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Introduction: Two processes that significantly modified mate-
rials in the solar nebula were hybridization (combining of different 
objects into a single composite) and melt volatilization. The impor-
tance of both processes is becoming clear, but their nature remains 
imperfectly understood. E.g., Type B CAIs have compositional, 
mineralogic, and isotopic features that only recently have been rec-
ognized as the result of fractional distillation during the melt phase 
[1-4]. Studies of rare compound CAI-ferromagnesian chondrule 
objects are only now shedding light on the origin of some Al-rich 
chondrules [5-6]. A rare variety of CAIs known as forsterite-
bearing Type Bs (FoBs) exhibit far more striking effects of melt 
volatilization than do Type Bs, and in addition some of their un-
usual chemical and structural features may reflect hybridization 
between Type B CAIs and olivine-rich materials. We have begun a 
comprehensive petrologic and isotopic study of FoBs in order to 
understand both the origin of their unusual bulk chemistry and 
mineralogy, and the melt distillation process and the conditions 
under which it occurred. 

Descriptions: The general properties of FoBs – commonly 
spheroidal shapes, porphyritic textures, mineral chemistry and zon-
ing – suggest that FoBs solidified from melt droplets [7]. However, 
their appearances are immediately-striking extreme heterogeneity 
in two different ways. First, their outer mantles are greatly enriched 
in aluminum and depleted in magnesium relative to their cores, so 
much so that olivine is commonly missing altogether from the 
mantles. In fact, the mantles of some of these objects contain an 
assemblage of gehlenitic melilite, anorthite, and even hibonite that 
cannot have crystallized from the same melt bulk composition as 
did the CAI cores [8,9]. The melilite compositions in the core and 
mantle, for example, represent opposite sides of the thermal mini-
mum in the gehlenite-åkermanite liquidus curve [8]. The second 
kind of heterogeneity exhibited by FoBs is that, even in the cores, 
there exist olivine-rich and olivine-poor regions. The inclusions 
thus have a patchy appearance. Only some of this patchy olivine 
heterogeneity can be attributed to olivine reacting with the melt to 
form Åk-rich melilite [e.g. 9].  

Discussion: Many FoBs are known to exhibit large mass-
dependent isotopic fractionation effects [8], and one is known to be 
a FUN CAI [9]. The combination of this isotopic evidence, taken 
together with the presence of an Al-rich mantle whose bulk chem-
istry is so different from that of the core that the respective mineral 
assemblages of the two sites are fundamentally incompatible, 
points strongly toward fractional (Mg, Si) melt volatilization [8,9] 
that happened on a time scale sufficiently rapid to prevent homog-
enization of the inner and outer portions of the melt droplets. The 
bulk compositions of FoBs are approaching to those of Al-rich 
chondrules, but contain a melilite-rich component that the chon-
drules lack. This, plus, the patchy olivine distribution, suggests that 
FoBs are rare cases of hybrids between Type B CAIs and olivine-
rich material.  

References: [1] Grossman et al. 2000, GCA 64: 2879. [2] 
Grossman et al. 2002, GCA 66: 145. [3] Richter F. M. 2004, GCA 
68: 4971. [4] Richter et al. 2002, GCA 66: 521. [5] Scott E. R. D. 
and Krot A. N. 2001, MAPS 36: 1291. [6] Krot et al. 2002, MAPS 
37: 155. [7] Wark D. A. 1987, GCA 51: 607. [8] Clayton R.N. et al. 
1984, GCA 48: 535. [9]Davis A. M. et al. 1991, GCA 55: 621. 
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Introduction: Granulites are impact-metamorphosed rocks 
[1] found throughout the lunar highlands [2]. The composition of 
many lunar granulites cannot be linked to 
lithologies [3]. Specifically, magnesian granulites (Mg* >70) are 
distinct from pristine highland rocks in major and trace element 
chemistry [4-6]. An additional distinction exists between the 
magnesian granulites in some feldspathic lunar meteorites and 
those collected by the Apollo 

]. We combine EMP element X-ray maps with EMP 
and SIMS mineral compositions to reconstruct the bulk chemical 
composition of a magnesian granulite in ALHA81005.  
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missions [Treiman A.H., unpub-
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like are not 
simple mixtures of highland rocks in the 
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 Warner J.L. et al. 1977. 
Proceeding of the 8th Lunar Science Conference 2051-2066. [2] 
Wood J.A. et al. 1970. Proceeding of the Apollo 11 Lunar Sci-
ence Conference 965-988. [3] Simonds C.H. et al. 1974. Pro-
ceeding of the 5th Lunar Science Conference 337-353. [4] Lind-
strom M.M. and Lindstrom D.J. 1986. Journal of Geophysical 
Research 91(Suppl.): D263-D276. [5] Korotev R.L. and Jolliff 
B.L. 2001. Abstract #1455. 32nd Lunar & Planetary Science Con-
ference. [6] Korotev R.L. et al. 2003. Geochimica et Cosmo-
chimica Acta 67: 4895-4923. [7] Goodrich C.A. et al. 1984. 
Journal of Geophysical Research 89 (Suppl.): C87-C94. 

Sample and Methods: Analyses were performed on a mag-
nesian granulite, Clast 3, in lunar meteorite ALHA81005,48. A 
compositionally representative field of Clast 3 was selected. Ma-
jor and minor element X-ray maps, and compositions of major 
mineral phases in the clast, were acquired with a Cameca SX 100 
EMP. The trace element compositions of major mineral phases 
were obtained by S (Cameca ims 4f) . Element maps 
were imported into image-processing software and classified into 
mineral maps. The proportions of minerals were estimated from 
the histogram outputs of classifications. Mineral modes were 
translated into the mass % of each phase,  

ineral compositions to c the bulk 
chemistry of Clast 3 ).   Table 1   

SiO2 44.77 
TiO2   0.15 
Al2O3 24.08 
Cr2O3   0.18 
FeO   4.59 
MnO   0.08 
MgO 11.77 
CaO 13.95 
Na2O   0.22 
K2O   0.01 
P2O5   0.001
S   0.016
Total 99.82 
   
La (x CI) 0.81 
Eu (x CI) 9.52 

Results and Discussion: Clast 3 

]. It consists of approximately 
66% plagioclase (An97.1), 17% low-Ca py-
roxene, 14% olivine (Fo81.5), 2% augite, and 
traces of chromite, troilite, and whitlockite. 
The Mg* of Clast 3 is 82. From their concen-
trations in plagioclase, we r La ~ 0.8xCI 
and Eu ~ 9.5xCI for bulk Clast 3. Clast 3 is 
similar to Mg-Suite rocks in plagioclase 
composition and Mg*, but is more feld-

. E
 Ti/Sm ~ 4xCI,  the range 

Apollo magnesian granulites. 
Clast 3 indicates t

magnesian granulites in ALHA81005 are not 
 Apollo magnesian granulites, and 

t.       
References: [1]
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PRESOLAR GRAINS IN THE TAGISH LAKE METEORITE.  
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55020 Mainz, Germany. Email: kkmarhas@mpch-mainz.mpg.de. 

 
Introduction: Different types of presolar grains have been 

identified in primitive meteorites [1]. Tagish Lake is a unique 
primitive carbonaceous chondrite and the first representative of the 
CI2 group. It has a fine-grained matrix with olivine-rich aggre-
gates, sparse chondrules, altered CAIs, magnetite, and Ca-Mg-Fe-
Mn carbonates (indicating aqueous alteration) [2]. Stepped com-
bustion experiments [2, 3] indicate the presence of presolar grains 
(SiC, diamonds).  From these measurements the matrix-normalized 
abundance of presolar SiC was estimated to be 8 ppm [3]. In order 
to explore the inventory of presolar grains in Tagish Lake in more 
detail we will present here new data from an in-situ search of 
presolar grains (oxides, silicates, carbonaceous grains) in a pol-
ished thin section of Tagish Lake with the NanoSIMS. 

Experimental: The NanoSIMS was used in multicollection 
mode to map two different regions of the fine-grained matrix for 
two sets of measurements: (i) A search for presolar oxides/silicates 
(16,17,18O, 28Si, 27Al16O) and (ii) a search for presolar carbonaceous 
grains (12,13C, 26,27CN, 28Si). A < 1 pA Cs+ primary ion beam, ~100 
nm in size, was used to raster (256 x 256 pixels) areas of 15 x 15  
µm2. Each measurement lasted for about one hour and consisted of 
4 image layers. A total area of 29,250 µm2 was mapped for the 
search of presolar oxide and silicate grains, and 5,400 µm2 for the 
search of presolar carbonaceous grains.  

Results and Discussion: One presolar silicate grain of ~350 
nm was found, representing an abundance of ~4 ppm of matrix ma-
terial in Tagish Lake. Although statistics is limited, this is  com-
patible with the abundances inferred for ordinary chondrites [4] but 
much lower than that observed in the carbonaceous chondrite Acfer 
094 [5, 6]. According to the O-isotopic composition (δ17O = 70 ± 
140 ‰, δ18O = 640 ± 80 ‰), the grain belongs to the rare group 4 
of oxide grains [7]. Both high metallicity AGB stars and type II 
supernovae are considered potential sources for the grains of this 
group [7, 8].  

Preliminary inspection of the C and N data reveals the presence 
of a presolar C-rich grain, probably SiC, with δ13C = 450 ± 80 ‰  
and δ15N = -310 ± 130 ‰ and size of ~250 nm, representing an 
abundance of 12 ppm of the matrix material. In addition we ob-
served areas with 15N-enrichments (δ15N of up to 600 ‰), possibly 
representing molecular cloud material. A similar observation was 
made by [9] for chondritic organic matter. 

Although the relatively low abundance of presolar silicates 
may be the result of aqueous alteration, the presence of different 
presolar minerals confirms the primitive nature of Tagish Lake.  

Acknowledgements: We thank M. Zolensky for the Tagish 
Lake thin section, Elmar Gröner for technical support on the 
NanoSIMS, and J. Huth for SEM studies. 

References: [1] Zinner E. 2004. In Treatise on Geochemistry, 
Elsevier, Oxford: pp. 17-39. [2] Brown P. G. et al. 2000. Science 
290: 320-325. [3] Grady M. et al. 2002. MAPS 37: 713-735. [4] 
Mostefaoui S. et al. 2004. Abstract #1593. 35th Lunar and Plane-
tary Science Conference. [5] Nguyen A. and Zinner E. 2004. Sci-
ence 303: 1496-1499. [6] Mostefaoui S. and Hoppe P. 2004. ApJ 
613: L149-L152. [7] Nittler L. R. et al. 1997. ApJ 483: 475-495. 
[8] Choi B.-G. et al. 1998. Science 282: 1284-1289. [9] Nittler L. 
R. et al. 2005. This volume. 
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Introduction: Recoil effects may be of importance in the 

study of presolar grains in a variety of ways. It is essential, e.g., 
to understand recoil losses in spallation reactions in order to 
determine presolar cosmic ray exposure ages [1]. Recoil does 
also occur in radioactive decay, however. For β-decays it is 
usually a negligible effect, but the situation may be different for 
grains that are of nm-size such as the presolar nanodiamonds, 
where the expected evidence for the former presence of now 
extinct 26Al and 44Ti has not been found [2]. We have set out to 
experimentally determine whether loss due to recoil may be an 
explanation for this lack. This will eventually involve 
determining the actual retention of decay products such as 22Ne 
from implanted 22Na. Here we report on a pilot experiment in 
which Br in terrestrial nanodiamonds was converted into 82Kr by 
irradiation with thermal neutrons. 

Experimental: We used terrestrial detonation nanodiamonds 
supplied by A.P. Koscheev (cf. [3]) with a Br content determined 
as ~3 ppm by neutron activation analysis. The diamonds were 
washed with HNO3 to remove surficial Br, suspended as a colloid 
in ammonia and then irradiated in the TRIGA reactor of the 
University of Mainz for 6 hours at a flux of 7x1011 n cm-2 sec-1. 
After irradiation diamonds and liquid were separated, and the 
distribution of the 82Br (T½ = 35.34 h) between solid and liquid 
was determined by counting its γ-activity. 

Results and Discussion: In several experiments we found 
the activity to be almost exclusively contained in the liquid phase, 
with the solid diamonds accounting for less than 20%. Loss at 
this stage is due to recoil during emission of prompt γ-rays. 
Assuming the grains to be spherical, we have compared the 
observed loss with a “predicted loss” calculated from the full 
spectrum of prompt γ-rays [5], the TRIM code for range-energy 
relation and the size distribution (mean ~4.1 nm) of our explosion 
nanodiamonds (K2) as determined by MALDI-TOF-MS (similar 
to [6]). The “calculated” loss of ~ 50 % is lower than what is 
observed, which may indicate that the TRIM Code 
underestimates ranges in nanometer-sized grains. This conclusion 
in no way is firm, however, and further experiments are required. 
It is clear, in any case, that the application of I-Xe dating [7] is 
problematic. It also appears possible that the reason for “missing” 
radionuclides in [2] is recoil loss. Losses appear to be not as 
severe, however, as required to achieve by this mechanism the 
“early separation” suggested as an explanation for the 
composition of Xe-H in presolar diamonds [8]. 

Acknowledgments. The authors thank the staff of Institut für 
Kernchemie and A.P. Koscheev for their cooperation. 

References: [1]  Ott U. and Begemann F. 2000. Meteoritics 
& Planetary Science 35:53-63. [2] Besmehn A. et al. 2000. 
Abstract #1544. 31th Lunar & Planetary Science Conference. 
[3] Koscheev A. P. et al. 2001. Nature 412:615-617. [4] Ziegler, 
J. F. 2003. Nuclear Instruments and Methods in Physics Research 
B 219-220, 1027-1036. [5]  Nuclear Data Sheets 50 (1987):32-
37. [6] Lyon, I. C. 2001. Meteoritics & Planetary Science 
36:A119-A120. [7] Holland G. et al. 2003. Meteoritics & 
Planetary Science 38:A123. [8] Ott U. 1996. Astrophysical 
Journal 463:344-348. 
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Introduction: Meteoritic noble gases are mainly hosted by two 
carbon-rich phases that are left after demineralization of bulk 
meteorite by HF and HCl: nanodiamonds and an enigmatic phase 
labeled as phase Q [1]. Phase Q is the carrier of P1 noble gases 
often refered to as ‘planetary’ and represents the majority of Ar, Kr 
and Xe trapped in primitive meteorites [1]. The mechanism leading 
to the trapping of P1 is poorly understood but may represent 2D 
trapping on surfaces. Here we report an experiment designed to 
study the trapping of Xe by sublimation -condensation process of 
anthracite. This experiment allowed us to probe the influence of 
irradiation on:  
(i) the trapping of Xe onto organic matter, (ii) the EPR signal of 
organic matter synthesized by evaporation-condensation.  

Experimental method: Anthracite was loaded in a crucible 
surround by a W filament [2]. UV light was located above the 
crucible. Air-like Xe was introduced in the system at a pressure of 
about 0.1 mbar and ionized with an energy of ≈ 0.1 MeV by high 
frequency discharge. The crucible was heated at 1200°C for 5 min 
and cooled down to room temperature immediately. Organic matter 
was condensed on the different glass parts of the apparatus with 
two kinds of samples recovered, corresponding to ionized xenon or 
neutral xenon.  

Results: The amount of Xe trapped in ionized samples is about 
one order of magnitude higher than the one trapped in neutral 
samples. Neutral samples show the same xenon isotopic 
composition as the one of starting Xe. In contrast, ionized samples 
present an important isotopic fractionation of 1%/amu. The EPR 
spectra as a function of temperature allow the spin concentration to 
be estimated. Both samples present the same trend characterized by 
a decrease of spin concentration with increasing temperature. No 
significant difference was observed between neutral and ionized 
samples despite the drastic difference in condensation conditions.  

Discussion: The isotopic fractionation observed could be 
induced by a charge exchange accompanied by an isotopic 
exchange: mXe + nXe+ ⇔ mXe+ + nXe. Apparently, the organic 
matter during its condensation is able to realize a selection between 
neutral and ions Xe with a slight enhancement for trapping ions. 
The isotopic fractionation reproduces well the one observed for P1 
noble gases relative to solar composition [1]. This result is 
consistent with previous works in which isotopic fractionation was 
observed only during experiments involving irradiation [3]. The 
decrease of spins concentration upon temperature determined for 
both samples is at odds with spins increasing upon temperature 
obtained for Orgueil and Murchison [4]. The present results suggest 
that condensation alone does not allow the diradicaloids of IOM to 
be produced. Interstellar chemistry seems to be the most promising 
process to reproduce the EPR characteristics. These results do not 
exclude a solar origin for P1 noble gases.  

References:  [1] Lewis R.S. et al. (1975) Science 190, 1251-
1262. [2] Tissandier L. et al. (2002) Meteoritics 37, 1377-1390. [3] 
Hohenberg C.M. et al. (2002) MPS 37, 257-267. [4] Binet L. et al. 
(2004) GCA 68, 881-891.  
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Introduction: Thermal metamorphism in ordinary chondrites 

(OCs) is quantitatively defined by homogeneity of olivine and 
low-Ca pyroxene [1].  In meteorite research homogeneity is 
measured using Percent Mean Deviation (PMD) and Coefficient 
of Variance (CoV) [2, 3].  Measuring the degree of heating 
primitive meteorites experienced is a critical step in understand-
ing the mechanism(s) that heated planetesimals in the early solar 
system.  Also, accurately measuring the fayalite and ferrosilite 
abundances in meteorites is necessary before robust links be-
tween asteroid and meteorite compositions can be established, 
especially if those links rely on near infrared spectra [4].  

Technique: We have developed a calibrated x-ray mapping 
technique to quickly measure ferromagnesian silicate homogene-
ity within individual thin sections [5].  A routine in the Cameca 
task language was created that allows us to collect raw x-ray in-
tensities of Fe, Mg, Ca and Si on 16,384 discrete 10 micron di-
ameter footprints.  We are continuing to test grid spacing be-
tween analyses in order to reduce selection bias.  This technique 
does a better job of representing the homogeneity of the area 
mapped than the typical selection of a couple of points.  

Data: As part of our study of progressive thermal metamor-
phism among the L-chondrites, we selected Allan Hills 77197 for 
examination.  ALH 77197 is a 20.3 g meteorite that has been 
classified as an L3.7 with an A/B weathering stage. The olivine 
in ALH 77197 has an average composition Fa 28,a PMD of 5, 
and a CoV of 7. We found the low-Ca pyroxene in ALH 77197 
to have an average Fs 17, a PMD of 19, and a CoV of 23. The 
ratio of Olivine to Orthopyroxene (Ol/Opx) is 6.2 for ALH 
77197, indicating a low abundance of orthopyroxene. The high-
est Ol/Opx ratio measured by similar mapping techniques is 2.6 
for an LL5 [6].  A BSE image taken at the same time that the 
elemental abundance mapping was conducted confirms the pau-
city of pyroxene in the mapped region.  However, visual inspec-
tion of the thin section of ALH 77197 we are studying reveals the 
presence of a 2mm diameter radial pyroxene chondrule nearby.  

Discussion: Ol/Opx ratios, along with average fayalite and 
ferrosilite content, are used as a proxy for oxidation state [7].  
While these three values are linked, within a sample experiencing 
heat they will reach equilibration at different scales at different 
times.  The data from ALH 77197 indicate that olivine has 
equilibrated and is highly oxidized for an L chondrite.  Prelimi-
nary results show that both the Ol/Opx ratio and low-Ca pyrox-
ene are not in equilibrium.  Understanding the kinetics of equili-
bration in the olivine orthopyroxene system in ALH 77197 and 
similar meteorites will improve our ability to constrain the inten-
sity and duration of thermal metamorphism.  

References: [1]  Van Schmus, W.R. and Wood, J.A. (1967) 
GCA 31: 747-765.  [2]  Dodd, R.T., et al. (1967) GCA 31: 921-
951.  [3]  Scott, E.R.D. (1984) Smithson. Contrib. Earth Sci 26: 
73-94.  [4]  McCoy, T.J. and Burbine, T.H. (2005) In Workshop 
on Oxygen in Asteroids and Meteorites, p. 22.  [5]  Marsh, C.A., 
et al. (2004) Meteoritics & Planetary Science, 39: A62.  [6]  
Gastineau-Lyons, H.K., et al. (2002) Meteoritics & Planetary 
Science 37: 75-89.  [7]  Mcsween, H.Y., Labotka, T.C. (1993) 
GCA 57: 1105-1114. 
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Information from extinct elements is particularly pertinent for 

filling the time gap between 3.9 and 4.5 Ga of lunar history, during 
which time the early bombardment of the inner solar system had 
taken place.  Although there are several reports documenting the 
existence of extinct 244Pu on the Moon, its potential use for 
collisional chronologies, as well as the initial abundance ratios have 
not been well assessed.  This is in part due to the fact that some 
fission xenon components were found to be surface-correlated and 
not produced in-situ, and also because the presence of large 
cosmic-ray-produced components in most studied lunar rocks make 
the identification of fission Xe components difficult.  We have 
identified rocks from Apollo 16(64455), 17(76010), and 14(14321) 
with well-resolved fission Xe components, suitably high REE 
abundances, and relatively small neutron capture and spallation 
components.  We have determined their CRE ages by the 81Kr-83Kr 
method which yields values of 2.0, 15 and 25 Ma, respectively.  In 
disentangling multiple components of spallation, fission and 
trapped Xe components we use approaches of the type that were 
successful for martian meteorites and for ancient terrestrial zircons 
[1].  The results for nakhlite source region show that fission gas 
was assimilated starting with the early differentiation of Mars to the 
time of magma eruption 1.3 Ga ago [2,3].   The approaches are 
based on isotopic correlations which attempt to resolve fission data 
into components due to 244Pu and 238U, respectively, and which 
permit an estimation of the 244Pu abundance at the time of system 
closure.   When coupled to radiogenic age data, this permits an 
estimate of initial lunar 244Pu abundance.   

References:  [1] Turner, G. et al. 2004. Science 306, 89-91. 
[2] Mathew, K.J. and Marti, K.  2001.  Journal Geophysical 
Research, 106, 1401-1422.  [3] Marti, K. and Mathew, K.J.  2004. 
Antarctic Meteorite Research, 17, 117-131.  
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Shisr 033 is the first CR chondrite recovered in Oman. It con-

sists of 65 fragments with a total mass of 1098 g collected from 
an area of a few square meters. The meteorite shows medium 
weathering of metal (W2) with omnipresent Fe-hydroxide stain-
ing. Compared with 14C-dated ordinary chondrites from Oman 
the degree of weathering is consistent with a terrestrial age of 5-
15 kyr. Many fine-grained phyllosilicate-rich inclusions contain-
ing pyrrhotite and framboidal magnetite are apparent. The second 
largest fragment (249.9 g) was selected and 23 g of interior mate-
rial were obtained by splitting away surface material. After gentle 
crushing, 4.86 g of fines enriched in phyllosilicate-rich material 
was selected for amino acids analysis. Selected individual phyl-
losilicate-rich clasts were analyzed by pyrolysis. From the coarse 
material individual chondrules were selected for O isotope analy-
sis.  

The acid hydrolyzed hot water extracts of the fines enriched 
in phyllosilicate-rich material were analyzed for amino acids us-
ing hot water extraction, followed by acid hydrolysis, desalting 
and pre-column derivatization [1]. Amino acids separation was 
achieved by high-performance liquid chromatography (HPLC) 
and by gas chromatography-mass spectrometry (GC-MS). Amino 
acid abundances were determined by comparison of the chroma-
tographic signals with those of known standards. Shisr 033 con-
tains extraterrestrial amino acids, including α-aminoisobutyric 
acid (AIB); however, comparisons to the CM2 Murchison, the CI 
Orgueil, and the CR Renazzo show a distinct amino acid distribu-
tion for this meteorite. The D/L ratio determined for alanine indi-
cates the presence of terrestrial contamination.  

Oxygen isotopic analyses were performed on a bulk sample 
(B), a bulk sample leached with ethanolaminthioglycollate to re-
move iron hydroxides (B2), a sample of composite chondrules 
(H) and a hand-picked dark clast (D). Samples B, B2 and H fall 
onto the CR trend as defined by Clayton and Mayeda (1999) [2]. 
The uncleaned bulk sample is significantly heavier than the 
cleaned one, most likely indicating an influence by terrestrial Fe-
hydroxides (calculated δ18O around +8‰ in equilibrium with 
Oman desert rainwater). The dark clast (D) falls onto the CV-CO 
trend. Stepped combustion of a dark clast revealed a low organic 
carbon and high carbonate contents indicative of terrestrial con-
tamination. 
 

References: [1] O. Botta and Bada J. L. 2002. Surveys in 
Geophysics 23: 411-467. [2] R. N. Clayton and T. K. Mayeda. 
1999. Geochimica et Cosmochimica Acta 63: 2089-2104.  
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