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In Situ Discovery of Graphite with Interstellar c r ,  Si, P, and S by wa~elength-dispersivc 
EMP techniques. The isotopic conlpositions Isotopic Signatures in a ChondruIe-Free of H, C, and N of the ,oravhite were mea- 

Clast in an L3 Chondrite 
S. Mostefaoui, P. Hoppe, A. El Goresy* 

Optical and scanning electron microscopy of a chondrule-free clast in the unequilibrated 
L3 chondrite Khohar revealed a spherical object consisting of an aggregate of small (-2- 
micrometer diameter), Ni-poor (0.5 to 2.89 weight percent) metal particles and fine- 
grained graphite (<l-micrometer diameter). The graphite has large D and I5N excesses 
(SD - 1500 per mil and Si5N - 1300 per mil) with two isotopically distinct signatures: 
N rich with a high DIH ratio and N poor with a high i5N/i4N ratio. These excesses are 
the largest D and I5N excesses observed in situ in a well-characterized phase in a 
meteorite. The isotopic characteristics are suggestive of an interstellar origin, probably 
by ion-molecule reactions at low temperature in the interstellar molecular cloud from 
which the solar system formed. The structure and nonchondritic composition of the metal 
particles suggest they did not form under equilibrium conditions in the solar nebula. 

Different graphite ~norphologies ( 1 )  have 
been observed in Inany unequilibrated chon- 
drites (2,  3) .  In the unequilibrated ordinary 
chondrite Khohar ( U O C  L3 type) and the 
Acfer- 182 carbonaceous chondrite of 
Renazzo type (CR), large "N and D excesses 
were measured in mixtures of fine-grained - 
graphite and graphite books (book refers to a 
structure of parallel sheets) (2) .  The large 
size of the books permitted analysis of indi- 
vidual grains by seconda~y ion mass spec- 
trometry (SIhlIS). The H and N isotopic 
co~nnositions did not indicate anv "N or D 
exce'sses; however, we could not &alyze the 
different fine-grained graphite grains sepa- 
rately because the graphite grain types are 
mixed [vith the graphite books. To  deter- - 
mine if the fine-grained graphite grains are 
the source of the I5N and D anomalies, we 
searched for assemblages that contained only 
the fine-grained graphite to analyze for C ,  N ,  
and H isotonic cornuositions. 

In a fine-grained chondrule-free clast in 
the Khohar chondrite (Fig. 1A) we found a 
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spherical object (-1130 p m  in diameter) 
consisting of an unaltered fine-grained, Ni- 
poor metal aggregate and graphite (Fig. 1B). 
This spherule does not have layers sur- 
rounding it, and the graphite was found to 
be all fine grained. We analyzed the v\,hole 
clast for its bulk chemical co~nposition with 
the electron microprobe (EMP) broad- 
beam technique. The  graphite-bearing met- 
al spherule was then surveyed with a scan- 
ning electron ~nicroscope (SEM), and the 
metal phases were analyzed for Fe, Ni, Co,  

- A 

sured bv SIhlIS. 
The clast 1s about 2 rnrn In d~ameter and 

essentially chondrule free (Fig. 1A).  Be- 
cause the clast is located at the edge of the 
meteorite section, its original size was prob- 
ably larger. The  clast consists mostly of 
small ( < I 0  y m )  silicate grains and metal 
particles, with some large metal grains 
(-1013 p m )  and two glass grains (-3013 
y m )  (Fig. 1A).  The bulk chemical compo- 
sition of the clast (Table I ) ,  obtained by 20 
broad-bearn EMP analyses, is different from 
the bulk cornpositions of both the Khohar 
chondrite and the L ordinary chondrite 
group (4) .  The abundances of the major 
oxides SiOz, hllgO, and FeO are similar to 
those of the bulk composition of the 
Orgueil (CI)  carbonaceous cllondr~te (Ta- 
ble 1). 

The  metal-graphite assemblage in the 
clast (Fig. 1, B and C )  consists of small ( 5 2  
y m )  metal particles of karnacite and taenite 
and fine-grained ( < 1 y m )  birefringent 
graphite (5). Detailed examination of the 
metals with high-resolution BSE imaging 
with the SEM revealed no sign of alteration 
of the metal. The graphite is abundant and 
fills interstices between the metal particles 
(Fig. ID) .  We estimated the total amount 
of C in the assemblage to be about 50 
volume 9'0. This much graphite with its 

Table 1. The bulk chemcal composton of the chondrule-free clast In the Khohar (L3) chondrlte The 
Khohar chondrlte, L group ordnary chondrltes (OCs), and Orguel (GI) carbonaceous chondr~te bulk 
chem~cal composltlons are shown for comparison 

Khohar clast 
Compound Orguell Khohar L group OCs 

Range Average (bulk) (bulk) (bulk) 

~ 1 ~ 6 ~  2.39-3.49 
CrzO, 0.48-0.85 
FeO 22.54-26.66 
ivl n O 0.36-0.47 
MgO 24.61-27.22 
CaO 0.56-3.59 
Na20 0.53-1.03 
K2° 0.20-0.46 

Total 97.34-101.52 98.71 1 OO.OO* 1 OO.OO* 100.00' 

"Recalculated from (4), atrer subtracton of H,O, P,O, C. FeS, and Fe-N-Co meral 
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Fig. 1. (A) SEM backscattered electron (BSE) image of a 
region of the Khohar (L3) chondrite containing a chon- 
drule-free clast. The clast (delimited by the yellow line) is 
composed of small silicate and metal grains (<I0 prn). 
Rare, large metal grains (white patches, -100 pm) are 
visible, as are two glass patches (dark gray patches, 
-300 pm) in the center. (B) BSE image of a spherical 
object in the clast consisting of <2-pm Fe-Ni metal par- 
ticles and fine-grained (<I pm) graphite with interstellar 
isotopic signatures. The metal occurs in two phases: 
kamacite (K), which is abundant and found mostly in the 
center of the object, and taenite (T), which is rare and 
present in the outer part. (C) Enlarged area of the assem- . . .  

blage in (B). The kamacite particleshave different levels of I 
brightness, indicating differences in Ni contents. Some of 
the particles in this area are nearly pure metallic iron (Fe - 
99.5%). (D) The graphite in (B) was digitally colored red. 
The graphite is abundant (>50 volume % total C in the 
assemblage) and fills interstices between the metal par- 
ticles, thus appearing as a branching network of tiny 
flakes. The scale numbers [300 pm in (A), 30 pm in (B) 
and (D), and 3 pm in (C)] correspond to the distances 
between the marks. 

coexisting metal particles is unlikely to be 
produced by the breakdown of carbides. 
The only detectable elements in the metal 
are Fe, Ni, and Co. The Co content in the 
taenite is -0.89 weight %. whereas in the 
kamacite it is belo; the 'detection limit 
(<0.01 weight %). This represents a large 
difference in the chemical composition of 
the Fe-Ni metals compared with other or- 
dinary chondrites (6):In addition, kamacite 
and taenite are Ni poor (0.5 to 2.89 weight 
% and 28 to 32 weight %, respectively) 
compared with kamacite and taenite Ni 
compositions in other ordinary chondrites 
(6). BSE images of the metal with the SEM 
showed that the kamacite  articles dis~lav . ,  
different levels of brightness, indicating 
variations in Ni concentrations. Although, 
these particles are too small to be individ- 
ually analyzed with an EMP, quantitative 
analysis in different areas (comprising 
bright and dark particles) showed variations 
in Ni concentrations of up to a factor of 3. 
The electron beam of the SEM is smaller 
than the size of the kamacite ~articles. and 
analysis of the individual particles revealed 
that the darker  articles have Ni contents 
as low as -0.5 weight %. X-ray energy 
spectra of these particles showed no carbon 
K, line, which indicates that these particles 
are not carbides, but rather, nearly pure 
metallic Fe. 

We analyzed the graphite in the assem- 
blage by SIMS for its C, N, and H isotopic 
compositions and H and N concentrations. 
The measurements were done with a Cs+ 
primary ion beam of 3 to 5 pm in diameter. 
Because graphite particles are <1 pm in 

size, the measurements only provide an av- 
erage composition of the graphite mixtures. 
Because the analysis of H and the analysis 
of C and N require different settings of the 
ion microprobe, the C and N isotopes were 
measured simultaneously and independent- 
lv from the H isoto~es. 

The maximum H and N concentrations 
in the graphite are 4100 and 250 ppm, 
respectively, although most analyses gave 
lower concentrations. These concentrations 
were estimated from the measured H-/C- 
and CN-/C- ion ratios as described in (7). 
The C isotopic ratios are not significantly 
different from the terrestrial Pee Dee be- 

Fig. 2. (A to C) The C, N, 
and H isotopic compositions 
of graphite in the metal as- 
semblage in the Khohar 
clast. (A) 615N [in per mil (%o)] 
as a function of N concen- 
trations expressed as CN-/ 
C- ion ratios. (B) C versus N 
isotopic ratios. All 12C/13C 
ratios are higher than the 
terrestrial PDB standard ra- 
tio (the horizontal and verti- 
cal dashed lines are respec- 
tively the terrestrial 12C/13C 
and 15N/14N ratios), thus in- 
dicating isotopically lighter 
graphite. (C) Hydrogen iso- 
topic composition as a func- 
tion of CN-/C- ion ratios. (D) 
The isotopic signatures of 
< l  -pm graphitic grains an- 
alyzed by Zinner et al. (9) 

lemnite (PDB) standard ratio (Fig. 2B), and 
S13C values lie between -21 per mil and -51 
per mil, indicating isotopically light graph- 
ite. The N isotopic ratios, on the other 
hand, are more variable and anomalous, 
with S15N values of up to 1330 per mil (Fig. 
2A). There is no correlation between the N 
and C isotopic ratios (Fig. 2B). The highest 
S15N values were found in graphites with 
low N concentrations [expressed as CN-/ 
C- ion ratios (Fig. 2A)l. 

The H isotopic ratios are also variable 
(Fig. 2C), with positive SD (8) values that 
range from close to normal (SD = 0 per 
mil) up to anomalous (SD = 1500 per mil). 

from Murchison. 
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In addition, there is a tendency for SD to 
increase with increasing N content. The 
highest SD values are found in graphites 
with high N concentrations (CN-/C- 
> 1.6 x lo--') (Fig. 2C). This indicates the 
presence of either two distinct types of 
graphite, one N rich with high D abun- 
dance and the other N poor with high 15N 
content, or one graphite type mixed with 
isotopically different nongraphitic carbona- 
ceous material. 

The D and lSN excesses reported here 
are the largest D and 15X excesses measured 
in situ in a well-characterized phase in a 
meteorite. The isotopic characteristics are 
of an interstellar origin. The lack of C 
isotopic anomalies along with 15N excesses 
(Fig. 2 8 )  are similar to the isotopic signa- 
tures of the <l-p,m nonround graphitic 
grains found in graphite residues of the 
Murchison carbonaceous chondrite (9) 
(Fig. 2D). They also resemble those of many 
interplanetary dust particles (10). The 15N 
and D excesses in the graphite from 
Murchison and the interplanetary dust par- 
ticles might be derived from an interstellar 
molecular cloud (IMC) (9,  10). The narrow 
range in 12C/13C ratios in graphite in the 
Khohar assemblage, in comparison with the 
C isotopic ratios of the graphite from 
Murchiso~l (Fig. 2,  B and D),  suggests that 
the Khohar clast probably sampled a specif- 
ic region from an IMC. 

Fractionation processes occurring in 
IMCs can lead to D and lSN enrichments in 
H- and N-bearing lnolecules ( 1  1 , 12). Ion- 
molecule reactions in IMCs involve a large 
number of molecular species (1 3 .  14). This, 
and the low-temperature reaction kinetics, 
makes the chemistry of the IMC complex 
(15). In the early 198L1s, considerable inter- 
est was devoted to the H chemistry in IMC 
environments. Elevated D/H ratios have 
been directly observed in many species, in- 

Fig. 3. Ni as a function of Co concentration ratios 
in the two coexstng metallc phases kamacite (K) 
and taenite (T) In the assemblage (f~lled c~rcles) 
compared with the experimental results for the 
Fe-Ni-Co system at equilibrium (open crces) (21). 

cluding HCN, NH,, CH4, H 2 0 ,  H,,, 
CH,,, and HCO+ ( 1  6). In HCN mole- 
cules, D/H ratios can be more than 100 
times as h ~ e h  as those in the solal svsteln 
[ ( I  6)  and re7erences therein] and Inore than 
40 times as high as the ratios measured in 

u 

the Khohar graphite. We always analyzed a 
large number of graphite grains simulta- 
neously, which may reduce the maximum 
D/H ratios of single grains; however, the 
isotopic effects of single graphite grains may 
be larger than measured. 

In contrast to H, only a little has bee11 
done on N chemistry. To explain the en- 
richments in "N observed in IMCs, Adarns 
and Smith (1 2) measured enhancements of 
"X/"N in X,H', relative to X2, of 2.5 and 
1.6 at 10 K and 2L1 K, respectively. In NH, 
molecules detected in the direction of 
Orion-KL, Hermsen e t  al. (17) estimated 
the enhancement of 15N to about a factor of 
-1.6 relative to the solar system 1iN/14N 
ratio. 

Graphite is considered an important 
constituent of carbonaceous dust detected 
in the interstellar medium (1 8). The anisot- 
ropisrn observed with the optical micro- 
scope in the Khohar assemblage indicates 
that most of the C is nresent as crvst'alline 
graphite. However, although all or most of 
the C in the assemblage is graphite, we do 
not k~low in which forms H and N are sited 
in the era~hite; therefore, the enrichnlents 
in D a h  "N may not be genetically asso- 
ciated with the graphite. Some portions of 
the Khohar chondrite show different signs 
of shock ( 1  9) ,  and it has been ~ostulated 
that shock waves can ~nduce the redlst~ibu- 
tion of volat~le eleme~lts bv eva~oration 
and recondensation (20). The scenario pro- 
posed in (20) xvould also call for the release 
of elements like H and N by shock waves 
from their original D- and "N-rich phases. 
It is the11 expected that they will get 
trapped in graphite of solar system origin. 
Woolum and Burnett (20) reported enrich- 
ments in Bi and Pb in a Ni-poor metal 
fraction 1-2 weight O h  Ni) in Khohar and 

c 3  

explained this as a consequence of shock 
waves. Holvever, such a sce~lario predicts a 
positive correlation between 15N and D en- 
richments because, if they get trapped in 
graphite after they were released from their 
original nhases as a result of the shock 
wayes, N and H should be randomly or 
nuasi-homoeeneouslv redistributed. The H 
&d N isotipic slg1;atures in the Khohar 
assemblage are not correlated. I11 addition, 

u 

the lnetal assemblage as well as the other 
metal grains ill the clast do not show ally 
shock metamorphic effects, either in the 
texture or in the chemical composition. 
Therefore, we argue that, although the 
chondritic part in Khohar sho~vs different 
degrees of shock metamorphism, the N and 

H isotopic co~npositio~ls 111 the graphite in 
the clast were not generated by a dynamic 
impact event. 

The presence of lnetal particle having 
nonchondritic chemical composition with 
particles of nearly pure metallic iron (Fig. 
1C), as well as their association with graph- 
ite having interstellar isotopic signatures 
was unexpected. To deterrni~le if the kama- 
cite and taenite formed under conditions of 
equilibrium, we compared the cornpositions 
of the Khohar inetals with experiine~ltal 
data for the Fe-Xi-Co system at equilibrium 
(21). The compositions of the metal in the 
graphite-metal spherule plot far away from 
the trend obtained from experilnental 
equilibratio~l (Fig. 3).  This suggests that the 
lnetal particles are out of equilibrium. The 
assemblage ill the Khohar clast is probably 
an agglomerate of metal particles and 
graphite from different sources that mixed 
and compacted to form this spherical ob- 
ject. The mechanism, location, and period 
of mixing are unknon~n. Such clasts with no 
chondritic features are good ca~ldidates for 

'7 

an in situ search for extrasolar material. 
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