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COMPOSITIONS OF BINARY NEAR-EARTH OBJECTS: 
IMPLICATIONS FOR THE METEORITE FLUX. M. J. 
Gaffey1,4, P. A. Abell2,4, P. S. Hardersen1,4, F. Vilas2, K. S. Jar-
vis2 and R. Landis3. 1Space Studies, U. of North Dakota. 
2Planetary Astronomy Group, NASA Johnson Space Center. 
3Mission Operations, NASA Johnson Space Center. 4Visiting 
Astronomer, NASA Infrared Telescope Facility. 

 
Introduction: Approximately 1/6th of the near-Earth objects 

(NEOs) are binaries [1]. This is much higher than the proportion 
of binary objects in the asteroid belt [2].  Since NEO dynamical 
lifetimes are relatively short (~106-107 years), some active 
mechanism must be forming new NEO pairs [2]. Proposed for-
mation mechanisms invoke close flybys of the Earth or Venus 
and involve either tidal disruption [3] or rotational spin-up and 
disruption [4]. In either case, the parent NEO bodies were either 
composed of physically weak material (e.g., strengths similar to 
CI or CM chondrites) or were strengthless rubble piles. 

Observational Constraints: If binary NEOs are generated 
primarily by disaggregation of km-scale NEO parent bodies dur-
ing close planetary flybys, then the two models of parent body 
weakness predict different compositional patterns for NEO bina-
ries. If NEO binaries form primarily from physically weak mate-
rials, they should be dominantly CM- or CI-type materials. If 
they form primarily from strengthless rubble piles, one wouldn’t 
expect any particular compositional preference. We have ob-
tained near-infrared spectra of several NEO binaries, including 
1998 ST27 [5], 2003 YT1 [6] and (66063) 1998 RO1 [7]. The first 
binary NEO studied (1998 ST27) was identified as a CM-type 
assemblage supporting the first option. However, subsequently 
2003 YT1 was identified as an HED assemblage, while 1998 RO1 
appears to be a moderately metamorphosed L-chondrite.  HED 
assemblages and L5-like assemblages are not physically weak 
materials. Thus the current spectral characterizations of binary 
NEOs suggest that their parent bodies were weak rubble piles.  

Implications: Formation of an NEO binary during a close 
flyby of the Earth would involve at least partial disaggregation of 
a rubble pile parent body. In addition to the binary object, the 
process would result in a cloud of meter-sized to 10’s of meters-
sized meteoroids in the orbit of the binary. Since the orbital ge-
ometry requires that the orbits of the binary and its debris stream 
intersect the orbit of the Earth, meteorite samples from the binary 
object’s parent body should be over-represented among falls 
compared to samples derived from non-binary NEOs. This effect 
has been previously invoked to account for the limited age distri-
bution of metamorphosed CI & CM chondrites [8].      

Acknowledgments: Various portions of this work were sup-
ported by the NASA Planetary Astronomy (Near-Earth Object 
Observation Program) grant NNG04GI17G and by NASA Plane-
tary Geology and Geophysics grants NAG5-13792 and 
NNG04GJ86G.  

References: [1] Margot J. L. et al. 2002. Science 296, 1445-
1448.  [2] Merline W. J. et al. 2002. in Asteroids III. U. Arizona 
Press, pp. 289-312.  [3] Richardson D. C. et al. 1998. Icarus 134, 
47–76.  [4] Scheeres D. J. et al. 2004. Icarus 170, 312-323.  [5] 
Abell P. A. et al. 2002. Abstract #1675. 33rd Lunar & Planetary 
Science Conference.  [6] Abell P. A. et al. 2004. Abstract 28.09. 
36th DPS Meeting, BAAS 36 (#4).  [7] Abell P. A. et al. 2005. 
Abstract #2283. 36th Lunar & Planetary Science Conference.  [8] 
Zolensky M. et al. 2005. Abstract #2084. 36th Lunar & Planetary 
Science Conference. 
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EFFECTS OF EXPERIMENTAL SHOCK AND THERMAL 
METAMORPHISM ON RB-SR AND U-PB ISOTOPE 
SYSTEMATICS IN A MARE BASALT. A. M. Gaffney1, L. E. 
Borg1, and Y. Asmerom2 1Institute of Meteoritics, Univ. of New 
Mexico, Albuquerque, NM, 87131. E-mail: agaffney@unm.edu. 
2Dept. of Earth and Planetary Sciences, Univ. of New Mexico, Al-
buquerque, NM, 87131. 
 

Introduction: Many isochrons of Martian and lunar samples 
show disturbances that may be the result of shock or thermal 
metamorphism. In order to assign age or petrogenetic significance 
to isochrons in these samples, it is important to independently un-
derstand and evaluate the effects of shock and thermal metamor-
phism on radiogenic isotope systematics. For this purpose, we have 
undertaken Rb-Sr and U-Pb analyses of whole rocks, mineral frac-
tions and leachates from experimentally heated or shocked aliquots 
of lunar sample 10017, and we compare the results to analogous 
analyses of an unheated and unshocked aliquot of 10017. 

Methods: One aliquot of 10017 was experimentally shocked at 
55 GPa, a second aliquot was heated in a vacuum at 1000˚ C for 
one week, and a third aliquot was left unheated and unshocked. 
Mineral and whole rock fractions were leached in cold ~2 N HCl 
for 10 minutes. Mineral fractions and leachates were purified using 
standard ion exchange procedures prior to TIMS isotopic analysis. 

Results and Discussion: Our previous work on the unshocked 
and unheated ‘reference’ sample yields concordant Sm-Nd, Rb-Sr 
and 238U-206Pb ages (weighted average for all 3 systems = 3.612 ± 
0.039 Ga). Mineral fractions from the shocked sample lie on these 
reference isochrons, and yield ages concordant with those for the 
reference sample. For both the reference and shocked samples, the 
leachates lie on or close to the Rb-Sr and 238U-206Pb isochrons de-
fined by the leached mineral and whole rock fractions. Shock 
metamorphism alone appears to have no effect on Rb-Sr and U-Pb 
isotope systematics. 

The whole rock (WR(R)) and whole rock leachate (WR(L)) 
fractions in the heated sample are disturbed relative to the refer-
ence isochrons in both Rb-Sr and U-Pb systems. In both isotope 
systems, the WR(R) fractions lie to the right of the isochron (con-
sistent with loss of daughter nuclide) and the WR(L) fractions lie to 
the left of the isochron (consistent with gain of daughter nuclide). 
The recombined whole rock fractions (leached whole rock + 
leachate) lie on the isochrons, indicating that the re-distribution of 
isotopes occurs within a closed system. The plagioclase fractions 
lie on the reference isochron in the Rb-Sr system, but in the U-Pb 
system, they have gained radiogenic Pb from some other mineral 
component or mesostasis, and thus lie above the isochron. In gen-
eral, the U-Pb system appears to be more susceptible to disturbance 
during heating than the Rb-Sr system. 

The 87Rb/86Sr - 87Sr/86Sr and 238U/204Pb - 206Pb/204Pb composi-
tions of the heated WR(R) and WR(L) fractions relative to the ref-
erence isochrons are consistent with increased mobilization of ra-
diogenic components during thermal metamorphism. The radio-
genic components may diffuse through crystals to the grain 
boundaries during heating, from where they may be preferentially 
incorporated into the leachates. They may diffuse faster relative to 
the parent or stable isotopes because, a) daughter isotopes reside in 
lattice sites that have been damaged by radioactive decay of the 
parent isotope, or b) daughter isotopes may be less compatible in 
lattice sites formerly occupied by parent isotopes. 
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EARLY IMPACT MELTING AND SPACE EXPOSURE 
HISTORY OF THE PAT-91501 L-CHONDRITE.   
D.H. Garrison1,  D.D. Bogard2, G.F. Herzog3, S. Xue3, J. Klein4, 
and R. Middleton4  1ESCG/Barrios Technology, Houston, TX 
77058, 2ARES, NASA-JSC, Houston TX 77058 3, Rutgers Univ., 
Piscataway, NJ 08854-8087. 4Univ. Pennsylvania, Philadelphia, 
PA 19104. 
 

Introduction: Early collisions among meteorite parent 
bodies were probably frequent, but little evidence for this exists 
in chondrites. The only chondritic melt attributable to early shock 
(known to us) is the Shaw L-chondrite (1).  The 8.55 kg 
PAT91501 L-chondrite is a unique, unshocked, near-total impact 
melt.  It contains vesicles and metal-troilite nodules, is depleted 
in siderophile and chalcophile elements, and contains only ~10% 
relic chondritic material (2).  PAT91501 crystallized rapidly from 
a much more homogeneous melt than did Shaw (2), and it likely 
formed as an impact melt vein within an impact crater.  To define 
the history of PAT, we measured its 39Ar-40Ar age and 
concentrations of several radioactive and stable nuclides 
produced during its space exposure to cosmic rays. 

39Ar-40Ar Age:  The age spectrum shows a peak in age over 
~2-20% of the 39Ar release and a sharp age decrease over the last 
20% of the 39Ar release, which are produced by recoil 
redistribution of 39Ar during irradiation.  Across 20-80% of the 
39Ar release, 10 extractions define a flat age plateau with an 
average value of 4.463 ±0.009 Gyr (1σ).  The total Ar age is 
4.442 Gyr and suggests little diffusion loss of 40Ar.  This age is 
similar to the ~4.42 Gyr Ar-Ar age for Shaw (3) and suggests a 
common impact event. Whether or not the two meteorites are 
source-crater paired, PAT now provides the second example of a 
chondrite melted more than 4.4 Gyr ago. 

Cosmogenic Species:  We measured cosmogenic He, Ne, 
Ar, 10Be and 26Al abundances in multiple samples of PAT and 
found similar values among samples.  Average 10Be is 20.6 
dpm/kg and average 26Al is 60.7 dpm/kg.  The 22Ne/21Ne ratio is 
~1.09.  Comparing the cosmogenic nuclide data to data for some 
other chondrites and to theoretical production models, we 
conclude that PAT had a pre-atmospheric radius between 40 cm 
and 60 cm. 

CRE Age: To calculate space exposure ages for PAT, we 
used the cosmogenic production rates for L-chondrites given by 
Eugster (4), except that the 38Ar production rate was lowered by 
11%.  The production rates were corrected for shielding using the 
measured 22Ne/21Ne ratios. For two analyzed samples, the CRE 
ages in Myr are: 3He=28.7 & 28.0, 21Ne=24.6 & 27.5, 38Ar=20.6 
& 23.1. The observation that the difference among ages 
calculated from He, Ne, and Ar for a given sample is greater than 
the difference in the same age between the two samples suggests 
that most of the apparent variation in CRE age is produced by our 
choice of production rates.  We give greater weight to the 3He 
and 21Ne ages and deduce a CRE age for PAT91501 of 25-29 
Myr.  Exposure ages based on the 26Al-21Ne-22Ne/21Ne and 10Be-
21Ne-22Ne/21Ne equations of Graf et al. (5) are somewhat older at 
~28-34 Myr. A CRE age of 25-29 Myr would fall within a CRE 
age cluster for L-chondrites, whereas an older age would not .  
Shaw has a much younger, nominal one-stage CRE age of 0.6 
My, but may have experienced a longer complex exposure (6). 

Ref: (1) Taylor et al., GCA 43, 323, 1979; (2) Mittlefehldt 
& Lindstrom MAPS 36, 439, 2001; (3) Turner et al., Proc. 9th 
LPSC, 989, 1978; (4) Eugster GCA52, 1649, 1988; (5) Graf et al. 
GCA 54, 2521, 1990; (6) Herzog et al. MAPS 32, 413, 1997. 
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REAPPRAISAL OF THE CHIBOUGAMAU TILLITE, 
QUÉBEC, CANADA: TOWARDS A NEW IMPACT 
STRUCTURE (?). S. Genest,1 I. Duhamel,1 and F. Robert,1. 
1Omégalpha, 539 Route 131, Joliette (Québec), J6E 7Y8, 
Canada, omegalpha@qc.aira.com. 
 

Because of an unusual fabric and a poorly constrained sedi-
mentary facies interpretation [1] and of observations done in 
1984 by the first author casting doubt on its glacial origin, the 
paleoproterozoic tillite of the Chibougamau Formation has been 
revisited in 2003 in order to assess a meteorite impact origin. We 
report the preliminary results of an ongoing research program 
dealing with this rock unit.  

The outcrops of the Chibougamau Formation, centered at 
latitude 50°05’N and longitude 74°07’W, are located in the Prov-
ince of Québec, Canada. The tillite unit, mainly observed within 
two large bands, shows a wedge shape largely controlled by steep 
faulting at their southernmost limits. These faults strike SW-NE, 
parallel to the Grenville Front. The tillite unit rests on an unal-
tered archaean basement and is overlain by proterozoic sediments 
mainly composed of conglomeratic sandstone. Some clastic 
dykes have been observed within the basement and are oriented 
parallel to the faults which control the distribution of the tillite 
unit. They are filled with immature and poorly sorted, angular to 
rounded clasts thought to be related to the Chibougamau tillite 
[2]. 

The first petrographic results are: 1) no PDFs have been ob-
served yet; 2) partly molten fragments are present; 3) presence of 
microbreccias surrounding clasts that are within a larger breccia; 
4) flow structures; 5) amygdules; and 6) presence of reduced 
(burned) dolomite clasts. The dolomite clasts observed are 
thought to be originated from the thick dolomitic unit of the Mis-
tassini Group. 

By the present, we postulate that the Chibougamau tillite, in-
stead of being glaciogenic, is better explained as the product of 
an ejecta blanket owing to an impact event, maybe the one re-
sponsible for the shatter cones observed within the stromatolitic 
dolomite unit of the paleoproterozoic Mistassini Basin which 
displays a suggestive curved geomorphic pattern. 

Further works will encompass field and laboratory studies in 
order to better characterize the so-called tillite unit, the clastic 
dykes and the potential extension of the shatter cones area as 
well. Moreover, since the carbon-rich Chibougamau Formation 
shows some geological affinities with the Onaping Formation 
(ejecta of the Sudbury Structure), an attempt will be made to 
petrographically and chemically compare both units.  

References: [1] Long D. G. F. 1973. M. Sc. Thesis, Univer-
sity of Western Ontario, 305 p. [2] Otis M. 1982. Ministère de 
l'Énergie et des Ressources du Québec, DP-924, Map with 
notice. 
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DUST-SIZED METEORITE ABLATION DEBRIS 
AMONGST MICROMETEORITES M. J. Genge and L. Pre-
ston. 1Impact and Astromaterials Research Centre (IARC), Impe-
rial College London & The Natural History Museum. Exhibition 
Road, London SW7 2AZ. Email: m.genge@imperial.ac.uk.  

 
Introduction: The discovery of three oxide-bearing coarse-

grained olivine particles is reported amongst Antarctic MMs col-
lected from Cap Prudhomme that may represent meteorite abla-
tion debris. Although classified as Type II coarse-grained MMs 
[1] the particles are shown to have close similarities to oxidized 
olivine found within the fusion crusts of chondritic meteorites. 
The presence of meteorite ablation debris amongst MMs is im-
portant to consider when evaluating the parent bodies of rare 
MM types. 

Results: Three oxide-bearing olivine particles were discov-
ered amongst a total of 518 MMs and are distinct from the major-
ity of coarse-grained MMs (MMs dominated by pyroxene and/or 
pyroxene often within glass with crystal-sizes >4 µm) suggesting 
they might have a different origin to other particles. 

Oxide-bearing olivine particles: All three oxide-bearing oli-
vine (OBO) particles consist of an oxide-free fayalitic olivine 
core surrounded by a rim containing small (<6 µm) subhedral to 
euhedral magnetite-maghemite inclusions contained within more 
magnesian olivine. The oxides become larger and less abundant 
with distance from the core of the particle suggesting their 
growth by Ostwald ripening. 

Two of the particles (69, 133) include aluminosilicate glass 
as small selvages along the outside of the particles. Aluminosili-
cate glass, together with iron-oxides, is also found within veins 
through the core of particle 133. In addition to glass, particle 69 
has a thin (8 µm) rim of oxide-free olivine between the oxide-
bearing olivine rim and the glass. Both particles have poorly-
developed magnetite rims. 

Oxide-bearing olivine in fusion crusts: Similar oxide-bearing 
olivine grains were noted by Genge and Grady [2] in the fusion 
crusts of chondritic meteorites. In the current study sufficiently 
coarse-grained OBO grains were found in 13 out of 47 examined 
chondrite fusion crusts, including oxidized CV3, CK4, LL3-6, L6 
and H5 chondrites. No OBO grains were observed within re-
duced CV, CI, CM or Enstatite Chondrite fusion crusts.  

The textures of OBO grains within fusion crusts are very 
similar to those found among MMs since they often have an ox-
ide-free core surrounded by a rim of more Mg-rich olivine with 
iron-oxide inclusions that become coarser-grained but less abun-
dant outwards. Within fusion crusts, however, OBOs usually are 
associated with an outermost oxide-free rim and many do not 
retain an oxide-free core. In equilibrated meteorites, oxide-free 
cores have compositions identical to those within the core of the 
meteorite.  

Discussion: Oxide-bearing olivine grains are suggested here 
to form by oxidation of Fe2+ within the olivine lattice and pre-
cipitation of magnetite-maghemite during entry heating. This 
probably varies with altitude and oxidation state of the meteorite. 
The reported OBO grains among MMs have compositions 
consistent with equilibrated L and LL chondrites. 

References: [1] Genge M. J.& Grady M. M. (2002) 33rd 
LPSC, abstr. 1010, [2] Genge M. J. & Grady M. M. (1999) 
MAPS, 34, 341-356. 
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RECORD OF WATER IN MARTIAN METEORITES AND 
THE HISTORY OF MARS 
E.K.  Gibson1, R.A. Socki1, S.J. Wentworth1, C.S. Romanek2 and 
D.S. McKay1   1KR, ARES, NASA Johnson Space Center, 
Houston, TX 77058, 2SREL, Aiken, SC 29802. 
everett.k.gibson@nasa.gov 

 
Martian meteorites record the aqueous history of Mars.  

Oxygen isotopic compositions  in ALH84001, with its 4.5 Gyr 
crystallization age and 3.9 Gyr secondary carbonates, show the 
planet had at least two separate oxygen reservoirs.  The unique 
oxygen isotopic record in the silicates and secondary carbonates  
in ALH84001 indicates that for the first 600 Myr, the two 
reservoirs remained separate and suggests the lack of plate 
tectonics on Mars.  We postulate that oxygen within the 
secondary phases was either added to the planet by a veneer or by 
cometary infall shortly after formation of Mars’ crust.  As the 
planet evolved from having a warm-wet  early history to the cold-
dry planetary body, post 3.9 Gyr, significant water loss occurred, 
confirmed by increased D/H isotopic ratios.    

Water reservoirs within 1 to 2 km of the surface resided on 
Mars during the Hesperian and Amazonian periods.  Evidence of 
these water-rich environments is observed in the 1.3 Gy 
Nakhlites and their secondary aqueous alteration weathering 
products.  Nakhla has an abundance of secondary phases ( i.e., 
hydrates, carbonates, sulfates, halites, clays etc) which 
demonstrate the near-surface abundance of water within the 
Martian crust around 600-700 Myr ago.  The Shergottites show 
the presence of aqueous alteration processes during the past 165 
Myr .  Lafayette’s oxygen reservoirs within the silicates and 
secondary weathering phases continue to show the two distinct 
oxygen reservoirs.   

The Martian meteorites record a unique planetary record of 
distinct oxygen reservoirs between the silicates and the secondary 
aqueous alteration phases.    Despite the petrographic record of 
apparent low-water abundances for the SNC meteorites, ample 
evidence exists for aqueous processes operating near the surface 
of Mars.   Images returned from the Mars orbiters and landers 
show the abundance of surface features whose origins must be 
associated with aqueous or fluid processes.  Abundance of near-
surface salts at the five Martian sites visited by landed spacecraft 
along with the pre-terrestrial aqueous alteration products within 
the SNC meteorites shows the presence of near-surface water 
within the planet’s outer crust.  The MEX orbiter’s observations 
of methane within the Martian atmosphere which directly 
correlates with water abundances hint at the possibility of unique 
aqueous and/or biological processes operating on Mars today. 
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The unusual Krymka xenolith BK17 (1.1 x 0.9 mm in 

apparent size) is characterized by a dark appearance, fine-grained 
texture, the presence of magnetite, and the absence of sulfides. 
The xenolith is surrounded by a finer-grained, denser silicate rim. 
The fine-grained porous groundmass consists of micron- to 
submicron-sized round and anhedral grains mainly of olivine 
Fa15.1-34.6 (mean Fa21.5 ± 6.9), ~5 vol.% of magnetite, and rare metal 
and Ca-pyroxene. Accessory phases include phosphate 
(merrillite) and chromite. In most cases magnetite forms irregular 
clusters (up to 30 µm) of anhedral grains. Coarse grains (5-20 µm 
in size) of olivine Fa5.8-17.0 (mean Fa9.1 ± 3.4) and rare Ca-pyroxene 
~Fs9.0En66.1Wo24.9 are present. Most olivine grains are zoned 
having Fe-enriched rims. 

BK17 contains coarse-grained polymineralic constituents (up 
to 200 µm in size) composed of subhedral and skeletal crystals of 
Ca-pyroxene (Fs7.2-13.4En61.4-66.6Wo24.3-26.8; up to 20 µm in size) 
arranged predominantly on a periphery of the associations, 
clusters of fine grained magnetite, irregular grains of Ni-rich 
metal, and accessory phosphate and chromite. Metal grains have 
indented edges and contain lot of tiny inclusions. In addition, the 
xenolith contains less porous, fine-grained areas and curved 
bands. Some of these areas are enriched in magnetite up to 12 
vol.%.  Similar enrichments of tiny magnetites were found in 
some groundmass areas that appear to have been molten. A 
probable genetic relationship between these two magnetite-rich 
areas is suggested. 

The bulk composition of BK17, as measured by electron 
microprobe (defocussed beam), has a low total (84.1 wt.%), 
certainly due to a high porosity and a high magnetite abundance. 
The SiO2/MgO ratio (1.89) is remarkably lower than that of 
BK17 rim (2.33) and somewhat higher than that of bulk 
compositions from known types of chondrites.   

Conclusions: Mineralogical and chemical features allow to 
suggest that the xenolith BK17 is a primary rock different from 
the Krymka host, matrix, and other xenoliths [1-4]. Before the 
accreation of the Krymka parent body this xenolith was 
subsequently coated by finer-grained dust, that resulted in 
formation of a denser silicate rim. The paucity of Fe,Ni metal and 
the high abundance of magnetite testify the highly oxidizing 
conditions during the formation of BK17. 
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