et al., 1993 ). Although the precise 
carrier phase (s) is not well constrained, tSN enrichments ap- 
pear to be associated with organic matter (Ash et al., 1993). 
It is interesting to note that two of the three IDPs observed to 
have strong PAH signals also carry ~SN enrichments (Clemett 
et al., 1993), though as in the case of the D enrichments, more 
work will be required to establish possible links of isotopic 
anomalies with PAHs in IDPs. 

PAHs appear to be distributed heterogeneously throughout 
the cluster and do not seem to be correlated with any particular 
phase, although there is a rough correlation with size for those 
fragments showing evidence of PAHs. The mass distribution 
of PAHs is unique and has not been observed previously by 
#L2MS on either chondritic meteorites or IDPs. We observed 
vesicular textures in the carbonaceous regions of some frag- 
ments of this cluster that were not analyzed individually by 
#L2MS; this texture has been observed previously in other C- 
rich IDPs (Thomas et al., 1993b, 1994). A vesicular texture 
may be a consequence of evaporative loss of low-mass PAHs 
during a heating event; the heating event probably includes 
atmospheric entry and/or by ion bombardment during isotope 
analysis in the case of Clul9 and Clu110. Atmospheric entry 
heating is anticipated to effect PAHs in three ways: ( 1 ) they 
may be volatilized possibly recondensing on other fragments, 
(2) they may be fragmented with only some of the organic 
molecules being volatilized, or (3) they may undergo free- 
radical polymerization leading to involatile complex higher 
molecular weight species (Lewis, 1979; Greinke and Lewis, 
1984). Since some of the cluster fragments contain PAHs 
with masses ranging from 400-500 amu, which are higher 
than the aromatic structures observed by #L2MS in both or- 
dinary and carbonaceous chondrites, these may be either com- 
pounds unique to IDPs or the product of the polymerization 
of lower molecular weight species. In the latter case, the PAH 
distributions may provide clues as to the degree of thermal 
processing experienced by an 1DP during atmospheric entry. 

FIG. 7. Low magnification TEM photomicrographs of thin sections 
of two fragments from L2008#5. (a) Fragment Clu317 is coarse- 
grained and composed mainly of olivines and glass; light gray areas 
of epoxy surround the fragment thin section. (b) Fragment Clul7 has 
a fine-grained, primitive texture and contains mainly carbonaceous 
material, pyroxene, iron sulfides, and fine-grain aggregates (FGAs). 

only been observed in deuterium-rich particles (Clemett et al., 
1993; this work). Deuterium enrichments have been observed 
in every class of organic molecules that has been analyzed in 
Murchison including PAils  (Pizzarello et al., 1991; Krish- 
namurthy et al., 1992; Cronin et al., 1993). 

We also found substantial ~SN enrichments in both frag- 
ments yielding strong PAH signals (Table 9). ~SN enrich- 
ments are expected to result from low temperature ion-mol- 
ecule chemistry, but to a much smaller degree than the ob- 
served D enrichments (Adams and Smith, 1981 ). Substantial 
tSN enrichments have been previously observed in IDPs 
(Stadermann et al., 1989), and a number of primitive mete- 

r 

FIG. 8. Partial magnetite rim, <50 nm thick, on an edge of a fine- 
grained region of fragment Clul 7. 
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Analysis of acid residues for PAHs in seventeen ordinary 
and carbonaceous chondrites (Clemett et al., 1992) shows that 
there are notable differences in both the distribution of parent 
PAHs and the degree of alkylation between the chondrite 
classes. This is interpreted to be a consequence of secondary 
processing such as thermal metamorphism and/or aqueous 
alteration on the original PAH distribution. Over fifty differ- 
ent molecular species have been detected in the chondritic 
residues, and none have masses significantly larger than 300 
amu. This predominantly low-mass distribution is different 
from the cluster fragments which have PAHs with masses 
greater than 400 amu. 

Heating Summary of Cluster Fragments 

Four criteria were used to determine the extent to which 
L2008#5 was heated during atmospheric entry: ( 1 ) the pres- 
ence of magnetite rims, (2) helium content and helium release 
temperatures, (3) SXRF trace element abundances, and (4) 
bulk sulfur content. Magnetite rims form on the exposed sur- 
faces of grains located on the perimeter of the particle during 
entry into the Earth's atmosphere (Keller et al., 1992). We 
have observed partial, discontinuous magnetite rims on most 
cluster fragments and fines. However, we did not find mag- 
netite rims on every fragment or fine. The TEM results sug- 
gest that (1) the cluster particle was uniformly heated and 
only developed magnetite on its exposed surfaces resulting in 
a diffusional gradient or (2) a thermal gradient was main- 
tained by the cluster such that only the exterior surfaces were 
strongly affected during entry heating. The variability of he- 
lium release temperatures supports the latter interpretation in 
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FIG. 9. Average CI normalized trace element abundances in four 
cluster fragments. Elements are ordered with decreasing nebula con- 
densation temperature. Although element abundances show variation 
among fragments, some trends are apparent such as enrichments in 
copper, selenium, and bromine and depletions in zinc. 

that most fragments contain little helium and have corre- 
spondingly high release temperatures, although one fragment 
has a release temperature that is significantly lower than the 
majority. The low abundances of some volatile trace elements 
(e.g., zinc) also suggest that some fragments have been 
strongly heated (as indicated by a major depletion in zinc) 
while other fragments retain chondritic levels of zinc. Seven 
fragments, with chondfitic abundances for other major ele- 
ments, show depletions in bulk sulfur (Table 1 ). If these frag- 

Table 7 
He measurements of fines from cluster L2008#5 and other extraterrestrial materials 

Sample 

IDPs 
1 
2 
3 
4 

Average 

Average of 20 individual IDPs* 
Range* 

Average of 24 unrelated cluster 
IDPs** 

Range** 
Meteorites 

Bulk Orgueil and Ivuna (CI)t 
Bulk Murray, Mighei, Nogoya 

(¢M) t 
Bulk Ornans and Kainsaz (CO)t 
Bulk Vigarano, Mokoia, Allende 

(CV]t 
Nogoya (C1V0, 4 samples~ 
Unequilibrated Ordinary 

Chondfites~ 
* Nier and Schlutter (1992) 
** Nier and Schlutter (1993) 
tSchultz and Kruse (1989) 
,~Black (1972) 

4He 50% He Release 3He/4He (xlO 4) 
(cc xlO 11) Temp. (:oc) 

4.5 750 3.3 +/- 0.7 
6.1 1040 4.7 +/- 0.5 
3.4 1010 7.2 +/- 1.2 
2.2 910 5.9 +/- 1.4 
4.1 928 

4.6 
~0-17 

4.7 798 
1.9-6.4 

0.33-44.6 550-1020 2.6-200 

1.4-5.8 
1.7-34.1 

109-154 
1.5-18.7 

1.7-3.4 
66-231 
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ments are assumed to have originally contained chondritic 
abundances of sulfur, then they have experienced sufficient 
heating during atmospheric entry to drive off some of the 
sulfur. Although theoretical models would predict that ther- 
mal gradients in particles < 100/am in diameter are difficult 
to achieve and maintain, recent calculations suggest that en- 
dothermic reactions have a significant effect in moderating 
heat transfer from the particle surface to the core (Flynn, 
1995). If so, then, we may be seeing evidence of a thermal 
gradient in an anhydrous IDP. 

What is the Source of Cluster L2008#5? 

Although the relative proportion of cometary and asteroidal 
dust entering the Earth's atmosphere has not been established, 
it is widely believed that near-Earth gravitational enhance- 
ment favors collection of IDPs that are of asteroidal origin 
(Flynn, 1990, 1994). Brownlee et al. (1993) suggest that up 
to 80% of IDPs which range in size from 5-15/am in diameter 
originate from asteroidal bodies while the remaining ~20% 
are derived from objects in cometary orbits. In order to de- 
termine possible sources for this cluster, we need to calculate 
possible entry velocities; if the velocity value is less than or 
equal to 15 km/s, then it is more likely that the cluster is of 
asteroidal origin (Flynn, 1989). Although we do not know 
the original size of the parent particle for cluster L2008#5, we 
can put reasonable limits on its prefragmentation size in order 
to estimate the potential entry velocity. Here let us consider 
three models to constrain the pre-entry size, porosity, and den- 
sity of L2008#5. We make the following assumptions for 
Model 1 (Fig. 15): (1) there is essentially no porosity be- 
tween fragments and inlxafragment porosity is low so the orig- 
inal size of the cluster is based on summing the volumes of 
individual fragments; this assumption leads to the estimate 
that the cluster would be ~40 -50 / am in diameter assuming 
a spherical shape; (2) the initial density was ~2  g/cm 3 based 
on the mineralogy and observed porosity in microtome thin 
sections of the fragments; and (3) the cluster survived passage 
through the stratosphere without being heated to more than 
1350°(2, the approximate temperature at which chondritic ma- 
terial would melt and ablate (Love and Brownlee, 1994); we 
did not observe partial melting of any mineral grains in any 
fragments of L2008#5. Using the assumptions for Model 1, a 
cluster IDP 40-50 /am in diameter would yield peak Earth 
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FIG. 10. Comparison of Fe-normalized element abundance/Fe-nor- 
malized CI abundance of the average of four cluster fragments and 
eight heated, anhydrous IDPs (from Flynn et al., 1993). The plots are 
nearly identical for all elements for both groups of IDPs. 

encounter velocities of 15-16 km/s according to thermal 
models for atmospheric entry heating (e.g., Love and Brown- 
lee, 1994). This velocity range is consistent with an asteroidal 
or cometary origin for this cluster; it includes velocities for 
asteroidal particles and the lowest possible velocity for com- 
etary particles. Model 1 places an upper limit on the entry 
velocity because no interfragment porosity was considered 
and the highest possible entry temperature was used. How- 
ever, the cluster probably had a certain degree of porosity 
because it fractured (along weak junctions between frag- 
ments) into many fragments and fines on the collection sur- 
face. 

In Model 2, we use more reasonable estimates of entry 
temperature, porosity, and density consistent with the miner- 
alogical data. A better estimate of entry temperature would be 
from observations of magnetite formed on fragment surfaces 
and the 50% helium release temperature. Magnetite rims were 
found on many fragments and fines; they are generally 
thought to be formed over a range of temperatures, on the 
order of ~600-1000°C. The 50% helium release temperature 
may be a truer estimate of the peak temperature experienced 
during atmospheric entry of small particles (Brownlee et al., 
1995). The highest 50% helium release temperature for this 

Table 8 
SXRF trace element abundances normalized to CI of 4 large fragments from cluster L2008#5 

compared with abundances from 8 individual, heated 1DPs. 

Sample Cr Mn Fe* Ni Cu Zn Ga Ge Se Br Zn/Fe 
Clul6 0.2 0.4 1.4 2.0 3.5 0.06 0.4 0.2 6.1 2.0 0.04 
Clul8 1.3 1.8 1.3 0.5 1.7 0.06 7.1 0.3 1.8 7.3 0.05 
Clu21 0.4 3.1 2.1 2.0 7.4 0.44 1.4 0.6 3.4 7.3 0.2 
C1u319 3.5 0.2 1.1 0.9 2.6 0.52 10.0 2.8 5.4 24.8 0.5 
Fragment Average 1.4 1.4 1.5 1.4 , 3.8 0.3 4.7 1.0 4.2 10.4 0.2 

Averageof 8 0.8 1.0 1.0t 0.8 1.9 0.2 3.0 1.3 4.2 12.4 0.2 
Anhydrous IDPs** 
*Values from EDS 
tFe-normalized 
**Flynn etal. (1993). 



Geochemistry of a large IDP 2811 

Table 9 
Bulk carbon abundance (Wt.%), Deuterium (SD), 13C enrichments, 15N enrichments, and the presence of PAHs 
signatures in several large fragments from cluster 1,2008#5. Deuterium abundances are also given for bulk 
carbonaceous and unequilibrated ehondrites 
Sample C (Wt.%) 8D (per rail)* 513 c 515N ttL2MS ** 

(p~ma) (p~ma) 
IDPs 
Clu310(c0. 29 +89 5:77 <5 
Clu310(13). 29 +56 4. 83 <5 
Clu310(Z). 29 +71:1:75 -4 4 7 +89 4. 27 <5 
Clu310(5). 29 +66 4. 75 -8 5:7 +56 4. 33 <5 
C1u310(¢). 29 +17 5:79 -32 4 9 +61 4. 32 <5 
Clu310(~b). 29 - 14 4. 72 <5 
Clu310(7). 29 -35+6 -164.13 +1254.36 <5 
Clu310(rl). 29 -55 5:18 -22 4. 27 +136 4. 38 <5 
Clu310(t). 29 +44 4. 27 <5 
Clu313 t 15 +322 + 67 Not Measured 
Clul9(ct)~ 14 +664 4. 84 -16 + 26 +260 4. 34 <5 
Clu19(13)~ 14 +424 4. 71 -33 + 5 +202 + 16 100 
Clu110 10 +822+91 -18+10 +1804.18 43 
Clu37(ct)§ 3 -24 ± 17 20 
C1u37(13)§ 3 +25 + 22 7 
CIu37(Z)§ 3 -14 + 36 32 
C1u37(8)~ 3 +12 5:29 13 
Meteorites 
Bulk Carbonaceous +44 to +300 
Chondrites (CI). 
Bulk Carbonaceous - 176 to +990 
Chondrites (CM). 
Bulk Carbonaceous -116 to +2150 

I Chondrites (CO)* 
Bulk Carbonaceous -77 to +440 
Chondrites (CV)* 
Bulk Unequilibrated -77 to +3109 
Ordinary 
Chondrites.. 
* Terrestrial range is -200 to +50 per rail 
** Integrated signal intensity from 80-450 ainu normalized relative to Clul9 (13) = 100 
• Clu310 broke into 9 separate pieces (ct. 13, Z, 8, s,/~, y, 11, t); analyzed by YAG desorption laser 
t3 lan fragment too small for PAHs analysis 
:~ Clul9 broke into 2 separate pieces (ct & [3 ) 
§ Clu37 fractured into 4 pieces (ct, 13, g, 8) 
.Kerridge (1985) 
..McNaughton eta/. (1981) 

cluster is 1040°C (Table 7),  and considering the errors as- 
sociated with the measurement, we are using 1100°C as the 
maximum entry temperature for Model 2. We previously as- 
sumed that our original cluster was 50 #m in diameter and 
had a density of  2 g / c m  3 with essentially no porosity (Fig. 
15). Although fragments from this cluster display a range of  
porosities (i.e., coarse- and fine-grained fragments have 
widely divergent porosities), they average ~50%.  This po- 
rosity is consistent with values estimated for other chondritic 
porous IDPs (e.g., Flynn and Sutton, 1990), although there 
are reports of  IDPs with much lower densities (~0 .1  g / c m  3, 
Rietmeijer, 1993; ~0 .3  g / c m  3, Love et al., 1994). For Model 
2, our estimate of  density is ~1 g / c m  3 based on the same 
mass as used in Model 1 but incorporating the 50% porosity 
estimate. With these assumptions, the estimated prefragmen- 
tation diameter would be 63 #m (Fig. 15). Further increases 
in the estimated porosity result in lower densities. For ex- 
ample, a cluster with a porosity of  75% has a density of  0.5 
g / c m  3 and a diameter of  ~ 8 0 / z m .  In Model 2, assuming the 

peak temperature is 1100°C, then the entry velocity of  the 
cluster is < 14 km/s, which is consistent with an asteroidal 
origin (see Love and Brownlee 1994; a 30 #m particle with 
a density of  2 g / c m  3 is treated the same as a particle 60 #m 
in diameter with a density of  1 g/cm3).  A cluster with a den- 
sity 0.5 g / c m  3 and ~ 8 0  #m in diameter would have an entry 
velocity < 13 km/s. In fact, as the density decreases and the 
size of  the cluster increases, the probability rises that this clus- 
ter is from an asteroidal source. Previous results from Love 
and Brownlee ( 1991 ) imply that virtually all of  the unmelted 
micrometeorites > 70 #m in diameter are asteroidal in origin, 
considering there is no contribution from low velocity comets. 
We agree with others (e.g., Brownlee et al., 1995) that the 
50% helium release temperature may vary with the presence 
of  differing mineral phases and particle porosity so it cannot 
be precisely related to the peak temperature reached during 
atmospheric entry; however, our best estimate of  size, density, 
entry temperature, and velocity for this cluster suggest that 
L2008#5 is very likely an asteroidal IDP. 
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Is Cluster L2008#5 a Breccia? 

Our data on cluster L2008#5 show that it is clearly heter- 
ogeneous on a scale of  10-15  #m, the scale represented by 
the individual analyzed fragments. This heterogeneity in- 
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FIG. 12. Reflectance spectra over the visible wavelength range 

(380-800 nm) of seven fragments from cluster L2008#5. All spectra 
show a rise into the red; the albedos range from 3-23%. Fragment 
Clu39, which has the highest albedo, is composed mainly of a single 
clinopyroxene grain. Fragment Clu312, with the darkest albedo, has 
a chondritic composition for all major elements including carbon. 
Fragments Clul 11, Clu37, Chi23, C1u33, and Clu313 do not have 
significantly different albedos although the carbon content is highly 
variable. For example, bulk carbon is ~3 wt% in Chi37, ~ 15 wt% 
in Clu313, and ~23 wt% in C1u33. 

eludes both mineralogy and chemistry. While about 25% of 
the fragments are clearly dominated by a single large mineral 
grain such as iron sulfides or magnetite, most fragments con- 
sist of  fine-grained material. Much of  the heterogeneity results 
from differences from region to region within the cluster of 
the relative abundances of fine-grained mineral, glass, and 
carbonaceous material. For example, some fragments are rich 
in fine-grained olivine or pyroxene, others are rich in carbo- 
naceous material, and others are rich in FGAs. If we did not 
know that these fragments came from the same cluster, we 
would probably consider that the fragments came from totally 
different parent sources. 

Earlier we showed that chondritic fragments have markedly 
different mineralogies. Chondritic fragments are dominated 
by olivines, by pyroxenes, by FGAs, or by a mixture of  olivine 
and pyroxene grains (Tables 5 and 6).  Furthermore, within a 
fragment, the olivines may be mostly unequilibrated showing 

Table I0 
Reflectivity (%) and bulk carbon abundance of seven fragments from 

cluster L2008#5 

Fragment % Reflectivity C (Wt.%) 
(at 575 nm) 

Clu312 3 9 
Clu313 6 15 
Ciu33 6 23 
C1u23 6.5 7 
C|u37 7 3 
Clul l l  8 6 
C1u39 18 3 
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FIG. 13. Comparison of reflectance spectra for cluster L2008#5 and 
"typical" asteroids. (a) The average reflectance spectrum for seven 
fragments from cluster L2008#5. (b) Spectra for typical C-, D-, M-, 
P-, and S- type asteroids. S-type asteroids have reddened slopes and 
P- and D-type spectra are significantly darker than the average cluster 
spectrum (ECAS data from Zellner et al., 1985; Albedos from Te- 
desco, 1989). 

a wide range of  compositions or, by contrast, may have a 
narrow range of  equilibrated compositions. Olivines from 
fine-grained fragments with "primit ive textures," such as 
Clul7 ,  have unequilibrated compositions which range from 
~ F o  8 0 - 1 0 0  (Fig. 5b).  In general, these fine-grained frag- 
ments are predominantly composed of  pyroxene, FGAs, and 
carbonaceous material (Figs. 6a,b, and 7b). Clu51 is an ex- 
ample of  a fragment with a coarse-grained texture; it contains 
equilibrated olivines with mean compositions of  ~ Fo 84 (Fig. 
5a). The presence of  some fragments with fine-grained tex- 
tures and unequilibrated mineralogies and other fragments 
with coarse-grained textures and equilibrated mineralogies 
suggests that cluster L2008#5 is really a breccia containing 
a physical mixture of  material which has had significantly 
different histories. 

We consider three plausible mechanisms which can pro- 
duce the heterogeneity we observe in fragments of  L2008#5: 
( 1 ) mixing of  IDPs on the collection surface, (2) mixing of  
diverse mineral grains in the solar nebula, or (3) combining 
different lithologies from an asteroidal parent body (McKay 
et al., 1989). First, there is a possibility that the chemical and 

FIG. 14. Fine-grain aggregates (FGAs) embedded in carbonaceous 
material (C). This texture is typical of carbon-rich fragments in clus- 
ter L2008#5 and other fine-grained anhydrous IDPs with C abun- 
dance > 3 × CI (Thomas et al., 1994). 

mineralogical heterogeneities observed in L2008#5 could be 
the result of  multiple impacts of  different IDPs on the same 
location of  the collection surface. However,  we believe that 
all of  the fragments are related to the same cluster because 
( 1 ) the mineralogical and textural heterogeneity of  the large 
fragments is duplicated in the fines, (2) the observed degree 
of  heterogeneity is comparable to that observed in other clus- 
ter particles (Thomas et al., 1993a), and (3)  the L2008 col- 

[Model 11 IModel 2[ 

Dens i t y  = 2 g / c m  3 

Poros i t y  ~ 0 %  

Diameter=50 micrometers 

Dens i t y  = l g / c m  3 

Poros i t y  - 5 0 %  

Diameter=63 micrometers 

Mass (M)=Density(D) x 3 Use M=1.31 xl0"7g from Model 1 
4/3TT'Radius(R) If D=lg/cm 3 

If D=2g/cm 3 then R = 3~ Mass/4/3Trx D 
and R=25 micrometers 
then M = 1.31x10"7g R=31.5 micrometers 

(diameter=-63 micrometers) 

FIG. 15. Cartoon showing the effect of density upon size of a clus- 
ter particle. The particle has an assumed spherical shape (Volume 
= 4/3~-R3). In Model 1, the mass is calculated for a particle having 
a diameter of 50 #m, density = 2 g/cm 3, and essentially no porosity 
(Mass = Volume X Density); this is our first estimation of cluster 
size. In Model 2, the mass calculated in Model 1 is used to determine 
the size of a particle with a density of 1 g/cm 3 and a porosity of 50%; 
a diameter of 63/.*m is calculated for a cluster particle with the stated 
characteristics. 



2814 K.L. Thomas et al. 

lection surface contained a low loading of IDPs and little 
background material, such as ash or aerosol particles. The 
fragments associated with L2008#5 were estimated to cover 
a surface area of ~ 100 #in 2 on the collector. According to 
recent work by Flynn (1994), assuming a specific particle 
density on the collector, the surface area covered by this clus- 
ter could have been impacted with, at most, one contaminant 
fragment ~5 #m or less in diameter) If true, this contaminant 
fragment would constitute a very small proportion of the clus- 
ter. We conclude that essentially all of the analyzed fragments 
were originally part of the same large cluster. 

We have shown that cluster L2008#5 exhibits fine scale 
heterogeneities in most of its chemical and mineralogical 
properties; we are left to speculate whether the heterogeneity 
in this cluster is a reflection of nebular or parent body process- 
ing. The fine-scale heterogeneity may have been generated 
during dust accretion in the early solar nebula. Thus, diverse 
mineral grains and carbonaceous materials were mixed, ac- 
creted, and little changed from that point forward. Alterna- 
tively, the heterogeneity may have resulted by mixing of dif- 
ferent lithologies on an asteroidal parent body. These differ- 
ences provide information on the potential parent body for the 
cluster and may indicate from which region within the parent 
body the cluster was derived. The cluster particle is anhy- 
drous, and so it apparently escaped the effects of aqueous 
alteration. In addition, the cluster, in its entirety, has not equil- 
ibrated (e.g., magnesium abundances of olivines and pyrox- 
enes are still highly variable; see Fig. 4), thus precluding any 
significant post-accretional thermal metamorphism on its par- 
ent body. 

In previous work, Thomas et al. (1993b) analyzed ~20 
individual, small-sized IDPs, placed them into three groups 
based on their mineralogy, and speculated on sources for these 
particles. They suggested that the anhydrous pyroxene-dom- 
inated, C-rich IDPs originated from cometary rather than as- 
teroidal sources because of their high bulk carbon abundance 
and the fine-grained pyroxene which are unlike any from 
chondrite matrix. They also suggested that the low-carbon, 
olivine-dominated anhydrous IDPs may be derived from an- 
hydrous asteroids. In the present study, we have found both 
types of IDP material, those that are pyroxene-dominated and 
rich in carbon and those that are olivine-dominated and carbon 
poor, existing in one cluster particle. Are previous implica- 
tions for IDP sources now incorrect? The prior study of small- 
sized IDPs provides a wealth of information on individual 
fragments, but without additional information to constrain en- 
try velocities (e.g., noble gas measurements), identification 
of source parent bodies can be ambiguous (e.g., asteroidal or 
cometary). However, cluster particles present a unique op- 
portunity to study inter-fragment relationships that can only 
be determined as we examine larger-sized IDPs. 

CONCLUSIONS 

1 ) Cluster L2008#5 displays a remarkable chemical and min- 
eralogical heterogeneity on a size scale of the individual 

These calculations were done using measurements of particle sur- 
face densities of small area collectors from Zolensky and MacKinnon 
(1985). Surface density measurements may be different on large area 
collectors but have not yet been determined. 

fragments which we analyzed (10-15 /zm). The miner- 
alogy and chemistry of the individual fragments span a 
wide range of previously analyzed anhydrous particles. 

2) Despite this remarkable heterogeneity, there is strong ev- 
idence that nearly all of the analyzed fragments were orig- 
inally part of the same ~50 #m diameter cluster in space. 

3) The low Earth-encounter velocity estimated for this par- 
ticle ( <  14 km/s) is consistent with origin from an object 
in an asteroidal orbit. 

4) This cluster is essentially a heterogeneous breccia made 
up of materials having different histories which were 
physically combined either in the early nebula or in the 
regolith of a parent body. We infer that the source region 
of this asteroid is a complex mixture of fragments and 
clasts from diverse sources having diverse histories; the 
resulting breccia represented by cluster L2008#5 has pro- 
vided us with a rich sampling of many different products. 

5) Heating during atmospheric entry has occurred and is 
quite variable, showing that thermal equilibrium was not 
attained. However, these heating effects can be unraveled 
using previously documented characteristics such as the 
formation of magnetite rims, helium measurements, and 
depletion of zinc. 

6) These results on cluster L2008#5 provide an important 
cautionary note for attempts to interpret individual 10-15 
#m IDPs as representative of parent bodies. 
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