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LAYERED CHONDRULES IN CARBONACEOUS AND 
ORDINARY CHONDRITES.  
D. S. Ebel1 and M. K. Weisberg1,2. 1Dept. of Earth and Planetary 
Sciences, American Museum of Natural History, New York, NY 
10024. debel@amnh.org 2Dept. of Earth and Planetary Sciences, 
Kingsborough College CUNY, Brooklyn, NY 11235. 

 
Introduction: Chondrules with sharp concentric layers  are 

reported from CV [2], CR [1-3], CM [4], and ordinary chondrites 
(OC) [5,6]. Layers vary in texture, mineralogy, and composition. 
CAIs, and AOAs (transitional to chondrules) also exhibit concen-
tric layers in whole or in parts [7,8]. Many hypotheses exist for 
layering [1-4, 6-9], and different types of layering may form by 
different processes. The relative abundances and 3D structures of 
concentrically layered chondrules are unknown. Few are de-
scribed in detail. We identified layered chondrules in Renazzo 
(CR2), Allende(CV3), Semarkona(LL3), Bjurbole(L/LL4), Ka-
roonda(CK4), and Chainpur(LL3) in 3D images of ~1cm3 pieces 
from the AMNH collection, using synchrotron x-ray tomographic 
reconstructions [10], and 2D elemental mapping and spot analy-
ses of slices that were cut guided by 3D images. Layering pro-
vides clues to chondrule source materials, crystallization and ac-
cretion environments, and possible heating mechanisms. 

Results: Types of layering include, from inside to outside: 1) 
ol-rich to opx-rich; 2) metal-poor to metal-rich; 3) barred ol to 
coarse ol; 4) metal-rich to ol-rich; 5) coarse metal to fine metal; 
6) opx-rich to ol-rich (rare); 7) silicate to metal-rich ‘dust’; and 
8) CAI-like to ol-rich, in AOAs. Layered objects appear to be 
more common in the CR than in the CV, and rare in OC [1, 3]. 
Tomography, however, allowed location of, for example, a rare 
layered chondrule in Semarkona with multiple type (2) layers. 

Discussion: Each meteorite class displays chondrule layering 
of different kind and extent. The heating process for chondrule 
formation probably differed in intensity or efficiency in the re-
gion from which each class formed. Unlike OC and CV chon-
drules, many CR chondrules have metal, Mg-silicate, and Ca-, 
Al-rich components in distinct layers. The OC appear more thor-
oughly converted from dust into chondrules, by higher degrees of 
melting and/or remelting, whereas in CV, CR and CK the chon-
drule rims are sintered into layers to varying extents, preserving 
earlier growth cycles. In the perhaps most primitive chondrites, 
CR [12], metal-silicate fractionation occurred very early, re-
corded in type (2) layering, and rim accretion and re-heating fol-
lowed chondrule collisions. Some layered chondrules suggest 
open-system olivine-vapor reaction to form pyroxene, others 
suggest sintering of lower-temperature, pyroxene-normative 
dusty rims. 

References: GCA=Geochimica et Cosmochimica Acta; 
LPS=Lunar & Planetary Science Conference; MPS=Meteoritics 
& Planetary Science. [1] Prinz M. et al. 1985. LPS XVI:677-678. 
[2] Metzler K. et al. 1988. LPS XIX:772-773. [3] Weisberg M.K. 
et al. 1993. GCA 57:1567-1586. [4] Metzler K. et al. 1992. GCA 
56:2873-2897. [5] Jones R. & Scott E.R.D. Proc. LPS 19:523-
536. [6] Krot A.N. & Wasson J.T. 1995. GCA 59:4951-4966. [7] 
Weisberg M.K. et al. 2004. MPS 39: 1741-1753. [8] Ruzicka A. 
1997. Journal of Geophysical Research 102:13387-13402. [9] 
Trigo-Rodriguez et al. 2006. GCA 70:1271-12909. [10] Ebel D. 
S. et al. 2006. MPS in press. [12] Wood J.A. 1963. Icarus 2:152-
180. (NASA Cosmochemistry NAG5-12855 (DSE); DOE, Basic 
Energy Sciences, W-31-109-ENG-38 (APS/GSECARS); NASA 
Astrophysics Data System Bibliographic Services). 

69th Annual Meteoritical Society Meeting (2006) 5352.pdf



MATHEMATICAL MODEL AND IMPACT CONDITIONS 
FOR WETUMPKA  IMPACT CRATER, ALABAMA, USA.   
J. C. Echaurren1, D. T. King, Jr.2, L.W. Petruny³,and M.C.L. Rocca4, 
1Codelco Chuquicamata, Chile, jecha001@codelco.cl , 2Dept. of 
Geology, Auburn University, Auburn, AL 36849-5305 USA, 
3AstraTerra Research, Auburn, AL 36831 USA, 4Mendoza 2779-
16A, Ciudad de Buenos Aires, Argentina, (1428DKU). 

 
Synopsis: Wetumpka impact structure, located in Elmore 

County, Alabama, USA (centered at N32º 31.3’, W86º 10.4’), is a 
locally prominent, semi-circular, rimmed feature with a structural 
diameter of 7.6 km and a modern rim height of as much as 120 m 
[1,2]. This impact structure is composed of relatively highly indu-
rated crystalline rock, which forms the impact-structure rim, and an 
unconsolidated mélange of resedimented and (or) deformed Upper 
Cretaceous sedimentary formations comprising two impact-structure 
related sedimentary terrains: (a) within the crystalline rim (interior 
unit); and (b) directly outside the crystalline rim on the southern side 
(extra-structure or deformed unit) [1,2]. Both the marine target set-
ting and composite target stratigraphy had a profound effect upon 
the shape and sedimentology of this impact structure [3,4]. In ma-
rine setting, which was less than 100 m deep, a water crater was 
opened and then collapsed with a violent resurge. The inability of 
the missing southern rim to withstand this resurge is interpreted to 
be the origin of an early modification stage rim collapse event.  

Analytical Method and Results: According this model [5], the 
asteroid diameter is ~ 246.5 m, with a velocity and impact angle of ~ 
18.46 km/s and 43.18° respectively. The number of rings are calcu-
lated in ~ 0.84 with a initial crater profundity of ~ 572.68 m, this 
quantity could be altered across the passage of time to ~353.03 m, 
the melt volume is ~ 2.2E10 m³ or ~ 22.03 km³. The number of 
ejected fragments are estimated in ~ 2.55E6 with average sizes of ~ 
1.81 m, and a cloud of dust with diameter of ~ 9,498 km. The total 
energy in the impact is calculated in ~ 7.7E25 Ergs, i.e., ~ 1,833 
megatons. Before of the erosion effects the transient crater is esti-
mated in ~ 4.29 km, the hydrothermal zone (hydrothermal systems) 
is of ~ 338.08 m to 2.15 km from the nucleus of impact. The life-
times estimated are of ~ 37,077 years to 57,874 years with uncer-
tainties of ~ +/- 0.67 % to +/- 3.00 %, i.e., from +/- 249 years to +/- 
1,737 years. Hydrothermal temperatures from 0.25 years to 1,400 
years are estimated in ~ 158.14°C to 61.35°C respectively. The 
fragments are ejected to ~ 87.74 km from the impact center, with a 
velocity of ejection of ~ 2.2 km/s, ejection angle of ~ 5.14° and 
maximum height of ~ 1.97 km. The density of the asteroid is calcu-
lated in ~ 4.97 g/cm³ and the combined density (maximum and 
minimum) for the ejected fragments is estimated in ~2.08 g/cm³. 
The maximum height of Tsunami for 400 m and 7.5 km from the 
source is ~ 414 m  and 22 m respectively. The seismic shock-wave 
magnitude is calculated in ~ 8.1 in the Richter scale. The maximum 
time of permanency for the cloud of both dust and acid in the at-
mosphere is ~ 28 days and 4.6 months, respectively. The tempera-
ture peak in the impact is calculated in ~ 1.17E3 times the tempera-
ture of the solar nucleus, by a space of time of ~ 1.16 ms. The pres-
sure to 1.01 km of the center of  impact is  ~ 4.18 Gpa. 

References: [1]King D. T. Jr. et al. (2002) Earth & Planet. Sci. 
Lett., 202, 541-549. [2] King D. T. Jr. et al (2003) Springer Impact 
Studies, 97-112. [3] King D. T. Jr. et al (2004) Geol. Soc. America 
Annual Meeting Abst. W. Prog. 36(5), 266-267. [4] King D. T. Jr. et 
al (2005) Met. Planet. Sci. 40-suppl., A81. [5]Echaurren J., and 
Ocampo A.C., (2003), EGS-AGU-EUG Joint Assembly, Nice, 
France. 
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INTRACRYSTALLINE AND GRAIN-BOUNDARY 
OLIVINE-RINGWOODITE (-WADSLEYITE) PHASE 
TRANSITIONS IN SHOCKED L-6 CHONDRITES: 
EVIDENCE FOR DIFFUSION CONTROLLED PHASE 
TRANSITION MECHANISMS INVOLVING FE AND MN.  
A. El Goresy1, T. Ferroir2, Ph. Gillet2, M. Chen3, L. Dubrovin-
sky1, and A. Simionovici2. 1Bayerisches Geoinstitut, Universität 
Bayreuth, 95447 Bayreuth, Germany ahmed.elgoresy@uni-
bayreuth.de, 2Ecole Normale Supérieure de Lyon, 69364 Lyon 
Cedex 07, France, 3Guangzhou Institute of Geochemistry, CAS, 
Wushan, Guangzhou 510640, China. 
 

Introduction: Two coexisting different olivine-ringwoodite 
phase transition mechanisms in shocked L-6 chondrites were first 
reported by [1,2]: (1) phase transition commencing at grain 
boundaries only in olivine grains <100 µm in melt veins leading 
to polycrystalline ringwoodite aggregates, and (2) intracrystalline 
ringwoodite lamellae along {101} and (100) planes of large oli-
vine single crystals inside and outside the melt veins, respec-
tively [1,2]. We conducted a detailed survey of both phase transi-
tion mechanisms in the shocked chondrites Sixiangkou and Peace 
River by reflected-light microscopy, laser microRaman mapping, 
SEM, combined synchrotron microbeam X-ray diffraction and X-
ray fluorescence mapping and electron microprobe microanalysis 
to determine the fine-scale mineral inventory, mineral composi-
tions, interface relationships and to elucidate the phase transfor-
mation mechanisms, both prograde and retrograde.  

Results: Olivine single grains (Fa22-25) entrained in the melt 
veins depict phase transformation to both ringwoodite and wad-
sleyite with stark contrasting compositions and unique spatial 
arrangements. (1) Ringwoodite (Fa32-36) in the polycrystalline 
aggregates occupies the major outer portions of the original oli-
vine grains, whereas wadsleyite (Fa12-14), along with residual oli-
vine (Fa18-20) occupiy the cores of the original individual grains. 
(2) Large olivines depict spectacular ringwoodite-wadsleyite tex-
tures and compositions not encountered before. Olivines are in-
tersected by two sets of thick ringwoodite lamellae (≥12 µm; 
Fa30-39), the latter overgrown by large wadsleyite patches (<8 µm; 
Fa17-19). Residual olivine (Fa18-20) islands display in their interiors 
two sets of well-oriented wadsleyite lamellae. Synchrotron X-ray 
fluorescence mapping revealed depletion of both ringwoodite and 
wadsleyite in Mn due to diffusion to olivine during their growth. 
There is Raman and synchrotron X-ray ample evidence for par-
tial back transformation of ringwoodite lamellae to secondary 
wadsleyite and olivine, respectively. Remarkably, both less dense 
secondary polymorphs inherited the ringwoodite compositions 
(Fa30-39) thus negating back interdiffusion of Fe and Mn.   

Conclusions: The results unambiguously indicate that both 
olivine-ringwoodite (-wadsleyite) phase transition mechanisms 
encountered are diffusion controlled leading to enrichment of 
ringwoodite in Fe and depletion in Mn. In contrast, the resulting 
primary wadsleyite is exceedingly depleted in fayalite. These 
findings are in contrast to [3] and hence suggest that the crystal-
lizing ringwoodite may have acquired additional FeO from the 
melt vein. Ringwoodite lamellae are strongly zoned (Fa35-39) thus 
confirming the diffusion-controlled phase transition mechanism. 

References: [1] Chen M. et al. 2004. Proceedings of the Na-
tional Academy of Sciences 101:15033–15037. [2] El Goresy A. 
et al. 2005. Meteoritics & Planetary Science 40:A43. [3] Akaogi 
M. et al.  1996. Journal of Geophysical Research 94:15,671-
15,685.  
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PETROPHYSICAL AND ROCK MAGNETIC 
PROPERTIES OF IMPACTITES FROM DEEP DRILL 
CORES OF BOSUMTWI IMPACT STRUCTURE.  
T. Elbra1 and L. J. Pesonen1. 1Division of Geophysics, University 
of Helsinki, Helsinki, Finland. E-mail: tiiu.elbra@helsinki.fi. 

 
Introduction: We are reporting petrophysical and rock mag-

netic data from deep drill cores of Bosumtwi impact structure. 
Several measurements (e.g. magnetic susceptibility and its tem-
perature dependence, intensity of natural remanent magnetiza-
tion, density, porosity) were carried out in order to better under-
stand the formation of Bosumtwi impact structure and to improve 
the geophysical modellings. Special attention was drawn to core 
BCDP-8A and its interval 300-400m. Lithologically this interval 
consists of breccias inter-layered with greywacke and dark shale. 

Results: Results of magnetic susceptibility show that al-
though most of the samples hold relatively low ferromagnetic 
component of magnetic susceptibility (200 – 500 E-6 SI) there are 
present few magnetic susceptibility highs. These highs are pre-
sent in above mentioned interval 300-400m and pinpoint towards 
greywacke. In order to find out what is causing enhanced suscep-
tibilities more detailed rock magnetic measurements were carried 
out. Even though greywacke shows higher susceptibilities, the 
values are still too small to explain the aeromagnetic anomalies. 
Density results show that in case of drill core BCDP-8A average 
density (2350 - 2750 kg/m3) is lower in upper part of the core and 
increases with depth. Densities from BCDP-7A are in general 
much lower (1900 – 2700 kg/m3) and don’t show depth depend-
ence. Both drill cores show high porosity values. 
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STAR FORMATION IN A TURBULENT INTERSTELLAR 
MEDIUM.  
Bruce G. Elmegreen, IBM Research Division, T.J. Watson 
Research Center. E-mail: bge@watson.ibm.com. 

 
The interstellar medium is a highly dissipative, fractal gas 

that is stirred constantly on many scales by a variety of energy 
sources.  Stars and star clusters form in the dense regions where 
gravity overcomes the turbulent and thermal motions. In this talk, 
the general properties of star formation will be reviewed, along 
with specific properties most relevant to elemental enrichment 
and the formation of the Sun. 
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THE UNIQUE BUSHVELD COMPLEX: SUPERHEAT-
DOMINANT IMPACT PROCESSES BEYOND SUDBURY  
W. E. Elston, Dept. of Earth and Planetary Sciences, University 
of New Mexico, Albuquerque, NM 87131 welston@unm.edu 

 
Stages beyond Sudbury: The >400 km multiring Bushveld 

Complex is reinterpreted in terms of two catastrophes separated 
by relative quiescence: Multiple impacts, mantle upwelling, and 
caldera-like collapse. Impacts resulted in two magma suites: (1) 
A Sudbury-type superheated meltpool [1], which overflowed into 
lobate outer ring basins (lower 1,200 m of the Rooiberg Group, a 
pseudovolcanic suite new to petrology). (2) Decompression melts 
of upper mantle (Rustenburg Layered Suite) and crust (Lebowa 
Granite Suite, RLS), generated at the head of upwelling mantle 
[2] and emplaced as multiple sills beneath the Rooiberg over-
flow. Marginal to the upwelling, subsidence of the outer ring ba-
sin [3] allowed >10 km of Rooiberg, RLS, and LGS to accumu-
late at the surface, without collapse. Of all proposed terrestrial 
impacts, the Bushveld alone had the force to trigger mantle up-
welling and  voluminous melts (106 km3, ~90% of the Bushveld 
Complex).  

Additional LGS plutons and younger sediments conceal the 
Sudbury-type meltpool, except for massive granophyre at the 
Rooiberg. More evidence for its existence comes from (a) tex-
tures in overflow-facies Rooiberg, explicable as viscous emulsion 
segregations [1] in superheated inflated flows and surges, (b) a 
lower Rooiberg sequence from mafic to siliceous, with Fe-Ti-P 
enrichment at the interface [1, 4], and (c) from Sudbury-type Ni-
Cu-Pt “offset” ores, unlike Cr-Pt ores of  RLS.  

Lower Rooiberg outflow is dominated by superheat, not 
shock. Quench-textured high-T polymorphs of Si02 (e.g. quartz 
paramorphs after tridymite needles, as known elsewhere from the 
basal breccia of the Onaping Fm. [5]), take the places of high–P 
phases. Deformation twins take the place of PDFs in annealed 
quartz. Rare shock features (high-relief diaplectic glass, kink 
bands, mosaics) occur in relatively “cool” paleochannels. 

Water influxes triggered later explosive overflows from the 
meltpool, evidenced by tsunami deposits between high-T 
Rooiberg meltrocks. Meltpool equilibrated with the upper crust; 
the top ~3 km of the Rooiberg converged with invading LGS in 
composition [6] and with conventional rhyolite in petrography.  

The second catastrophe: Crustal melting culminated in cal-
dera-like catastrophic collapse. The Bushveld Complex assumed 
the present enlarged four-basin configuration by collapse of the 
lobate outer ring. Previously horizontal ring-basin fill assumed its 
basinward tilt, consistent with the “dipping sheets” modeled by 
geophysics [7]. A tuff breccia-megabreccia-ash fall zone in upper 
Rooiberg marks this event. Peripheral to the entire Bushveld 
Complex [4], it proves the Rooiberg Group to be a single 105 km3 

stratigraphic package. It is not a composite erupted from many 
centers, as in siliceous volcanic fields of similar volume. 

References: [1] Zieg M.J. & Marsh B.D. 2005. Geological 
Society of America Bulletin 117, 1427-1450. [2] Jones A.P. et al. 
2002, Earth and Planetary Science Letters 202. 551-556. [3] 
Marsh B.D. 1982. American Journal of Science 282, 808-855.  
[4] Schweitzer J.K. et al. 1995, South African Journal of Geology 
98, 245-255. [5] Stevenson J.S. 1963. Canadian Mineralogist 7, 
413-419. [6] Schweitzer et al. 1997, Journal of African Earth 
Sciences 24, 95-104 [7] Meyer R. & de Beer J.H. 1987. Nature 
325, 610-612. 
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COMPARISON OF ANHYDROUS MINERALS OF 
CONCORDIA AND CAP-PRUDHOMME ANTARCTIC 
MICROMETEORITES. PREDICTIONS FOR WILD-2 
COMETARY PARTICLES. 
C. Engrand1, J. Duprat1, M. Maurette1, G. Kurat2, M.Gounelle1,3. 
1CSNSM-CNRS, Bat. 104, F-91405 Orsay, France, en-
grand@csnsm.in2p3.fr. 2Univ. Wien, Inst. Geol. Wissenschaft, 
1090 Vienna, Austria. 3LEME-MNHN, 75005 Paris, France. 
 

Introduction : We compare the abundance and composition 
of anhydrous minerals in Cap Prud'homme Antarctic micromete-
orites (CP-AMMs) with that of Concordia-Dome C AMMs (DC-
AMMs, see [1]) to investigate the prediction of a possible link 
between cometary matter and AMMs [2].  
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 Results and discussion : On this CaO vs FeO plot, the oli-
vines found in CM2 chondrites show two distinct clusters with 
FeO < 5 wt% and CaO up to 0.7 wt%, and 27 < FeO < 33 wt%, 
respectively, which are connected by a sparsely populated gap. 
The distribution of FeO contents in CP-AMMs shows the same 
clusters with a more densely populated gap. Although the statis-
tics for DC-AMM olivines is limited, there is a hint that the dis-
tribution of their FeO contents is comparable to that of CP-AMM 
olivines. 

The pyroxene/olivine abundance ratio in CP-AMMs is 
about 1 (i.e., 165 pyroxenes for 179 olivines) whereas it reaches 
about 3 (38 pyroxenes for 12 olivines) in the DC collection. The 
ratio of 1 found for CP-AMMs was already much higher than 
that found in CM chondrites and was compared to that observed 
in CR chondrites [3]. The higher value found in the DC-AMMs is 
possibly related to the new population of friable grains found in 
this collection [4]. 
 It will be interesting to check how the characteristics of oli-
vine and pyroxene grains in anhydrous IDPs and in Wild 2 parti-
cles returned by Stardust will compare with that of CP- of DC-
AMMs. All these olivines might originate from a common locale 
in the early solar nebula. They were possibly generated during 
the collisional fragmentation and/or abrasion of chondrules in the 
hot inner solar system. Then, only the finest fragments could be 
fired on ballistic trajectory, by x-wind [5], to the distant and cold 
formation regions of cometary ices. 
 References: [1] Duprat J. et al. (2006) ASR, in press. [2] 
Maurette M. (1998) in The molecular origin of life Cambridge 
Univ. Press, 147-186. [3] Kurat G., et al. (1994) GCA 58, 3879-
3904. [4] Duprat J., et al. (2005) LPSC XXXVI, #1678 (CD-
ROM). [5] Shu F. et al. (1996) Science 271, 1545-1552. 
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THERMAL OUTGASSING OF ORDINARY CHONDRITIC 
MATERIAl – I. NOMINAL MODEL RESULTS. 
B. Fegley, Jr.1 and L. Schaefer2. 1,2Washington University, St. 
Louis. 1bfegley@wustl.edu, 2laura_s@wustl.edu.  

 
Introduction: Outgassing of ordinary chondritic (H, L, LL) 

material as a function of T (300 – 1200 K), P (1 – 100 bars), and 
bulk composition was modeled with chemical equilibrium calcu-
lations. Our results are fundamentally important for outgassing of 
asteroids, planets and satellites, metamorphic reactions on ordi-
nary chondrite parent bodies, survival of presolar grains in mete-
orites, and the origin of life on Earth. 

Methods: The thermodynamic calculations include ~ 1,000 
solids and gases of Si, Ti, Al, Cr, Fe, Mn, Mg, Ca, Na, K, P, Ni, 
Co, H, C, N, O, S, Cl, & F. We averaged analyses of meteorite 
falls in [2] to compute mean compositions of H, L and LL chon-
dritic material. We used radial temperature profiles for 6 Hebe, 
the putative H-chondrite parent body. Lithostatic pressures were 
calculated with depth using ρ = 3.7 g cm-3 for 6 Hebe. All models 
are below the Fe – FeS eutectic melting point (~1260 K). Our 
nominal (closed system) model chemically equilibrates all phases 
at a given P, T level. The effects of large changes in P and T, 
variable abundances of H, C, N, O, S, kinetic inhibition of min-
eral and metallic solid solutions, C and N dissolution in metal, 
and open vs. closed system behavior on our results are described 
in our companion abstract [1] and preprint [3].  

Nominal Results: The major out-gassed volatiles are CH4, 
H2, H2O, N2 and NH3 (the latter at T & P where hydrous minerals 
form). Contrary to widely held assumptions, CO is never the ma-
jor C-gas during ordinary chondrite metamorphism. The figure 
shows results for average H chondritic material along the hottest 
thermal profile we used. The calculated oxygen fugacity fO2 of H 
& L chondritic material is close to the QFI buffer. LL chondritic 
material is slightly more oxidized.  

Acknowledgments: This work was supported by the NASA 
Astrobiology, Origins, and Outer Planets Research Programs. We 
thank K. Lodders for helpful discussions. 

References: [1] Schaefer, L. and Fegley, B., Jr. 2006, this 
meeting. [2] METBASE version 7.2. [3] Schaefer, L. and Fegley, 
B., Jr. 2006, Icarus, submitted. 

 
Fig. 1. Outgassed 
volatiles as a func-
tion of P & T from 
average H chon-
dritic material. 
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Introduction: Cometary material from the STARDUST mis-

sion has been distributed to Preliminary Examination Teams. 
This abstract describes the techniques that we are applying to 
cometary particles, captured in aerogel and aluminium foil. We 
will measure the UV/Vis spectra of returned Stardust materials. 
Visible reflectance spectroscopy is a useful technique that has 
been applied to IDPs [1], in order to compare them with primitive 
meteorites. The [1] study only considered spectral wavelengths 
>400nm, and so could not investigate features for organic mole-
cules that frequently occur below 300nm. The aims of our study 
are to observe whether or not there is an absorbance present that 
can be compared with the 217.5nm interstellar absorption band; 
make qualitative analyses of the presence (or otherwise) of or-
ganic molecules in the grains, and assign bond identities; assess 
the relative abundances of hydrated and anhydrous minerals 
within grains on the basis of OH features. 

Techniques: UV/Vis spectroscopy is a technique that utilizes 
the excitation of valence electrons within an atom as a tracer of 
atomic or molecular bonds. We are using a Craic optical mi-
crospectrophotometer system fitted with xenon lamps (wave-
length range 200 – 950nm). The instrument can acquire data by 
transmission and reflectance, and is able to measure spectra from 
powders, discrete grains or from polished mounts. 

Results: As part of a long-term project to compare the spec-
tra of meteorite grains (measured in the laboratory) with spectra 
from astrophysical dust (from telescope observations), and also 
serving as a framework for the analysis of Stardust grains, 
UV/Vis spectra have been measured on a range of standard mate-
rials. We have measured the spectra of discrete grains of minerals 
and polished mounts of carbonaceous chondrites in order to pro-
vide a library of spectra against which the Stardust particles may 
be compared. 

Acknowledgements: This work was financed by grants from 
the PPARC and the OU 

References:  
[1] Bradley et al. 1996. Meteoritics & Planetary Science 31, 

pp. 394-402. 
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LUNAR VOLCANISM DURING THE ERASTOTHENIAN 
II: NWA 479 
Fernandes, V. A.1,2,3 and Burgess, R.2; 1Univ. Coimbra, Portugal; 
2Univ. Manchester, UK; 3Univ. College London, UK (veraafer-
nandes@yahoo.com);  
 
NWA 479 is paired with NWA 032 [1] and both were found in 
the Sahara Desert on the Morocco/Algeria border in 2000 and 
1999. While the petrology of NWA 479 has not been published, 
Fagan et al [2] reported a comprehensive chemical and petrologic 
study of NWA 032. NWA 032/479 is an unbrecciated mare ba-
salt containing phenocrysts of olivine, pyroxene, and chromite in 
a matrix of radiating pyroxene and feldspar crystals. The olivine 
phenocrysts make up ~12 vol% of the meteorite and are up to 
300 μm in size and the pyroxene phenocrysts comprise ~5 vol%. 
Accessory phases include ilmenite, troilite, and trace Fe-metal. 
High-silica glass is present in abundant shock veins that permeate 
the meteorite crystals [2]. Shock pressures greater than 25 GPa 
are indicated by the presence of melt veins, maskelynized feld-
spar, and mosaicism in olivine crystals [2]. Terrestrial weathering 
caused only minor alteration seen as reddish to orange colour-
ation due to the presence of ferric oxide or oxyhydroxide. The 
bulk composition of NWA 032 does not overlap that of any 
known mare basalts, but is similar to Apollo 15 olivine basalt, 
and the olivine phenocrysts abundance is similar to that in Apollo 
12 olivine basalts [2]. It shows low-Ti and lower MgO composi-
tion, and higher olivine phenocryst abundance than other mare 
basalt samples. 
The Ar-Ar spectrum for NWA 479 (Fig.1) completely overlaps 
that of NWA 032. There is evidence for a disturbance event oc-
curring at ∼1.96Ga. Argon released between 400-750°C shows 
increasing apparent ages reaching a maximum of 3.208±0.012 
Ga. Following the interpretation of Ar data for NWA032 [3], the 
age spectrum of NWA 479 shows evidence of 39Ar-recoil. On 
this basis a total age of 2.734±0.01 Ga (2σ error) is calculated 
over the intermediate and high-temperature steps comprising 
~90% K-release.  This age is indistinguishable from the weighted 
mean age obtained from three samples of NWA 032 2.779 ± 
0.028 [3]. An age of ~2.8 Ga is within the range of the second 
lunar volcanism peak, e.g. Erastothenian flows within the Mare 
Imbrium or Mare Serenitatis [4,5], and its chemical composition 
indicates possible source areas in the Imbrim Basin (chemical 
maps by [6,7]).  The CRE-age is 275±4 Ma, which is slightly 
higher than that obtained for NWA032 (212±11Ma, [3]) suggest-
ing a relative position of NWA 479 closer to the lunar surface. 

  
Refs.: [1] Met Bull. 85 (2001) MAPS 36, A293-A32. [2] Fagan 
et al. (2002) 37, 371-394. [3] Fernandes, Burgess and Turner 
(2003) MAPS 38, 555-564. [4] Hiesinger et al. (2000) JGR 105, 
29,239-29,275. [5] Hiesinger et al. (2003) JGR, 108, 5065,. [6] 
Elphic et al. (2002) JGR 107 (E4), 8-1, 10.1029/2000JE001460. 
[7]Gillis et al (2004) GCA 68, No. 18, pp. 3791–3805. 

Fig.1 Ar-Ar 
step heating 
results for 
lunar basalts 
NWA 479 and 
NWA 032: a) 
Age spectrum 
vs. %K release; 
b) K/Ca x 1000 
vs. %K. 
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Ar COMPOSITION OF THE MELT LITHOLOGY 
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NWA 2457 is a single stone of 172 g. It has been classified 
as an impact melt breccia containing cm-sized H5/6 fragments 
(Fa18). The rock consists of two different lithologies: a) ca. 80% 
olivine-rich (mean Fa: 10.5 3 mol%), metal-poor melt, and b) ca. 
20% H-chondrite clasts. The host is the melt, in which the clasts 
are embedded. The bulk rock has been very weakly shocked 
(S2); shock veins are visible within the H5/6 fragments, but not 
within the melt portions. Heavy calcite veining is due to terres-
trial alteration. The bulk composition of the NWA 2457 melt 
portion is extremely depleted in metal (and thus Fe, Ni) com-
pared with "normal" bulk compositions of ordinary chondrites; 
roughly in weight % (EDS-analysis): Na2O 1.3, MgO 27.5, Al2O3 
3.4, SiO2 49.7, SO3 1.1, K2O 0.16, CaO 2.6, Cr2O3 0.6, MnO 0.4, 
FeO 13.2 and NiO <0.05. Based on this compositional estimate, 
this sample is richer in plagioclase than normal H-chondrites. 

Ar-Ar a total of 17 heating steps were performed on the melt 
portion of NWA 2457 covering temperatures from 200 to 
1600ºC. As typical of breccias NWA 2457 shows a disturbed age 
spectrum (Fig.1) with the age of disturbance being a maximum of 
 2.5 Ga ago. At intermediate temperature release there is an 
increase in apparent ages up to 4.503±0.012 Ga (2σ) at 850ºC. 
For the reminder of the heating steps, from 900 to 1600ºC, the 
release is characterised by a decrease in apparent ages correlated 
by a lowering in the K/Ca x 1000 from 97 to 14. Considering that 
this sample mainly comprises fine-grained matrix of plagioclase 
and olivine it is likely that 39Ar recoil from the relatively K-rich 
phase (e.g. plagioclase) to a K-poor phase (i.e. olivine) during 
irradiation has resulted in the artificially low apparent ages at 
high temperature. The maximum apparent age observed at inter-
mediate temperature, 4.503±0.012 Ga, may correspond either to 
the minimum crystallisation age of the melt portion, or it may 
reflect the age of metamorphism of the H5/6 clasts in this mete-
orite. However, this age is well within the overall formation ages 
reported previously for ordinary chondrites [1 & refs. therein]. 
The suggested impact age of 2.5 Ga is also comparable with 
other impact ages reported previously [2,3]. The 4π CRE-age is 
91±1 Ma.  

 
Fig.1 Ar-Ar step heating results for ordinary chondrite 2457: a) Age 
spectrum vs. %K release; b) K/Ca x 1000 vs. %K. 
 

Refs.: [1] Dalrymple (1991) Standford Univ. Press, 474p. [2] Bogard 
(1995) MAPS 30:244-268. [3] Swindle et al. (2006) LPSC XXXVII, 
abst.#1454.  
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LUNAR VOLCANISM DURING THE ERASTOTHENIAN 
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Kalahari 009 was found in the Kalahari desert, in Botswana, 
as a single grey rock of about 13.5 kg [1] and is compatible with 
a VLT lunar mare basalt [2]. It is a breccia consisting of frag-
ments of basaltic lithologies embedded in a fine-grained matrix. 
The basaltic clasts have a coarse-grained subophitic texture. 
Clasts and matrix display the same composition. The main con-
stituent minerals are pyroxene and plagioclase, with lesser oli-
vine. Accessory minerals are ilmenite, chromite, troilite, 
ulvöspinel, and Fe,Ni metal (having about 0.6 wt% Ni). Pyroxene 
grains are zoned and have compositions of pigeonite and augite 
(En14-46 Fs42-76 Wo7-44) and display exsolution lamellae of <5 µm. 
On a Mn vs. Fe plot the pyroxenes plot along the lunar fractiona-
tion line. Kalahari 009 is significantly shocked, suggesting pres-
sures of at least 15 – 20 GPa [1] according to the calibration 
scheme of Stöffler et al. [3] for ordinary chondrites (S4). Veins 
are present and contain up to ~4.3 wt% K2O. 

The Ar-Ar spectrum (Fig. 1a) shows a disturbed Ar release 
indicating that a significant disturbance occurred at ~0 Ma ago. 
This minimum apparent age is associated with Ar release from a 
high K/Ca component (Fig. 1b), likely the K-rich veins and re-
lated with terrestrial contamination. At intermediate and high 
temperature Ar release apparent ages range between 1.4-2.7 Ga. 
The highly disturbed Ar release of Kalahari 009 means that the 
minimum crystallisation age of the lunar basalt is estimated from 
the highest apparent age of 2.67±0.06 Ga (2σ). Also, it may have 
undergone an impact on the lunar surface at 1.40±0.01 Ga (2σ).  
Integrating the age and composition of this meteorite with crater 
counting ages by [4,5] and chemical maps by [6,7],  the likely 
source area is within the Mare Imbrium.   

  
Fig.1 Ar-Ar step heating results for lunar basalt Kalahari 009: a) 
Age spectrum vs. %K release; b) K/Ca x 1000 vs. %K. 
 

Refs.: [1] Russell et al (2005) Met. Bull. 89, MAPS 40, 
A201-A263.  [2] Sokol and Bischoff. (2005) MAPS 40: A177-
A184. [3] Stöffler, Keil and Scott (1991) GCA 55: 3845 – 3867. 
[4] Hiesinger et al. (2000) JGR 105: 29,239-29,275. [5] Hiesin-
ger H. Et al. (2003) JGR 108: 5065, doi:10.1029/2002JE001985. 
[6] Elphic et al. (2002) JGR 107:(E4), 8-1, 
10.1029/2000JE001460. [7] Gillis et al (2004) GCA 68:3791–
3805.    
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ZONATIONS IN SPINEL FROM METEORITE FUSION 
CRUSTS AND THEIR RELEVANCE TO IMPACT SPINEL 
FORMATION.  
L. Ferrière1 and E. Robin2. 1Department of Geological Sciences, 
University of Vienna, Althanstrasse 14, A-1090 Vienna, Austria. 
E-mail: ludovic.ferriere@univie.ac.at. 2LSCE, CEA, 91198 Gif 
sur Yvette, France. 

 
Introduction: Ni-rich spinel present in K/T boundary clays [1,2] 
is a cosmic event marker, but its formation is still controversial 
[3-6]. K/T spinel is characterized by a high Ni2+ and Fe3+ content 
involving formation in an oxygen-rich environment [5-7]. Some 
of these crystals show a compositional zoning from core to rim, 
with a core depleted in Fe, Ni and Ti, and enriched in Cr, Al and 
Mg [8, 9]. Similar zonations have been reported in spinel from 
meteorite fusion crusts [5, 10], but these have never been studied 
in detail. 

We report here SEM observations and EDS analyses of 
zoned spinel crystals from various meteorite fusion crusts 
(Orgueil, Murchison, Krymka, Bruderheim and Beni M’hira) and 
two K/T boundary sites (Bidart in France and Caravaca in Spain).  

Results: Spinel from meteorite fusion crusts occurs mostly as 
small (0.5-1 µm), chemically homogeneous, dendritic crystals. 
Rare large euhedral crystals (up to 3 µm) with skeletal and well 
developed octahedral morphologies are observed, however. Some 
of them display a compositional zoning with a decrease in Cr and 
an increase in Fe and Ni toward the margin. The Cr-rich core also 
contains variable amounts of V, the abundance of which (up to 
1.5 wt%) is positively correlated with the Cr content of the core. 
The highest V concentrations are observed in primary chromite 
grains present in both the fusion crust and the unmelted core of 
the meteorites. 

Discussion: The compositional similarity between the Cr-
rich spinel cores and the primary chromite grains suggests that 
spinel zonation originates from incomplete equilibration of pri-
mary spinel crystals at subliquidus temperatures. Incomplete 
equilibration results from the pulse heating experienced by the 
meteorite during atmospheric entry and is shown by the occur-
rence in the fusion crust of i) dendritic crystals; and ii) relic 
chromite grains. A similar origin can be invoked for the composi-
tional zonations observed in impact spinel from the K/T bound-
ary. If so, this excludes a formation by condensation in the im-
pact plume. 

References: [1] Smit J. and Kyte F. T. 1984. Nature 
310:403-405. [2] Kyte F. T. and Smit J. 1986. Geology 14:485-
487. [3] Robin E. et al. 1992. EPSL 108:181-190. [4] Kyte F.T. 
and Bostwick J.A. 1995. EPSL 132:113-127. [5] Gayraud J. et al. 
1996. Geol. Soc. Amer. Spec. Paper 307:425-443.  [6] Ebel D. S. 
and Grossman L. 2005. Geology 33:293-296. [7] Toppani A. and 
Libourel G. 2003. Geochimica et Cosmochimica Acta 67:4621-
4638. [8] Ferrière L. and Robin E. 2005. Meteoritics & Planetary 
Science 40:A47. [9] Preisinger A. et al. 1997. Abstract #1694. 
28th Lunar & Planetary Science Conference. [10] Genge M. J. 
and Grady M. M. 1999. Meteoritics & Planetary Science 34:341-
356. 
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BALLEN QUARTZ IN IMPACT GLASS FROM THE 
BOSUMTWI IMPACT CRATER, GHANA.  
L. Ferrière1, C. Koeberl1 and W. U. Reimold2, 1Department of 
Geological Sciences, University of Vienna, Althanstrasse 14, A-
1090 Vienna, Austria. (ludovic.ferriere@univie.ac.at). 
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Introduction: The 1.07 Ma old Bosumtwi impact crater in 

Ghana is a well-preserved complex impact crater [1]. Suevites 
occur outside the crater rim, to the north and southwest of the 
crater [2]. Recent work on breccia samples from the ICDP bore-
holes LB-O7A and LB-O8A, which were drilled into the deep 
crater moat and the central uplift, respectively, confirmed the 
presence of glass and melt particles [3-4]. Here, we study the 
presence of ballen quartz in suevitic breccia at Bosumtwi. Ballen 
quartz (Fig. 1) has been observed in impact glass from many 
other impact structures, but its formation mechanism [5-6] is still 
unresolved. 

Results: Diaplectic quartz glass is abundant in suevite depos-
its outside the northern crater rim [2]. Ballen quartz is however 
restricted to samples from drill hole BH1 [2]. In contrast, diaplec-
tic quartz glass is rare, and ballen quartz is absent, in samples 
from drillcores LB-O7A and LB-O8A. Ballen in the few grains 
observed display varied shapes (circular to oval or crescent), 
sizes (8 to 214 µm, with an average of 50 µm; 471 ballen meas-
ured in 14 quartz grains within suevite samples BH1-0790 and 
BH1-0800) and distribution density from grain to grain. 

Discussion: This study shows that: i) ballen quartz is irregu-
larly distributed in the breccia deposits at the Bosumtwi crater, 
and ii) ballen size and shape vary from grain to grain. The het-
erogeneous distribution and sizes of the ballen must have impli-
cations regarding ballen quartz formation and preservation. 

References: [1] Koeberl, C. and Reimold, W. U. 2005. Jb. 
Geol. B.-A. Austria 145:31-70. [2] Boamah D. and Koeberl C. 
2003. Meteoritics & Planetary Science, 38:1137-1159. [3] 
Coney, L. et al. 2006. Abstract #1279. 37th Lunar & Planetary 
Science Conference. [4] Ferrière, L. et al. 2006. Abstract #1845. 
37th Lunar & Planetary Science Conference. [5] Carstens, H. 
1975. Contributions to Mineralogy and Petrology 50:145-155. 
[6] Bischoff, A. and Stöffler, D. 1984. Journal of Geophysical 
Research Supplement 89:645-656. 

 

 
 

Fig. 1: Thin section microphotograph (plane-polarized light) of ballen 
quartz in suevite from Bosumtwi impact crater (sample BH1-0790). 
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I-XE AND THE CHRONOLOGY OF SOLAR SYSTEM 
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I-Xe: Iodine-129 was the first extinct radioisotope demon-

strated to be present in the early solar system[1].  In spite of this, 
chronological evidence based on its decay is often overlooked 
when the chronology of solar system formation is discussed 
e.g.[2].  This is unfortunate, since I-Xe data has foreshadowed 
discoveries based on the decay of other extinct radioisotopes.  
Notably, the first suggestion that processes on differentiated bod-
ies (as dated by igneous clasts in the Barwell meteorite) were 
contemporaneous with chondrule formation came from the I-Xe 
system and from comparison between the I-Xe system and other 
chronometers[3].  This view is becoming widely accepted follow-
ing Hf-W analyses of iron meteorites[4,5].  In addition, since 
there is no reason to suspect that 129I was distributed heterogene-
ously in the protoplanetary disk, comparisons between I-Xe and 
other extinct radioisotopes can allow proposed heterogeneities to 
be assessed[6,7].   

I-Xe and Hf-W: We have previously produced comparisons 
among the I-Xe, Mn-Cr, Al-Mg and Pb-Pb chronometers and 
shown that they plausibly tell a consistent story in the region of 
the protoplanetary disk sampled by ordinary chondrites[3,6,7].  
Although data are limited, possible points of comparison between 
this candidate chronology and the Hf-W system exist in CAIs, 
Ste Marguerite, the HED parent body and IAB iron meteorites.  
Kleine et al. [4] noted that the Hf-W intervals among CAI forma-
tion, mantle differentiation of the eucrite parent body and closure 
of Ste Marguerite are consistent with data from the Mn-Cr and 
Pb-Pb systems.  A further datum can be found in the I-Xe age for 
silicates from the IAB iron Caddo County[8], which was found to 
be the equivalent of 4558.9 +/- 0.4 Ma and compares well with 
the estimated from Hf-W systematics of 5-11 Ma after formation 
of Allende CAIs. 

Chondrules:  Interpretation of chondrule I-Xe data is con-
troversial.  Data from suites of chondrules from Semarkona and 
Chainpur are consistent with the data from the Al-Mg system[9].  
This suggests that further examination of chondrules from primi-
tive LL chondrites may be profitable.  Such studies are under way 
and we plan to present data at the meeting. 

References:  [1] Jeffrey and Reynolds 1961 J. Geophys. Res. 
66, 3582–3583. [2] Kita et al. 2005 in: Chondrites and the Proto-
planetary Disk, ASP Conf. Ser. 341, 558-587. [3] Gilmour 2000 
Space Sci. Rev. 92, 123–132. [4] Kleine et al.  2005 Geochim. 
Cosmochim. Acta 69, 5805-5818. [5] Markowski et al. 2006 
Earth Planet. Sci. Lett. 242, 1-15. [6] Gilmour et al. 2000 Mete-
orit. Planet. Sci. 35, 445-455. [7] Gilmour et al. 2006 Meteorit. 
Planet. Sci. 41, 19-31. [8] Bogard et al. 2005 Meteorit. Planet. 
Sci. 40, 207-224. [9] Hutchison et al. 2005 in: Chondrites and the 
Protoplanetary Disk, ASP Conf. Ser. 341, 933-948. 
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Introduction: Winonaites and silicate inclusions from IAB 

iron meteorites formed on a common parent body that may have 
undergone partial melting and incomplete differentiation, 
followed by impact breakup and reassembly of the debris [1, 2].  
We are studying the trace element distributions of individual 
minerals from these meteorites to evaluate the roles that silicate 
partial melting and metamorphism played in their formation.   

Results: The meteorites we have studied to date span the 
range of grain sizes seen in winonaites, from Pontlyfni, which 
has a fine-grained (~75 µm) equigranular texture, to HaH 193, 
which consists of very coarse-grained (up to 5 mm) poikilitic 
orthopyroxene grains enclosing smaller grains of olivine, 
plagioclase and clinopyroxene [3, 4].  Although variable REE 
patterns in apatite, similar to those seen in some lodranites [5], 
may suggest redistribution of the REE, trace element abundances 
in pyroxenes define distinct uniform groups within a given 
meteorite.  Among the winonaites, however, some systematic 
trends are evident.  Abundances of Ti, Zr, Mn, Y, Cr, Sc and V 
are lowest in both clino- and orthopyroxene from Pontlyfni and 
are highest in the pyroxenes from Winona.  Mount Morris and 
HaH 193 pyroxenes have intermediate abundances of these 
elements.  While depletions of highly incompatible trace 
elements such as Ti, Zr and Y, suggest melt removal [e.g., 5], the 
concurrent depletions in Mn, Cr, Sc, and V (elements that are 
more compatible in pyroxene) suggest more complex processes.  
Moreover, pyroxenes from NWA 1463, the most primitive 
winonaite [6], and Tierra Blanca are similar to those of Mount 
Morris and HaH 193 for most trace elements, but have distinctly 
higher Mn, Cr and V. 

Discussion: The distinct trace-element groupings in 
winonaite pyroxenes suggest equilibration of minerals with 
initially heterogeneous and distinct compositions, rather than 
partial melting of a compositionally homogeneous precursor.  In 
addition, the systematic trends among the winonaites are 
decoupled from their mineralogies.  Whereas the lodranites 
exhibit mineralogical indications of silicate melt removal (e.g., 
depletion of plagioclase) consistent with their incompatible trace 
element depletions [5], the winonaites studied here all have 
approximately chondritic silicate mineral abundances [4].  
Moreover, Pontlyfni, with the lowest incompatible trace element 
abundances, contains plagioclase- and clinopyroxene-enriched 
areas that have been interpreted as silicate partial melts [1], 
whereas the trace element-rich Winona contains coarse olivine 
that could represent a partial melt residue [1].  Impact brecciation 
and mixing of lithologies, followed by varying degrees of 
metamorphism in different parts of the parent body, may have 
obscured early partial melting trends. 

References:  [1] Benedix et al. (1998) GCA 62, 2535. [2] Benedix et 
al. (2000) MAPS 35, 1127. [3] Floss et al. (2003) MAPS 38, A22. [4] 
Floss et al. (2006) Am. Mineral., submitted. [5] Floss (2000) MAPS 35, 
1073. [6] Benedix et al. (2003) MAPS 38, A70. 
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Introduction: A new type of micrometeorite trap was dis-

covered by a PNRA party in 2003 on top of Frontier Mountain 
(~2800 m a.s.l. and ~600 m above ice level) in northern Victoria 
Land, Antarctica [1]. Thousands of extraterrestrial particles in the 
100-800 µm size-range were found within fine-grained bedrock 
detritus accumulated along joints and in decimetric-sized sink-
hole cavities of flat, glacially-eroded, granitic surfaces. The col-
lection includes both unmelted micrometeorites (fine-gained and 
coarse-grained particles) and cosmic spherules. Field data sug-
gest that the traps collect only infalling micrometeorites. Cos-
mogenic nuclide concentrations of two samples of the glacially 
eroded surface indicate a minimum exposure age of ~2 Myr.  As 
such, Frontier Mountain micrometeorites may represent an an-
cient collection that could be of significant value for studying the 
long-term flux of extraterrestrial matter accreting on Earth. 

Size Distribution: The cumulative size distribution of spher-
ules from a sink-hole cavity (sample 3) of the granitic surface 
was determined under SEM. A linear fit in log-log scale for sam-
ple 3 above 200 µm yields an exponent of –4.9, which is indis-
tinguishable from the –5.2±0.5 obtained by [2] for the South Pole 
Water Well collection (depositional age 1100-1500 AD). 

Frequency by type: A set of 265 spherules in the 200-650 
μm size range representative of samples 2 and 3 were sectioned 
and investigated under SEM-EDS and electron microprobe. The 
set consists of 3% of I-type spherules, 1% G-type spherules, 76% 
S-type spherules (with porphyritic, barred olivine and cryptocrys-
talline textures, including one CAT-type) and 20 % spherules 
consisting of glass (V-type). The statistics by type is therefore 
similar to the South Pole Water Well and Greenland collections 
[2, 3, 4] Maurette et al. 1987; Taylor and Brownlee, 1991; Taylor 
et al. 2000). 

Weathering: The external surface of the spherules may be 
fresh or covered by a thin crust of weathering products (mostly 
sulphates and carbonates). The interior of the sectioned particles 
show evidence indicating null to moderate terrestrial weathering, 
allowing definition of textural types and compositions in all 
cases. The range of weathering levels attests for varying terres-
trial residence times for the different particles.  

Conclusions: The size distribution and the frequency by type 
of the Frontier Mountain collection are undistinguishable from 
those of the Greenland and South Pole collections, which are 
considered the least biased collections so far known. This implies 
that no significant bias is introduced by the accumulation mecha-
nism and weathering at Frontier Mountain. 

References: [1] Rochette et al. 2005. LPSC XXXVI, #1315. 
[2] Taylor S. et al. 1998. Nature 392:899-903. [3]  Maurette M. 
et al. 1987. Nature 328: 699-702. [4] Taylor S. and Brownlee D. 
E. 1991 MAPS 26: 203-211. 
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LAYERED MATRIX IN THE CV3 NWA 2364 
CHONDRITE. 
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Jochum3. 1American Museum of Natural History, New York, NY 
10024. 2Dept. Physical Sciences, Kingsborough College, CUNY, 
Brooklyn, NY 11235. 3Dept. of Geochemistry, Max Planck Insti-
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We report on the textural, mineralogical, and chemical char-
acteristics of an unusual layered matrix phenomenon in the NWA 
2364 CV3 chondrite. The layers are enclosed within a cup-
shaped CAI [1] and suggest a temporally distinct collection proc-
ess followed by parent body modification.  

 
We used SEM, EMPA, and LA-ICPMS to characterize lay-

ered regions. The layers are porous aggregates of olivine (labeled 
ol above) with minor to trace awaruite and Ca-pyroxene. Each 
layer has a distinct porosity and texture and they vary from fine 
(<5µm) olivine grains to mixtures of fine olivine and coarser 
grains up to 20µm. Slight compositional differences between the 
olivine in the layers was noted, and additional EMPA work is in 
progress. A border material (dark boundaries and indicated by 
dashed lines) of hedenbergite composition separates the olivine 
layers. Trace elemental analyses using LA-ICPMS show varying 
enrichments of up to 5×CI in Cu, Co, As, Se, Mo, and Sn across 
all layers. Analyses of other matrix regions in NWA 2364 do not 
show these elemental signatures. Enrichments of these elements 
suggest unusual redox conditions within this region. The layered 
regions share textural and compositional features with dark inclu-
sions (DI) in CV3s [2] and bear some similarity to crossbedded 
layers in Vigarano DIs, interpreted to have formed in asteroidal 
ponds by seismic shaking [3,4]. The layered matrix regions 
clearly provide clues to compaction, deformation and alteration 
in an asteroidal setting. 

References: [1] Friedrich J. M. et al. 2005. Abstract #1756. 
35th Lunar & Planetary Science Conference. [2] Johnson C. A. et 
al. 1990. Geochimica et Cosmochimica Acta 54:819-830. 
[3] Zolensky M. E. et al. 2002. Abstract #1593. 33rd Lunar & 
Planetary Science Conference [4] Zolensky M. E. et al. 2004. 
Abstract #1332. 35th Lunar & Planetary Science Conference. 
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SHOCK PRESSURE AND ORBITAL EVOLUTION OF 
LUNAR AND MARTIAN METEORITES.  
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Impact ejection and the subsequent transfer of rocks from 

Mars and Moon to Earth is documented by ~35 Martian and ~40 
lunar meteorites, which are all unpaired. This process involves 1) 
impact ejection from the parent body; 2) transport through inter-
planetary space, and 3) landing on Earth. These stages can be 
investigated by considering petrology and geochemistry of the 
delivered meteorites and compare these results with theoretical 
predictions derived from numerical models of impact events, and 
orbital evolution of the escaping fragments [1-7].  

A comparison of shock pressures with ejection and terrestrial 
ages of Martian meteorites supports theoretical predictions that, 
on average, the highest shocked fragments escape at highest ve-
locities from Mars and, thus, acquire Earth-crossing orbits in the 
shortest time [7]. In contrast to Martian meteorites which are 
weakly to strongly shocked [7], it appears that almost all lunar 
meteorites are weakly shocked, as plagioclase was not trans-
formed to maskelynite in the ejection event(s). These differences 
in shock pressures can be explained by considering the orbital 
evolution of fragments which escaped from Mars and Moon. 

The probability that fragments that escape Mars eventually 
impact on Earth was calculated to range from ~2 to 8% and only 
slightly varies with their departure velocity [2]. However, the 
probability that fragments that escape Moon will hit Earth is 
about 25 to 50% and strongly depends on their departure velocity 
(relative to the motion of Moon) [1]. Three different scenarios 
can be discriminated: 1) direct collision with Earth for fragments 
departing from the Moon at various velocities; 2) fragments with 
departure velocities of 2.4-3.0 km/s travel in geocentric orbits 
towards Earth; and 3) fragments with departure velocities >3.0 
km/s escape into heliocentric orbits [1]. The highest probability 
for Earth impacts have fragments that travel in geocentric orbits 
[1-2]. Thus, the lack of recovered highly shocked lunar meteor-
ites can be explained by the following conclusion: Generally, the 
most highly shocked fragments escape with highest velocities, 
are preferably transferred into heliocentric orbit, and thus have a 
lower probability to impact Earth compared to weakly shocked 
fragments which travel on geocentric orbits. Thus, it appears 
plausible that no shock melted lunar impact ejecta have been re-
covered so far, although there could be a small amount.  

Additionally, the equal number of lunar and Martian meteor-
ites document that no moderate to large lunar impact occurred in 
the last few Myr. However, it is tempting to speculate whether 
the Giordano Bruno crater (22 km Ø), which appears to be the 
youngest lunar impact of this size [8] ejected the lunar highland 
breccias Y-82192/Y-82193 and Y-86032 at 8 ± 3 Myr ago [4].  

 
References::[1] Gladman B. et al. (1995) Icarus 118:302-

321. [2] Gladman B. (1997) Icarus 130:228-246. [3] Eugster et 
al. (2002) Meteoritics & Planetary Science 37:1345-1360. [4] 
Thalmann et al. (1996) Meteoritics & Planetary Science 31:857-
868. [5] Head J. N., Melosh H. J., Ivanov B. (2002) Science, 
298:1752-1756. [6] Artemieva N. A., Ivanov B. A. (2004) Icarus 
171:84-101. [7] Fritz J., Artemieva N. A., Greshake A. (2005) 
Meteoritics & Planetary Science 9/10:1393-1411. [8] Withers P. 
(2001) Meteoritics & Planetary Science 36:525-529.  
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DATING LARGE LUNAR IMPACTS BY HELIUM-3 IN 
MARINE SEDIMENTS.  
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kunde. joerg.fritz.1@rz.hu-berlin.de 2Vrije Universiteit Brussel, 
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The transfer of rocks from Mars and Moon to Earth is docu-

mented by about 40 lunar and 35 Martian meteorites, which are 
all unpaired. The increasing amount of those meteorites recov-
ered from hot and cold desserts lead to a change in the opinion of 
the meteoritic community from: “It is practically impossible” to 
“It is practically easy” to eject solid matter from Moon and Mars 
[e.g. 1]. Recent numerical simulations of impacts on Moon 
showed that a given impacting projectile ejects about 1 to 5 times 
its mass from Moon, and even in the case of small impacting pro-
jectiles (10-30 m diameter) Moon is loosing mass [2].  

Here we discuss the possibility to geochemically identify 
large lunar impact events in terrestrial sediments. Lunar composi-
tion does not allow tracing lunar impact layers in terrestrial sedi-
ments by conventional impact indicators such as Platin Group 
Element enrichments or shocked quartz. However the surface of 
Moon accumulated Helium-3 (³He) over billions of years with 
concentrations ranging from 5 to 50 ppb [3], and represents the 
largest (except the sun) reservoir for ³He in the inner solar sys-
tem. Thus, a rather small amount (~40-50 t) of average lunar re-
golith (15 ppb)on Moon contain the current annual/global aver-
age volume of ³He delivered by 40,000 t of IDPs to Earth [4].  

The mass of lunar ejecta transferred to Earth’s atmosphere 
can be calculated by considering that a projectile ejects about 1 
to 5 times its mass from Moon [2] and ~1/3 of the escaping mass 
eventually hits Earth after a few million years (most arrives in 
<104 years) [5]. About 0.15-0.20 times the projectile mass is 
ejected from Moon without experiencing shock pressures in ex-
cess of 20 GPa and, thus, can retain >40% of the initial ³He dur-
ing impact ejection [6, 7] (Note that lunar meteorites appear to be 
exclusively weakly shocked). During the Moon-Earth transit es-
pecially the fine grained fraction accumulates additional ³He. 

Finally the ³He-delivery through Earth atmosphere implies 
that the very fined grained durst enters a peak-temperatures be-
low the ³He release temperature. For a given particle friction 
heating is controlled by entry angle and velocity [8]. Thus lunar 
dust on geocentric orbits (11.1 km/s; entry angle mostly >45° 
[5)] is highly favored for delivering ³He compared to asteroidal 
(12.1 km/s) or cometary dust (14.1 km/s) which enter along the 
full capture cross section of Earth [8]. Additionally, lunar dust on 
geocentric orbits which enter at gracing angels have a high prob-
ability for aero-breaking and, hence, soft deceleration. Therefore, 
we propose that large lunar impact events may be recorded by a 
pronounced ³He-anomaly in marine sediments.  

References: [1] Artemieva N. A., Ivanov B. A. (2004) Icarus 
171:84-101.[2] Shuvalov V. V., Artemieva, N. A. (2006) Abstract . 
#1168. 37th Lunar and Planetary Science Conference. [3] Cameron E. N. 
(1992) 2nd Conference Lunar Base and Space Activities 189-197. [4] 
Farley K. A., Love S. G., Patterson D. B. (1997) Geochimica et 
Cosmocimica Acta 61:2309-2316. [5] Gladman et al. (1995) Icarus 
118:302-321. [6] Stöffler D., Keil K., Scott E. R. D. (1991) Geochimica 
et Cosmochimica Acta 55:3845-3867. [7] Schwenzer et al. (2004) Mete-
oritics & Planetary Science 39:A5117. [8] Flynn G. J. (2001) In: Accre-
tion of Extraterrestrial Matter through Earth’s history. (eds.) B. Peucker-
Ehrenbrink, B. Schmitz 107-126. 
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Introduction: Most of the isotopic variability in the Solar 

System is accounted for by four types of processes: mass-
dependent thermodynamic fractionation, radioactive decay, spal-
lation by cosmic rays, and incomplete mixing in the solar nebula. 
Isotopic anomalies for Mg, Si, Ca, Ti, Cr, Sr, Ba, Nd, Sm and so 
on, which have been found in the unusual CAIs in Allende (so-
called FUN inclusions) (see references in [1]), epitomize the oc-
currence of isotopic anomalies in early nebular condensates. 
Some isotopic anomalies cannot, however, be accounted for by 
nucleosynthetic processes and we therefore explore the possibil-
ity that they may instead be due to mass-independent isotope 
fractionation induced by nuclear field shift.  

Discussions: The theory of first-order mass-dependent frac-
tionation has been revised to include the mass-independent iso-
tope effect, i.e., so-called nuclear field shift effect [2]. The spatial 
distribution of protons in the nucleus, which impacts the charge 
distribution interacting with electronic shells, obeys symmetry 
requirements that in turn cause the nuclear charge radii to vary 
unevenly with the number of neutrons characterizing the differ-
ent isotopes of a same element [3]. The ensuing shift of the nu-
clear field imparts a mass-independent character to the electric 
field around the nucleus of the different isotopomers and there-
fore to mass fractionation among coexisting species.  

We tested that the isotopic anomalies observed in FUN inclu-
sions can be explained by the nuclear field shift effect by using 
the following equation [4],   
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where m1 , m2, and mi (i = 3, 4, ..., i) are masses of isotopes, in 
which an isotope pair m1 and m2 is used for normalization.  δ<r2> 
is isotopic difference in nuclear charge radius and a adjustable 
parameter. Isotope anomalies observed for alkaline earth ele-
ments (Mg, Ca, Sr, and Ba) would simply be explained by the 
nuclear field shift effect.  Those observed for transition metals 
(Ti and Cr) may partly be explained by the nuclear field shift ef-
fect. Hence, a whole class of isotopic heterogeneities is consid-
ered to reflect evaporation/condensation processes in the solar 
nebula rather than nucleosynthetic effects. We speculate that the 
current estimates of the r-process component of the normal solar 
material may be affected by non-mass dependent fractionation 
effects. 

References: [1] Birck J. L. 2004. in Geochemistry of Non-
Traditional Stable Isotopes, pp. 25-64. [2] Bigeleisen J. 1996. 
Journal of American Chemical Society 118:3676-3680. [3] King 
W. H. 1984. Isotope Shifts in Atomic Spectra, Plenum Press.  [4] 
Fujii T., Moynier F. and Albarède F. Earth and Planetary Sci-
ence Letters, in press. 
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Introduction: Chlorine is one of mobile elements and highly 

diffusive among vapor, fluids and solid during geochemical proc-
esses. Due to large relative mass difference between two stable iso-
topes (35Cl and 37Cl), natural variations in 37Cl/35Cl ratio are ex-
pected for planetary materials, which might provides useful natural 
tracers to investigate evolution processes of planetary materials. 
Due to analytical difficulties, the isotopic studies on stable Cl iso-
topes in planetary materials are limited, particularly for rare cosmic 
materials with low Cl concentrations, like meteorites. In order to 
examine Cl isotope variations for chlorinated compounds related to 
environmental problems, we have developed an analytical tech-
nique by thermal ionization mass spectrometry (TIMS) using 
Cs2Cl+ ion mode [1,2]. Extending our earlier works, we have newly 
established precision techniques, which is applicable to small sili-
cate materials [3,4]. Except a few cases [5-7], analyses of Cl iso-
topes for meteorites have rarely been reported and thus general iso-
topic features of chlorine in the early solar system have not been 
well understood. In order to examine possible characteristic varia-
tions of Cl isotopes, we have initiated systematic Cl isotopic analy-
sis for different kinds of chondrites. Here we report preliminary 
results for 24 chondrite samples including bulk samples of 6C-, 3E- 
and 12 O-chondrites. A part of results for O-chondrites has been 
reported in [8]. 

Results and Discussion: The Cl concentrations obtained by 
N-TIMS ID range from 44 (Allegan, H5) to 632ppm (Boriskino, 
CM2), indicating that the Cl concentration decreases, in general,  
from low metamorphic grade to higher grade in the same group. 
The isotopic composition defined byδ 37ClSMOC 
[‰](≡ {[37Cl/35Cl]Sample/ [37Cl/35Cl]SMOC – 1}x1000) ranges from –
0.6 (Kobe, CK4) to +4.4‰ (Boriskino, CM2) for C-, from +3.0 
(Abee, EH4) to +5.2‰ (Hvittis, EL6) for E-, from -0.6 (Tahara, 
H5) to +5.0‰ (Allegan, H5) for H-, from -4.6 (Y-74191, L3) to -
0.7‰ (Homestead, L5) for L-, and from -3.2 (Parnallee, LL4) to 
+2.2‰ (ALHA77304, LL3) for LL-chondrites. 

It is remarkable that bulk chondrites show relatively limited 
range within a group but display significantly large variations (up 
to 10‰) for whole groups in Cl isotopic composition, indicating 
that several characteristic Cl reservoirs with even larger range of 
isotopic compositions existed in the early solar system materials. 

References: [1] Numata M. et al. (2001) Geochem. J., 35, 89-
100. [2] Numata M. et al. (2002) Environ. Sci. Technol. 36, 4389-
4394. [3] Fujitani T. and Nakamura N. (2006) Geostandard 
Geoanal Res. (in press). [4] Fujitani T. et al (2005) 6th Int. Natl. 
Sympos. Appl. Isotope Geochem. 79-80. [5] Magenheim A. J. et al. 
(1994) GCA 58, 3117 –3121; [6] Magenheim A. J. et al. (1995) 
Earth planet Sci. Lett. 131, 427-432. [7] Bridges J. C. et al. (2004) 
Meteor Planet Sci. 39, 657-666. [8] Fujitani T. and  Nakamura N. 
(2006)  30th Sympos.  Antarct. Meteor. (in press). 

69th Annual Meteoritical Society Meeting (2006) 5033.pdf



DEVELOPMENT OF INSTRUMENTAL NEUTRON 
ACTIVATION ANALYSIS FOR μg-SIZE OF MICRO-
METEORITE SAMPLES. 
T. Fukuoka1, Y. Fukushi1,4, N. Hoshi1, Y. Tazawa2 and Y. Saito3. 
1Department of Environmental Systems, Faculty of Geo-
Environmental Science, Rissho University, Kumagaya 360-0194, 
Japan. (E-mail: tfukuoka@ris.ac.jp). 2Department of Physics and 
Astrophysics, Graduate School of Science, Kyoto University, 
Kyoto 606-8502, Japan, 3Radio Isotope Laboratory, College of 
Science and Engineering, Aoyama Gakuin University, Sagami-
hara 229-8551, Japan, 4(Present Address) Department of Earth 
and Planetary Science, Tokyo Institute of Technology, Tokyo 
182-8551, Japan. 

 
A large quantity of micrometeorites had been collected from 

Antarctic ice by the Japanese Antarctic Research Expedition 
teams. Chemical data of micro-meteorites are important to dis-
cuss their nature and origin. Instrumental neutron activation 
analysis (INAA) is the most important analytical technique to 
obtain chemical data of micro-meteorites. Mineralogical, 
petrological data etc. can be obtained from same micrometeorite 
sample after INAA, because INAA is a nondestructive technique. 
More than 15 elemental abundances can possibly be analyzed 
from μg size of micrometeorites by INAA. However, because of 
tiny sample size, there are many problems (e.g. handling of sam-
ples, homogeneity of standard samples). 

In this paper, we introduce a recently developed INAA tech-
nique for μg size of micrometeorite samples. 

Sample micrometeorites, JB-1 glass chip (standard for litho-
philes) and metal wire (Al-Au (IRMM-530) and Pt (SRM-680a)) 
for siderophiles (Au, Ir etc) are heat sealed individually into ca 3 
x 3 mm size of ultra pure polyethylene bag for easy handling, 
and they are activated with thermal neutron for 10 min at 20 MW 
(~2 x 1013n/cm2s) in the pneumatic tube of the JRR-3M reactor 
of the Japan Atomic Energy Research Institute (JAERI). The ac-
tivated samples and standards with polyethylene bags are 
counted to determine Al, Ti, Mg, Ca, V, Na and Mn. After re-
moval of polyethylene bag, the samples and standards are put in 
a ultra pure synthetic quarts vessel, individually. They are acti-
vated again with thermal neutrons for 100 hrs at 20 MW (1 x 
1014n/cm2s) in the hydraulic rabbit irradiation facility of the JRR-
3M reactor of the JAERI. The activated samples and standards 
without quarts vessel are counted repeatedly to determine Na, Cr, 
Fe, Sc, REE, Co, Ir, Au etc. 

JB-1 glass standard was made by fusion of the GSJ standard 
rock powder JB-1. Chemical homogeneity of the JB-1 glass chip 
was checked on the chips of crushed glass standard. The homo-
geneity (standard deviation) for 5-20 μg chips of these standards 
were 3-4% which are similar to practical INAA precision (3-5%). 
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