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SULFUR-CONTENT OF THE IIIAB IRON METEORITE 
GROUP.  
N. L. Chabot1. 1Dept. of Geology, 112 A. W. Smith Bldg., Case 
Western Reserve University, Cleveland, OH, 44106-7216. 
nlc9@po.cwru.edu. 

 
Introduction: With over 200 members, the IIIAB group is 

the largest iron meteorite group and is believed to sample the 
central metallic core of an asteroid-sized parent body [1]. Sulfur 
is believed to have been an important constituent of the parental 
IIIAB core, but due to the low solubility of S in solid metal, an 
initial S-content for the IIIAB group cannot be determined 
through direct measurements of the IIIAB iron meteorites. Recent 
work that modeled the crystallization of the IIIAB core and in-
volved trapped melt during the crystallization process suggested 
that the initial S-content of the IIIAB core was about 2.4 wt% [2]. 
This recent estimate is lower than previous estimates for the 
IIIAB core, which have ranged from 6-12 wt% [3-5]. 

Solid metal-liquid metal partition coefficients have been 
shown experimentally to be sensitive to the S-content of the me-
tallic liquid [6]. By using the experimental partition coefficients 
to match the IIIAB fractional crystallization trends, it is possible 
to gain insight into the initial S-content of the IIIAB core. Here, 
the most current experimental partitioning data [7], including a 
re-parameterization of the data as a function of the S-content of 
the metallic liquid [8], are applied to the crystallization of the 
IIIAB group to get an estimate of the initial S-content of the pa-
rental core.  

Results: A simple fractional crystallization model is able to 
fit the general form of the IIIAB Ga, Ge, and Ir vs. Au trends by 
using an initial S-content of 12 ±1.5 wt% S. This estimate is a 
factor of 5 higher than the recent IIIAB S-content estimate from 
the trapped melt model [2]. The difference between this work and 
the trapped melt model is the choice of partition coefficients. In 
the trapped melt model, the partition coefficients used for Ge and 
Ir are not consistent with the experimental data. When the same 
partition coefficients that are used in the modeling of this study 
are applied to the trapped melt model, the trapped melt model is 
unable to match the IIIAB trends with a S-content of 2.4 wt%. 

The simple fractional crystallization model used in this work 
cannot explain the scatter in the IIIAB trend, the Cape York sub-
trend, or the high Ir-contents of the latest crystallizing IIIAB 
members. A process more complex than simple fractional crystal-
lization may be required to explain these second-order features in 
the IIIAB data. However, the simple model presented here is able 
to match the first-order shapes of the uniquely curved Ga and Ge 
IIIAB trends and the three orders of magnitude variation in IIIAB 
Ir values, suggesting an initial S-content of 12 ±1.5 wt% for the 
IIIAB group. 

References: [1] Scott E. R. D. 1972. Geochimica et Cosmo-
chimica Acta 36: 1205-1236. [2] Wasson J. T. 1999. Geochimica 
et Cosmochimica Acta Acta 63: 2875-2889. [3] Haack H. and 
Scott E. R. D. 1993. Geochimica et Cosmochimica Acta Acta 57: 
3457-3472. [4] Ulff-Møller F. 1998. Meteoritics & Planetary 
Science 33: 207-220. [5] Chabot N. L. and Drake M. J. 1999. Me-
teoritics & Planetary Science 34: 235-246. [6] Jones J. H. and 
Drake M. J. 1983. Geochimica et Cosmochimica Acta Acta 47: 
1199-1209. [7] Chabot N. L. et al. 2003. Meteoritics & Planetary 
Science 38: 181-196. [8] Chabot N. L. and Jones J. H. 2003. Me-
teoritics & Planetary Science 38: 1425-1436. [9] acknowledge-
ments: NASA grants NAG5-12831 to N.L.C. and NAG5-11122 
to R. P. Harvey. 
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FORMATION OF FE-ENRICHMENT BOUNDARY 
ZONES BETWEEN CHONDRULES AND THEIR FINE-
GRAINED RIMS IN THE CM2 CHONDRITE, Y-791198. 
L. J. Chizmadia and A. J. Brearley.  Dept of Earth & Planetary 
Sciences, University of New Mexico, Albuquerque, NM  87131.  
lchiz@unm.edu.  

Introduction:   The primary nebular components of CM car-
bonaceous chondrites have been partially to completely replaced 
by secondary hydrous phases, as a result of aqueous alteration. 
The location of the alteration is controversial. Several petro-
graphic studies [1-2] have cited the fact that fine-grained rims in 
CM chondrites are a disequilibrium mixture of hydrous and an-
hydrous phases as evidence that the aqueous alteration took place 
before the accretion of the final parent asteroid. Alternatively, 
there is also a large body of evidence that supports the parent 
body alteration model [3-5], including the presence of undis-
turbed Fe-rich aureoles around altered metal grains [6]. 

Results:  SEM studies show that several chondrules in Y-
791198 have thin (10-20µm) zone of Fe enrichment at the bound-
ary between the chondrule and its surrounding fine-grained rim. 
There are three distinct morphologies of Fe-rich zones: a) PCP-
like, b) Fe-rich rim-like and c) Fe sulfide-like. The PCP-like 
boundary usually occurs on the edge of the chondrule, invading 
the fine-grained rim. These boundaries are not always continuous 
and seem to be composed of multiple, blocky Fe-rich phases. The 
Fe-rich rim-like boundaries are similar to the PCP-like type in 
occurrence, but seem to be simply an Fe enrichment in the fine-
grained rim, directly around the chondrule. These are often also 
discontinuous. The Fe sulfide-like boundaries appear much more 
homogeneous in composition and texture. Also, these boundaries 
sometimes occur in the fine-grained rim, slightly detached from 
the chondrule. Overall, these Fe-rich zones are very similar to 
those seen in CR chondrites, as reported by [7]. 

Electron microprobe transverses from the chondrule interior 
into the fine-grained rim were conducted on two type I and two 
type II chondrules to characterize the Fe enrichment zones. The 
transition region from the chondrule mesostasis to the fine-
grained rim for type I and type II chondrules is characterized by 
an increase in Fe, S, Ni, Na and K and a decrease in Mg for the 
Fe-rich zones. In general, Si and Al decrease, but can remain ho-
mogeneous across the Fe-rich zone. Ti generally decreases and 
Cr generally increases, but both can remain homogeneous. Ca 
varies indiscriminately.    

Discussion:  It is difficult to reconcile the presence of the Fe 
enrichment zones, which clearly cross into the fine-grained rims, 
with the pre-accretionary model. This model calls for the altera-
tion to have taken place before the formation of the fine-grained 
rims, to explain the presence of unaltered phases juxtaposed 
against the hydrated rim materials, such as FeNi metal grains. It 
is more likely that the rims accreted to the chondrules and then 
these objects accreted into the parent asteroid, where they experi-
enced aqueous alteration. Formation of the Fe-enriched zones 
may be the result of precipitation of Fe2+ or Fe3+ from solution as 
a result of an decrease in pH at the interface between the matrix 
and chondrule, during the early stages of aqueous alteration.   

References: [1] Metzler et al. (1992) GCA 56 2873.  
[2] Lauretta et al. (2000) GCA 64 3263.  [3] Tomeoka & Buseck 
(1985) GCA 49 1761.  [4]  Browning et al. (1996) CA 60  2621.  
[5]  McSween (1987) GCA 43 1761.  [6]  Hanowski & Brearely 
(2001) GCA 65 495.  [7] Burger & Brearley (2004) LPSC 35 
abs#1966, CDROM.  Acknowledgements: This research was 
supported by NASA grant NAG5-9798 (A. J. Brearley, P.I.). 

67th Annual Meteoritical Society Meeting (2004) 5216.pdf



SOLAR NOBLE GASES IN VIGARANO BULK MINER-
ALS - FIRST RESULTS OF THE NEW “BENGEL” IN-
VACUO ETCHING FACILITY. 
F. Christen and H. Busemann*. Physikalisches Institut, University 
of Bern, Switzerland. E-mail: christen@phim.unibe.ch. *Present 
address: DTM, Carnegie Institution, Washington DC, USA. 

 
Introduction: Regolith breccias are breccias that contain so-

lar-gas-bearing grains [1,2]. It is generally accepted that the ex-
posure to the solar wind took place rather recently on the surface 
of a parent body. However, it appears possible that grains were 
exposed early (or obtained their solar gas load by other mecha-
nisms) prior to accretion. Some of the solar gases in chondrites 
may indeed be “primordial” [3,4]. In the CI chondrite Orgueil, 
the presence of solar gases is restricted to magnetite, whereas the 
silicates appear solar-gas-free [3]. This is difficult to reconcile in 
a planetary environment. The observation that solar-like gases in 
the unbrecciated E chondrite St. Mark’s were released only upon 
severe etching provides further evidence for the presence of pri-
mordial solar gas [5]. In contrast, solar gases in lunar regolith 
grains reside in the uppermost layers and are released by stepwise 
etching already during the first minutes of etching [6]. The 
trapped noble gas content in HF/HCl-soluble minerals of meteor-
ites is generally small. However, abundant solar-like gases have 
been found e.g. in chondrules and a dark inclusion [7,8]. These 
primitive objects were located in solar-gas-poorer matrices. This 
supports the idea of a non-regolithic origin of the solar noble 
gases. Further, more detailed analyses of the noble gases in bulk 
meteorite material are needed to clarify the issue of their origin.  

Experiment: We have chosen bulk material of Vigarano 
(CV3), because its solubles contain relatively abundant solar 
gases, which led to the conclusion that Vigarano is a regolith 
breccia [1,9,10]. The continuing analysis is the first experiment 
with our new noble gas extraction facility “BENGEL” (Bernese 
in-vacuo Extraction of Noble Gases in a Gold-Platinum Etch 
Line). Currently the crushed sample is etched with HF vapor.  

Results: The first four etch steps have released ~10% of the 
expected amounts of noble gases. Neon in all steps is similar to 
that of the bulk, which indicates a homogeneous mixing of a 
trapped component, which is possibly solar, and cosmogenic Ne. 
The progressive etching releases trapped meteoritic Ar (40Ar/36Ar 
< 60, 36Ar/38Ar > 5). Kr and Xe are mainly atmospheric, except 
for 129Xe/132Xe, which indicates some addition of radiogenic 
129Xe. The complete data set will be presented at the meeting. 
The simultaneous early release of the volume-correlated cos-
mogenic Ne and the surface-correlated solar gas indicates that the 
trapping of the solar gases may have occurred prior to the final 
assemblage of the mineral grains or that the solar gases have been 
transferred into the grains, e.g. due to impact. 

Acknowledgement: This work is supported by the Swiss 
NSF.  Support by A. Schaller and H. Lüthi is gratefully acknowl-
edged. We thank R. Wieler for the Vigarano sample. 

References: [1] Bischoff A. et al. in prep. in: Meteorites in 
the early solar system II. [2] Wieler R. 1998. Space Sci. Rev. 
85:303-314. [3] Jeffery P. M. and Anders E. 1970. GCA 34:1175-
1198. [4] Wieler R. et al. in prep. in: Meteorites in the early solar 
system II. [5] Busemann H. et al. 2003. GCA 67:A50. [6] Heber 
V. S. et al. 2004. ApJ 597:602-614. [7] Okazaki R. et al. 2001. 
Nature 412:795-798. [8] Nakamura T. et al. 2003. Meteorit. 
Planet. Sci. 38: 243-250. [9] Matsuda J. et al. 1980. GCA 
44:1861-1874.  [10] Krot A. et al.  2000. Meteorit. Planet. Sci. 
35:817-825. 
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REFLECTANCE SPECTRA OF SELECTED CARBONA-
CEOUS CHONDRITES 
E.A. Cloutis1 and P. Hudon2. 1Departement of geography, Uni-
versity of Winnipeg, 515 Portage Ave., Winnipeg, Manitoba, 
Canada, E-mail: e.cloutis@uwinnipeg.ca. 2NASA Johnson Space 
Center, 2101 NASA Road 1, Mail code SR, Houston, Texas, 
77058, United States.  

 
Introduction: We are engaged in an ongoing investigation of 

the systematic spectral reflectance properties of carbonaceous 
chondrites. Here we present preliminary results for the 0.3-2.6 
µm interval for four samples measured to date: MET00639 
(CM2), WIS91600 (CM2), ALH82101 (CO3), and ALH85002 
(CK4).  

Results:  MET00639 is characterized by low overall reflec-
tance (<3%) and weak evidence for an absorption band near 1.1 
µm, broadly consistent with olivine, the major mafic silicate in 
CM2 chondrites. The spectrum of WIS91600 is characterized by 
low overall reflectance (<4%) with a broad and weak superim-
posed absorption feature in the 1-µm region. ALH82101 is char-
acterized by higher overall reflectance (up to 19%) and two well-
defined absorption features located near 1.05 and 2.1 µm. These 
features are consistent with olivine (for the 1.05-µm feature) and 
pyroxene and/or spinel for the longer wavelength band. 
ALH85002 also exhibits higher overall reflectance (up to 16%) 
and absorption features near 1.05 and 1.3 µm, as well as a broad 
and weak absorption feature in the 2-µm region. These features 
are consistent with olivine (1.05 µm), plagioclase feldspar (1.3 
µm), and pyroxene and/or spinel (2 µm). 

Discussion: The reflectance spectra of the current samples 
are consistent with the spectra of carbonaceous chondrites meas-
ured by other investigators [1,2]. The diversity of spectral shapes 
and low overall reflectances (lower than expected for the domi-
nant silicates) are due to the presence of various finely-dispersed 
opaque materials, such as carbonaceous phases, magnetite, metal, 
and troilite. Depending on the abundance, type, and disposition of 
the opaque phases, both spectrally neutral and red-sloped spectra 
could result [3]. The spectrum of ALH82101 (CO3) exhibits the 
most well-resolved absorption feature in the 2-µm region. It pro-
vides the strongest spectral evidence for spinel in spite of the ex-
pected low abundances of this mineral (on the order of a few per-
cent) [4]. CO3 chondrites are also the most spinel-rich carbona-
ceous chondrite class [5]. The fact that all of the carbonaceous 
chondrites exhibit resolvable absorption bands that can be attrib-
uted (with varying degrees of confidence) to specific mineral 
phases suggests that high signal-to-noise reflectance spectra of 
asteroids may be able to identify possible parent bodies for dark 
meteorites and/or provide information on the non-opaque phases 
which comprise them.  

Thanks to Takahiro Hiroi and Carlé M. Pieters for acquisition 
of the reflectance spectra. 

References: [1] Gaffey M. J. 1976. Journal of Geophysical 
Research 81:905-920. [2] Johnson T. V. and Fanale F. P. 1973. 
Journal of Geophysical Research 78:8507-8518. [3] Cloutis E. A. 
et al. 1990. Icarus 84:315-333. [4] Cloutis E. A. and Gaffey M. J. 
1993. Icarus 105:568-579. [5] McSween Jr. H.Y. 1977. Geo-
chimica et Cosmochimica Acta 41:477-491. 
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THERMAL METAMORPHISM OF INSOLUBLE 
ORGANIC MATTER IN CARBONACEOUS 
CHONDRITES.  
G. D. Cody1, C. M.O’D.Alexander2, and M. L. Fogel1 E-
mail: g.cody@gl.ciw.edu. 1Geophysical Laboratory and 
2Department of Terrestrial Magnetism, Carnegie 
Institution of Washington 

 
Introduction: As a continuation of our studies of 
chondritic insoluble organic matter (IOM)[1], we have 
initiated studies of the effects of thermal metamorphism.  
We have isolated IOM from Allende CV3.3 [2] and 
Y86720 a strongly heated CM [3]. Solid state 13C NMR 
spectra of these IOM are compared with spectra from 
Tagish Lake (C2) and EET92042 (CR2) (Figure 1). 
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Figure 1: 13C SP-MAS NMR spectra of IOM. 
EET92042 (CR2) IOM is both chemically and 

isotopically the most primitive IOM we have studied. 
Tagish Lake suffered oxidation during parent body 
processing. Both Allende and Y86720 yield unusual 
spectra that exhibit significant paramagnetic broadening 
consistent with an abundance of unpaired electrons 
(radicals) generated during thermal metamorphism. They 
also contain abundant O-containing organic functional 
groups and are not graphitic solids.  Allende’s spectrum 
exhibits strong nanodiamond peak suggesting considerable 
loss of organic C with metamorphism. The thermal 
metamorphism of IOM correlates strongly with both an 
increase in C/N, C/H, and a reduction in    N and  D. 
From these data it appears that Allende’s IOM has suffered 
more thermochemical modification than Y86720. 
References:[1] G.D.Cody et al. 2002 Geochim. Cosmo-
chim Acta., 66:1851-1865. [2] Symes et al. 1993 
Meteoritics 28:446-447. [3] Akai 1992 Proc. NIPR Symp. 
Antarct. Meteorites 3:55-68. 

67th Annual Meteoritical Society Meeting (2004) 5162.pdf



SURVEY OF CLASTS IN HOWARDITE GROSVENOR 
MOUNTAINS 95574. Barbara A. Cohen, Institute of Meteorit-
ics, University of New Mexico, Albuquerque NM 87131. 

 
Introduction: Igneous products from the differentiated as-

teroid Vesta include ferroan basalts as eucrites and orthopyrox-
ene cumulates as diogenites. More magnesian primary melts are 
postulated to have formed [1] but have not been found in the me-
teorite collection. Howardites are polymict breccias representing 
the regolith of the HED parent body that may contain remnants 
of such melts as clasts. Candidate basaltic clasts were studied by 
[2] but were concluded to be impact products of the bulk re-
golith. 

Rather than appearing as large clasts, primary basalts may be 
represented by small pieces, each having an incomplete mineral 
assemblage, such as has been shown in the polymict ureilites [3, 
4]. A survey of many small clasts can identify populations of ma-
terials that may represent primary basalts. 

Technique: Combined element X-ray maps were used to 
identify clasts >80  m in size within thin sections of four 
howardites (GRO 95574, QUE 97001, QUE 94200, and EET 
87513). Individual clasts were characterized using the SEM and 
EMP. Mineral compositions were obtained using a 20-nA fo-
cused beam and bulk analyses using defocused beam techniques. 
Here we report quantitative major-element results on some clasts 
from GRO 95574, which has not been previously described in the 
literature.  

Results: Most high-Mg grains in the breccia are isolated oli-
vine grains (Fo72-74) where association with neighboring minerals 
cannot be definitely assigned. These clasts are probably derived 
from diogenitic material [5]. 

One clast consists of many small (10  m), euhedral olivine 
crystals (Fo82) in a glassy to cryptocrystalline feldspathic 
groundmass (An88Ab8Or4) containing crystallites.  The olivine 
crystals are strongly zoned to Fe-rich compositions in thin rims. 
This clast also contains several irregular, glassy, more Fe-rich 
inclusions on which olivine has nucleated. The olivine in this 
clast (as well as in one other isolated olivine grain) is much more 
magnesian than typical diogenitic material. The combination of 
high-Mg olivine with bytownitic plagioclase does not correspond 
with characteristics of known diogenite or eucrite groups. The 
mixture of mineral characteristics, the presence of a glassy pla-
gioclase groundmass, and anhedral included clasts make it prob-
able that this clast is an impact melt. 

All the pyroxene-bearing clasts found so far consist solely of 
pyroxene and plagioclase are consistent with an origin in basaltic 
eucrites. Plagioclase is sodic (An93Ab7); pyroxene is euhedral 
with well-developed exsolution lamellae of augite (Wo22-40En 35-

33Fs43-27) and low-Ca pigeonite (Wo4En37-42Fs58-55). Individual 
pyroxene grain Fe/Mg ratios are constant but Fe/Mn varies over a 
wide range (0 – 300) within each grain, indicating extensive me-
tasomatism in the majority of these clasts. 

Discussion: No primary magnesian basalt assemblages have 
yet been identified in GRO 95574. We will continue to look for 
such clasts in this and other undescribed howardites. 

References: [1] E. Stolper 1977. Geochim. Cosmochim. Acta 
41:587-611. [2] D. W. Mittlefehldt and M. M. Lindstrom 1997. Met. 
Planet. Sci. 61:453-462. [3] B. A. Cohen and C. A. Goodrich 2003. Ab-
stract #1518. 34th Lunar Planet. Sci. Conf. [4] B. A. Cohen et al. 2004. 
Met. Planet. Sci., in press. [5] D. W. Mittlefehldt et al. 1998. Chp. 4 in 
Planetary Materials, ed. J. J. Papike. 
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MODELING THE MINIMUM SIZE OF CM PARENT 
BODIES.  
R. F. Coker1 and B. A. Cohen2. 1Los Alamos National Labora-
tory, X-2, MS T087, Los Alamos, NM  87545, USA 
(robc@lanl.gov), 2University of New Mexico, Department of 
Earth and Planetary Sciences, MSC03-2040, Albuquerque, NM 
87131, USA. 

 
Introduction: We continue our development of an asteroid 

thermal model that includes radionuclide heating, the effects of 
heats of reaction and volumetric changes due to serpentinization 
and the radial transport of liquid water and water vapor [1-4]. The 
heat input from radionuclides goes as the volume of the asteroid 
while the heat sink effects of the surroundings go as the surface 
area of the asteroid.  Thus, for a given nebular temperature and 
initial composition, a potential parent body must be of at least 
some minimum size in order for it to heat up to the point of water 
melting in order to allow hydration reactions to occur. 

The Models: We use a canonical model for an asteroid 
which accretes at a heliocentric distance of 3 AU.  The initial 
void and ice fractions are taken to be 16% and 10% by volume, 
respectively.  We use 10%, which is at the low end of likely ice 
fractions, in order to determine a lower limit to the required as-
teroid size for hydration (larger ice fractions produce less ra-
dionuclide heating and thus require larger parent bodies).  We 
assume a pore size of 50  m and permit radial transport of water 
vapor via diffusion and the radial transport of liquid water via 
capillary action. For the ambient nebular temperature, we use [5] 
858 R-1.13t-1.1 K where R is the asteroid’s heliocentric distance in 
AU and t is the time of formation in Myrs.  At ~ 0.9 Myr after the 
collapse of the solar nebula, the nebula temperature is ~ 275 K; if 
a potential parent body accretes any earlier, ice is highly unlikely 
to be present at all.  In the absence of the solar nebula, the aster-
oid would be heated by the sun to ~150 K; this is the temperature 
to which the nebula cools by 1.5 Myr.  Thus, except for very 
large asteroids, not including the nebula would result in larger 
minimum parent body sizes. 

Results: Asteroids that are smaller than about 3 km in diame-
ter are found to never have hydration reactions.  Even if they ac-
crete at a temperature of ~ 270 K, asteroids smaller than ~3 km 
diameter do not generate sufficient heat to balance heat loss to 
the nebula and thus they never produce liquid water.  For larger 
asteroids, the minimum size depends on the time the body forms 
since not only is the nebula hotter (and so less of a heat sink) at 
earlier times but the radionuclide heating is also stronger.   We 
find that for our canonical setup, the minimum diameter for a po-
tential CM parent body is  ~20t0.9-14.5 km for asteroids forming t 
Myrs after nebula collapse.  We will present these results (valid 
up to at least 20 km) as well as those for different setups. 

References: [1] Cohen, B.A. and Coker, R.F. 2000. Icarus 
145:369-381. [2] Cohen, B.A. and Coker, R.F. 1999. Meteoritics 
& Planetary Science 34:A26. [3] Cohen, B.A. and Coker, R.F. 
2000. Abstract #1935. 31st Lunar & Planetary Science Confer-
ence. [4] Coker, R.F. and Cohen, B.A. 2001. Meteoritics & 
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HOW HOMOGENEOUS ARE STONES FROM ORDI-
NARY CHONDRITE SHOWERS?  
G. J. Consolmagno SJ1, R. J. Macke SJ1,2 and D. T. Britt3. 
1Specola Vaticana E-mail: gjc@specola.va 2St. Louis University, 
3University of Central Florida 
 

Introduction: Many ordinary chondrites arrive as a part of a 
shower of meteorites: a third of all ordinary chondrite falls listed 
in the METBASE database have three or more recovered pieces. 
A common assumption is that these meteorite strewn field sam-
ples represent fragments of a larger stony mass which broke apart 
in the Earth’s atmosphere [1]. Thus one way to examine the ho-
mogeneity of material in meteoroids is to examine the physical 
properties of many individual samples (whole rocks where possi-
ble) of a given meteorite fall. Such physical parameters include 
meteorite density and porosity [2,3], and meteorite magnetic sus-
ceptibility [4]. 

Density: In our density database, 22 ordinary chondrites have 
five or more density measurements. The typical spread of meas-
urements (standard deviation of the bulk density) is 2.1% of the 
density itself, which is consistent with the reported error for indi-
vidual measurements. The five meteorites with the largest 
spreads (3.8% to 4.5%) include all four LL chondrites in our set; 
all but one the nine meteorites with the smallest spreads (1.4% to 
0.3%) include all but one of the nine H chondrites. Though the 
statistics are small, this suggests that LL chondrites tend to be 
less homogeneous, and H chondrites more homogeneous.   

Susceptibility: A summary of the magnetic susceptibilities 
for the Vatican ordinary chondrite collection, measured by 
Rochette, was reported in [4]. Within our collection, three show-
ers have numerous samples measured: Holbrook (13 measured), 
Pultusk (11), and Mocs (8). The susceptibility measurements are 
more precise (more repeatable) and, for falls at least, barring ter-
restrial weathering effects they should have less spread than den-
sity measurements. 

In fact, while the standard deviation of the measurements of 
log   for Mocs is 0.8%, the spread of the measures for Holbrook 
is 3.4%, and 5.6% for Pultusk. However, as noted in [4], these 
spreads are due entirely to two samples in each set that are clearly 
outliers: two odd samples Holbrook are notably weathered, while 
the two odd samples of Pultusk have susceptibilities consistent 
with L, not H, chondrites and may represent mislabeled samples. 
Removing the outliers brings the spread for Holbrook to 0.9%, 
and that of Pultusk to 1.3%. Note that in this case the one H 
measured has a spread similar to the two L meteorites. 

Unfortunately, the samples measured for susceptibility tend 
to be different, smaller samples than those measured for density. 
This summer we hope to augment these data with a series of pre-
cise bulk and grain density measurements of these meteorites, 
which we plan to report at the meeting. We hope to see if the 
samples that are outliers in susceptibility also have a distinctly 
different density, presumably from different iron content. 

References: [1] Baldwin B. S. 1971 J. Geophys Res. 76, 
4653-4668. [2] Consolmagno G. J. and Britt, D. T. 1998. Mete-
orit. Planet. Sci. 33, 1231–1242. [3] Britt, D. T. and Consol-
magno G. J. 2003. Meteorit. Planet. Sci., 38, 1161-1180. 
[4] Rochette P. et al. 2003. Meteorit. Planet. Sci., 38, 251-268. 
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SLAB CARBONATES IN ALLAN HILLS 84001 AND IN 
BASALTS FROM SPITSBERGEN, NORWAY: FURTHER 
EXAMINATION OF TERRESTRIAL ANALOGUES.   
C. M. Corrigan1, E. P. Vicenzi1, A. S. Steele2, H. E. F. Amundsen3, T. J. 
McCoy1, A. H. Treiman4. 1Dept. of Mineral Sciences, Smithsonian Insti-
tution, Washington DC USA. E-mail: corrigan.cari@nmnh.si.edu. 
2Geophysical Laboratory, Carnegie Institution of Washington, Washing-
ton DC USA. 3Dept. of Physics & Geology, Univ. of Oslo, Norway, 
4Lunar & Planetary Institute, Houston, TX USA. 
 

Introduction:  Carbonates and other secondary minerals in 
the martian meteorite Allan Hills (ALH) 84001 provide a record 
of aqueous activity on Mars, but lack geologic context.   By ex-
amining terrestrial analogues, we can evaluate environmental 
conditions that may have existed in early martian history. Elon-
gate “slab” carbonates in ALH 84001 [1] arose during the same 
generation of carbonate growth as the widely studied rosettes [2].  
Carbonates from Spitsbergen, Norway resemble these rosettes 
[3], suggesting, by analogy, that ALH 84001 carbonates may also 
have been deposited under hydrothermal conditions.  We com-
pare slab carbonates in ALH 84001 to those from Spitsbergen to 
determine whether growth conditions were similar through the 
entire history of carbonate deposition.   

Methods:  Samples of carbonate-bearing basaltic breccias 
were collected from a vertical conduit on the ~1 Ma Sverrefjell 
volcano in NW Spitsbergen [4].  Sample SV01-5 (Fig. 1) has 
been examined by SEM, microprobe and CL. 
 

 
 
 
Results:  Texturally, 

carbonate regions in SV01-5 
resemble slab carbonates in 
ALH 84001 [1].  
Compositional zoning occurs 
on a similar scale (10 µm) in 
both, although SV01-5 slab 

carbonates are compositionally restricted to the calcite-magnesite 
join (<~3 mol % FeCO3) of the carbonate ternary with an outer 
layer of more Mg-rich carbonate (Mg95Ca5)CO3.  While [3] ob-
served a broader range of compositions, including Fe-rich car-
bonate rosettes and Fe-bearing dolomite, no such diversity is pre-
sent in SV01-5.   

Discussion:  While slab carbonates in SV01-5 and ALH 
84001 are texturally similar, marked differences in the relation-
ship between carbonate generations in the two rocks differs.   
Successive layers of ALH 84001 carbonates [1, 5] show system-
atic variations in composition, consistent with an evolving fluid 
compostion and/or fluids that differed slightly in composition.  In 
contrast, Spitsbergen carbonates investigated here exhibit a com-
positional hiatus between rosettes and slabs [3], likely reflecting 
separate hydrothermal depositional events.  Though hydrothermal 
deposition of carbonates at Spitsbergen carbonates has offered 
the closest analog to date for ALH 84001, compositional differ-
ences suggest that hydrothermal alteration affecting ALH 84001 
was less extensive and/or episodic than at Spitsbergen. 

References: [1] Corrigan C. M. and Harvey R. P. 2004. 
MAPS 39:17–30. [2] Mittlefehldt D. W. 1994. MAPS 29:214-221. 
[3] Treiman A. H. et al. 2002. EPSL 204:323-332. [4] Amundsen 
H. E. F. 2004. Abstract #2119. 35th LPSC. [5] Corrigan C. M. et 
al. 2004. Abstract #1611. 35th LPSC. 

 

Fig. 1: BSE image of carbon-
ates in SV01-5_2_03.  
 FOV = 2.7 mm. 

B
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CHEMICAL AND OXYGEN ISOTOPIC VARIABILITY 
OF ACCRETIONARY RIM AND MATRIX OLIVINE IN 
ALLENDE: DIFFUSION-CONTROLLED PROCESS.  
M. Cosarinsky1 and L. A. Leshin1,2. 1Department of Geological 
Sciences, Arizona State University, Tempe, AZ 85287-1404, 
USA. 2Center for Meteorite Studies, Arizona State University. 

 
Introduction: Accretionary rims (ARs) in CV chondrites are 

porous, non-equilibrium assemblages of fine-grained olivine that 
occur around chondrules and Ca-Al-rich inclusions (CAIs) and 
resemble the matrix of each meteorite [1]. The correlation of 
chemical and oxygen isotopic compositions with rock properties 
provides powerful constraints on the environment and conditions 
of olivine formation and subsequent evolution. We thus exam-
ined the petrography, mineralogy and in situ O isotopic composi-
tion of olivine in ARs and the matrix of the CV chondrite Allende 
and compared them to rock porosity and grain size.  

Results: We studied olivine from the AR around two fluffy 
type-A CAIs (TS24F1 and TS25F1) and around one porphyritic 
olivine pyroxene chondrule. Around CAIs, the AR present a lay-
ered structure of two to three layers that differ in olivine grain 
size and mineral chemistry [1,2]. The inner layer usually consists 
of relatively coarse-grained (20-50 µm) forsterites, whereas the 
middle and outer layers consist of typically matrix fine-grained 
fayalitic olivine laths (5-10 µm). Chondrules only exhibit a single 
layered AR similar to the outer layer around CAIs [3]. There is a 
progressive and continuous variation in olivine composition from 
16O-rich forsterite (Fa1; ∆17O ~ –25 ‰) to 16O-poor fayalite (Fa45; 
∆17O ~ +1 ‰), suggesting mixing between two reservoirs. There 
is also a progressive increase in fayalite and ∆17O values with 
decreasing grain size. Regardless of layer location, the finest 
grains (<5 µm) are the most FeO-rich and 16O-poor, whereas 
grains in the intermediate size range (5-15 µm) are equally en-
riched in FeO as the finest grains but are still 16O-rich.  

Discussion and Conclusions: The variation in FeO and iso-
topic composition with grain size is typical of a diffusion-
controlled process, with faster exchange for Fe than for O. Fe-Mg 
[4] and O [5] diffusion models under anhydrous conditions indi-
cate that Allende olivine probably exchanged Fe-Mg and O iso-
topes at temperatures around 450˚C and 550˚C, respectively, for 
a time scale of 1 My. Under similar time-temperature constraints, 
models predict complete Fe and O equilibration for <5 µm 
grains; only 50% O equilibration and almost full Fe equilibration 
for 10-15 µm grains; and minimal exchange (<10%) for larger 
grains (>20 µm), in agreement with observations of Allende oli-
vine. The distribution of chemical and isotopic heterogeneities 
indicates that these signatures usually vary among layers, with a 
continuous increase in fayalite and ∆17O values in the direction of 
the matrix. These signatures are higher in those areas where the 
rock is more porous, reflecting not only a grain size effect but 
also a rock fabric control. In summary, the correlation of porosity 
and grain size with composition appears to indicate a strong con-
trol of rock properties on the exchange process, suggesting it oc-
curred in the parent body. During fluid assisted metamorphism 
[6], initially 16O-rich forsterite probably exchanged in situ with 
an FeO-rich and 16O-poor fluid reservoir. 

References: [1] MacPherson G. J. et al. 1985 GCA, 49, 2267-
2279. [2] Cosarinsky M. et al. 2002 Meteorit Planet. Sci. 37:A38. 
[3] Cosarinsky M. et al. 2003 Meteorit Planet. Sci. 38:A64. [4] 
Chakraborty S. 1997 J. Geophys. Res. 102: 4119-4128. [5] 
Gérard O. and Jaoul O. 1989 J. Geophys. Res. 94: 12317-12331. 
[6] Krot A. N. et al. 2003 Meteorit Planet. Sci. 38:A73. 
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MESOSCALE COMPUTATIONAL INVESTIGA-
TION OF SHOCKED HETEROGENEOUS MATE-
RIALS: STRENGTH OF ROCKS UNDER IMPACT 
LOADING.  D. A. Crawford1 and O. S. Barnouin-Jha2, 1Sandia 
National Laboratories, Albuquerque, New Mexico, USA 
(dacrawf@sandia.gov), 2The Johns Hopkins University Applied 
Physics Laboratory, Laurel, Maryland, USA. 

 
Introduction: The propagation of shock waves through tar-

get materials is strongly influenced by the presence of small-scale 
structure, fractures, physical and chemical heterogeneities. Re-
verberations behind the shock from the presence of physical het-
erogeneity have been proposed as a mechanism for transient 
weakening of target materials [1] as are localized shock effects 
seen in some meteorites [2]. Pre-existing fractures can also affect 
melt generation [3]. 

Approach: In this study, we are attempting to bridge the gap 
in numerical modeling between the micro-scale and the contin-
uum, the so-called meso-scale. To accomplish this, we are devel-
oping a methodology to be used in the shock physics hydrocode 
(CTH) [4] using Monte-Carlo-type methods to investigate the 
shock properties of heterogeneous materials.  By comparing the 
results of numerical experiments at the micro-scale with experi-
mental results [5] and by using statistical techniques to evaluate 
the performance of simple constitutive models, we hope to con-
struct more complex constitutive models that mimic the effects of 
micro-scale heterogeneity at the continuum level without incur-
ring high computational cost. 

Discussion: In previous work, we demonstrated our numeri-
cal approach using a two dimensional plane-strain computation of 
a mixture of two fictitious linear shock-particle velocity materials 
[6]. A random distribution of equal-sized grains of these two ma-
terials propagated a shock wave with average linear shock-
particle velocity in agreement with the EOS mixture theory of 
Grady [7]. In the present work, we will apply this methodology to 
help investigate the role of heterogeneity on the shear and frac-
ture strength of rocks. We hope to use this technique to quantify 
the degree of weakening due to shock loading of heterogeneous 
materials and determine if the weakening is transient or perma-
nent, localized or global. The results of the study will be cali-
brated with experiments [5] and naturally shocked materials [2] 
and applied to simulations of large crater formation [8]. 

References: [1] Melosh, H. J. 1979, Journal of Geophysical 
Research 84, pp. 7513-7520. [2] Walton E.L. and J.G. Spray 
2003, Meteoritics and Planetary Science 38, pp. 1865-1875. [3] 
Kieffer, S. W. 1971, Journal. of Geophysical Research, 76, pp. 
5449-5473. [4] McGlaun, J.M., S.L. Thompson and M.G. Elrick 
1990, International Journal of Impact Engineering, 10, pp. 351-
360. [5] Barnouin-Jha, O.S., M.J. Cintala and D.A. Crawford 
2002, 33rd Lunar and Planetary Science Conference, pp. 1738-
1739. [6] Crawford, D.A., O.S. Barnouin-Jha and M. J. Cintala 
2003, Abstract #4119, 3rd International Conference on Large Me-
teorite Impacts. [7] Grady D.E. 1993, Sandia National Laborato-
ries Report, SAND93-2325J. [8] Crawford, D.A. and O.S. 
Barnouin-Jha 2004, Abstract #1757, 35th Lunar and Planetary 
Science Conference. 
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IMPACT CRATERS IN BRAZIL: HOW FAR WE´VE GOT 
A. P. Crósta  Geosciences Institute, University of Campinas, Brazil. 
E-mail: alvaro@ige.unicamp.br 

 
The first mention to impact craters in Brazil was due to R. S. 

Dietz and B. M French, in an article published in 1973 about two 
probable astroblemes, found with the help of ERTS-1 (nowadays 
LANDSAT) satellite images [1]. These were Araguainha Dome 
(d=40km) and Serra da Cangalha (d=12km). The authors reported 
evidences of shock metamorphism at Araguainha (impact breccia 
with PDFs in several directions), but none at Serra da Cangalha. At 
that time, the only known craters in South America were the young, 
small size meteorite craters of Campo del Cielo (Argentina, d=50m) 
and Monturaqui (Chile, d=460m), first reported in 1965 and 1966, 
respectively. The authors pointed out that Araguainha was one of the 
largest among the 40 astroblemes known on Earth at that time. Even 
though, it wasn’t until the next decade that Araguainha’s impact 
features were studied in some detail [2]. 

Since then, research on Brazilian impact craters has experienced 
some progress, although limited. In 1986, evidences of shock 
metamorphism were reported at Serra da Cangalha and Riachão [3]. 
The first review on the Brazilian craters, published in 1987 [4], 
added a 4th crater to the list, Vargeão (d=12 km), and pointed out 
two other probable impact sites: Colônia (d=3.6 km) and São Miguel 
do Tapuio (d=20 km). 

The most recent review [5] shows the same number of proved 
craters, with a significant increase in the number of candidate impact 
sites, with the addition of Cerro Jarau (d=5.5 km), Piratininga (d=10 
km), Santa Marta (d=10km), Inajah (d=6km) and Curuçá (d=1km) 
[6] [7] [8]. Another circular structure, named Aimorés (d=8.5km), 
should also be considered a candidate impact site.  

The most recent among the proved craters is being reported at 
this meeting: the Vista Alegre astrobleme [9]. The period of nearly 
two decades between the discovery of shock metamorphic features 
at Vargeão and the announcement of Vista Alegre is suggestive of 
the limited research carried out in Brazil on the subject. 

In summary, there are currently five proved impact craters and 
another eight candidate sites in Brazil. For a country with such di-
mensions (8.5 million km2), and a significant proportion of its terri-
tory comprised of geologically stable terrains, this is quite a reduced 
population. It suggests that a larger number of craters still remain to 
be unveiled in Brazil, in particular over the large extensions of the 
Phanerozoic basins that cover a considerable proportion of the terri-
tory. It should also be noted that there isn’t a single buried crater 
known or suspected in Brazil, probably because the local petroleum 
industry hasn’t paid enough attention to the fact that impact craters 
are a favorable site for oil/gas accumulations. 

Limitations of in-country research funding and the lack of some 
analytical facilities for the study of impact-related features 
contribute to hold back advances on the subject. There are therefore 
good opportunities for collaborative work between Brazilian 
scientists involved in the study of impact craters and foreign impact 
research groups and institutions. 

References: [1] Dietz, R.S. & French, B.V. (1973) Nature, v. 
244, p.561-62. [2] Crósta et al. (1981) Rev. Bras. Geociências, 11, 
139-146.  [3] McHone, F. (1986), PhD thesis, Univ. Illinois/Urbana-
Champaign. [4] Crósta A. P. (1987) In: Pohl J. Research in Terres-
trial Impact Structures, 30–38. [5] Romano & Crósta (2004), 35th 
Lunar & Planetary Conference. [6] Hachiro J. & Coutinho (1993) 3º 
Simp. Geol. Sudeste, Brazilian Geol. Soc., 276-281. [7] Martini & 
Liu (1997) VIII Simposio Latino Americano de Percepción Remota. 
[8] Hachiro (2000) 31st Int. Geol. Congress, Abstract G2505011.  
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A POSSIBLE IMPACT CRATER AMONG CRATERS: THE 
LLICA STRUCTURE IN BOLIVIA 
A. P. Crósta  Geosciences Institute, University of Campinas, Brazil. 
E-mail: alvaro@ige.unicamp.br 

 
The discovery of a possible impact crater in Bolívia is reported. 

It is located close to the NW edge of the Salar de Uyuni, in the vi-
cinities of the Llica village, Potosi province, at 19º49’S and 
68º19’W. It has an oval shape, 2.8 x 2.5 km in diameter, elongated 
in the N-S direction. This bowl-shaped structure, with flat bottom 
and very steep inner walls, resembles the Barringer (Meteor) Crater 
in Arizona. The image below is a Landsat ETM+ panchromatic en-
hanced image  (15m resolution) showing the Llica structure. 

 
The geologic setting of this crater would suggest a volcanic ori-

gin, since it is located among several volcanic cones, part of the vol-
canic chain of the Andean Cordillera. A careful examination of the 
digital elevation model for the region reveals that, contrary to all 
other volcanic craters in the surrounding region, this crater is located 
at a very distinct topographic low, right at the basis of a large vol-
cano, surrounded by volcanic flows coming from the large volcano. 
The image below in a DEM derived from the Shuttle Radar Topog-
raphic Mapping (SRTM) showing the topographic low that marks 
this crater (round blue area at the center). All the volcanoes, and 
their conspicuous explosion craters, correspond to high elevations – 
the round red areas mark the top of the volcanoes and their craters.  

 
Integrated interpretation of the Landsat and SRTM images 

shows that the crater has a raised external rim, possibly formed by 
overturned strata of volcanic flows. There is also a younger flow, 
probably post-impact, going downslope around the raised rim, circu-
lating the structure.  

No specific geological information about this crater was found 
and the region is very remote and of difficult access. We therefore 
interpret this feature as a possible impact crater, based on the above 
mentioned geomorphologic characteristics.  
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VISTA ALEGRE: A NEWLY DISCOVERED IMPACT 
CRATER IN SOUTHERN BRAZIL 
A. P. Crósta1, C. Kazzuo-Vieira and A. Schrank1. 1Geosciences 
Institute, Univ. Campinas, Brazil. E-mail: alvaro@ige.unicamp.br 

 
Introduction: Vista Alegre impact crater is a 9.5 km circular 

structure centered at 52º 41’S and 25º 57’W, in Paraná State, 
southern Brazil. It was formed on Cretaceous basalts of the Serra 
Geral Formation and it was recently discovered by the authors, 
being first reported at this meeting.  

Geological Setting and Impact Features: The Vista Alegre 
crater has a very similar geological setting to that of Vargeão crater 
[1], located only 100 km to SE. Both craters were formed on basaltic 
rocks of Serra Geral Fm., both have similar overall characteristics 
and diameters and Triassic/Jurassic sandstones exposed at the 
central uplifted portion of the crater. Vista Alegre is clearly visible 
in Landsat/ETM+ and SRTM DEM images, as an almost-perfect 
circular depression with steep borders and topographic gradients up 
to 300m, measured from the rim to the bottom of the depression. 
 
 
 
 
 
 
 
 
 
 
 
 
 

The image shows a SRTM 
DEM image, depicting 
Vista Alegre impact 
crater, in a 3-D 
perspective viewed from 
the south. Except for the 
SW portion, where the 
Chopim River cut through, 
the outer rim is well 
preserved. The central 
uplift appears as a subtle 
topographic feature, 
represented by gentle hills. 

Polymict impact breccias occur at the central portion of the 
crater. They consist of weathered and highly deformed angular 
fragments of basalts, dolerites, gabbros, sandstones and fragmented 
minerals, immersed in a medium to fine-grained matrix. Some 
glassy fluidal forms, including portions of the matrix, seem to be the 
product of impact-related fusion. PDFs were found in isolated quartz 
grains within the breccias, together with cm-size shatter cones 
formed in fine grained material. Boulders of sandstone with 
conspicuous cataclastic deformation were found near the center, 
showing characteristics of Jurassic/Triassic sandstones of the 
Botucatu/Pirambóia formations, which usually sit at depths of 1,000 
m bellow the basalts of the Serra Geral Fm. 

Conclusions: Although the results are still preliminary, Vista 
Alegre fills several morphological, structural, deformational and 
petrologic criteria for a complex impact crater. Ongoing studies will 
further investigate the characteristics of this crater. A possible 
double impact origin for Vista Alegre and Vargeão shall be taken 
into account, considering the proximity and stratigraphic similarities 
of these two craters. Vista Alegre therefore represents the 5th proved 
impact crater in Brazil, together with Araguainha, Serra da 
Cangalha, Riachão and Vargeão [2]. 

Acknowledgments: The authors express their recognition to O. 
Kretschek, whose insight of the anomalous circular landform at 
Vista Alegre led to the discovery of this impact crater. They also 
thank G. D. Crósta for valuable support during field work.  

References: [1] Kazzuo-Vieira et al. (2004), 67th Ann. Meet. 
Meteorit. Soc (this CD-ROM). [2] Crósta A. P. (1987) In: Pohl J. 
Research in Terrestrial Impact Structures, p. 30–38. [3] Romano & 
Crósta (2004), 35th Lunar & Planetary Conference.  
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NITROGEN IN INDIVIDUAL CHONDRULES OF 
UNEQUILIBRATED ORDINARY AND ENSTATITE 
CHONDRITES 
J.P. Das and S.V.S. Murty, Planetary and Geosciences Division, Physical 
Research Laboratory, Ahmedabad 380009, India  
(jpdas@prl.ernet.in) 
 
    In our continueing effort to understand the nitrogen systematics in 
chondrules [1], we analysed chondrules from unequilibrated chondrites 
belonging to the classes H (Tieschitz, Udaipur, Dhajala), L (Saratov), LL 
(Chainpur) and E (Parsa, Qingzhen). Chondrules were hand picked from 
gently disaggregated bulk samples and any adhering matrix material has 
been removed by microscopic inspection and ultrasonic cleaning. From 
chondrules that are large (≥ 1mg), a split is taken for texural, 
mineralogical and chemical characterisation. Gas extraction was done by 
laser heating and nitrogen and noble gases have been analysed as earlier 
detailed [2]. Here, we focus on the nitrogen results. The δ15N values 
discussed here have been corrected for cosmogenic contribution, based on 
the 21Nec [3], and hence correspond to trapped N component(s). 
     In the case of ordinary chondrites, both the N contents and δ15N values 
of the chondrules show a wide range, and in general, are different from 
their respective host chondrites. For example, in Dhajala wherein more 
than 20 chondrules have been analysed, N contents show a range of 0.8 to 
35 ppm while δ15N show a range of –74 to +171 ‰, as against the bulk 
meteorite values of 2 to 4 ppm N with δ15N of 0.4 to –3.6 ‰. However, in 
the case of E chondrites, though the N contents of chondrules differ from 
the bulk meteorite, their δ15N values fall in the range of bulk E chondrites. 
This clearly suggests that the precursors of chondrules from enstatite and 
ordinary chondrites could be different, as indicated by oxygen isotopes 
[4]. In a plot of N Vs. δ15N (Fig.),  the spread  of  δ15N values for UOC  
chondrules, and a  
narrow clusterring  around the bulk meteorite values for UEC is clearly 
seen. 

        Similar to the N contents, the elemental ratio (36Ar /14N) also shows 
a wide range among chondrules, and (in general) lower values in 
chondrules as compared to the bulk meteorite (for UOC). This seems to 
suggest that the major carrier phases of N and Ar (noble gases) are not the 
same in UOC chondrules. On the other hand, in E chondrites, both the 
chondrules and the bulk meteorite have comparable (but lower than in 
UOC) values of          (36Ar /14N). This could be due to N being present in 
inorganic form in both the bulk and (most probably) the chondrules of E 
chondrites. Microscopic and EPMA investigations on chondrule splits of 
UOC have revealed the presence of metal-sulphide (MS) rich rims and/or 
the presence of MS blobs in the interior of chondrules, that showed large 
deviation from the bulk meteorite (36Ar /14N) value. The chondrules 
without rims and/or with interiors mostly devoid of MS phases have 
shown a much narrow range in the (36Ar /14N) ratio. If MS phases 
dominantly host Q-Ar [5], the proportion of MS in a chondrule might be a 
key factor in the observed variability of the (36Ar /14N) ratio.  
     References: [1] Murty S.V.S. and Mahajan R.R. (2003) MAPS 38, 
A20; [2] Mahajan R.R. and Murty S.V.S. (2003) Proc. Ind. Acad. Sci. 
(EPS) 112, 113-127; [3] Mathew K. and Murty S.V.S. (1993) Proc. Ind. 
Acad. Sci. (EPS) 102, 415-437; [4] Clayton R.N. (1993) Annu. Rev. Earth 
Planet. Sci. 21, 115-149; [5] Vogel N. et al. (2004) MAPS 39, 117-135. 
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EVAPORATION OF MELILITE.  
A. M. Davis1,2,3, R. A. Mendybaev1,2 and F. M. Richter1,2. 
1Chicago Center for Cosmochemistry, 2Department of the Geo-
physical Sciences, and 3Enrico Fermi Institute, University of Chi-
cago, Chicago, IL 60637. 

 
Introduction: We have been conducting experiments under 

extremely reducing conditions to investigate the influence of 
evaporation conditions and cooling rate on textures and mineral-
ogy of Type B CAIs [1–4]. In many such experiments, a melilite 
rim formed at the surface, as a result of local evaporative loss of 
magnesium and silicon from the melt, which raises the crystalli-
zation temperature of melilite. Under these conditions, evapora-
tion of crystalline melilite occurred within a few µm of the sur-
face, forming new phases. We explore these effects here and dis-
cuss implications for observations in CAIs. 

Experiments and results: Samples of composition   [2,3] 
(along the solar nebular condensation curve) were held at fixed 
temperatures of 1351–1422°C for 0.5–22 h or cooled at 2–10°/h 
in reducing gases in a 1 atm furnace. In experiments run at 1351 
and 1385°C, the average melilite composition was Åk28 and ap-
proached Åk14 near the surface. In these samples, spinel near the 
surface had significant excess Al2O3 (2≤(Al/Mg)atom≤5) when 
enclosed in melilite, but stoichiometric when in contact with 
glass [4]. In the 1422°C experiments, average melilite was Åk10, 
but approached pure gehlenite near the surface. Gehlenite was 
intergrown with grossite at the surface. In one area, hibonite and 
grossite partially replaced spinel (Fig. 1).  

 
Fig. 1. BSE image of synthetic CAI evaporation residue (Gros—

grossite; Hib—hibonite; Mel—melilite; Sp—spinel). 
Discussion: The texture and mineral assemblage in Fig. 1 is 

quite similar to that of a CAI from Murchison, for which a melt-
ing temperature of 2100°C and a cooling time of only a few sec-
onds was inferred [5]. It is now apparent that such assemblages 
(and nonstoichiometric, Al2O3-rich spinel) can be made by more 
prolonged heating and evaporation of crystalline melilite and 
spinel at much lower temperatures under the reducing conditions 
typical of a gas of solar composition.  

References: [1] Richter F. M. et al. 2002. Lunar Planet. Sci. 
XXXIII Abstract #1901. [2] Mendybaev R. A. et al. 2003. Lunar 
Planet. Sci. XXXIV Abstract #2062. [3] Mendybaev R. A. et al. 
2003, Meteoritics & Planetary Science 38:A100. [4] Davis A. M. 
et al. 2003, Evolution of Solar System Materials Conference Ab-
stracts, 17–18. [5] Simon S. B. et al. 1994. Geochim. Cosmo-
chim. Acta 58, 1937–1949. 
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A LOW PRESSURE EJECTION MECHANISM FOR 
MARTIAN METEORITES?  
P. S. DeCarli1, A. El Goresy2, Z. Xie3, and T. G. Sharp3  1SRI 
International, Menlo Park, CA94025, USA paul.decarli@sri.com. 
2Max-Planck-Institut fuer Chemie, Mainz, Germany. 3Arizona 
State University, Tempe, AZ85287,  

 
Introduction:  Over 40 years ago, Gene Shoemaker, Don 

Gault, and Paul DeCarli discussed the possibility that a  large 
impact could accelerate Martian rocks to escape velocity.  If the 
shock in near-surface rocks were relieved by planar release 
waves from the surface, the rocks might be ejected by spalling at 
a free-surface velocity of 5 km/s, corresponding to a shock pres-
sure of about 65 GPa. Don convinced us that planar stress release 
was improbable and that it was much more likely that Martian 
rocks would be ejected at a particle velocity of 5 km/s, corre-
sponding to a shock pressure in excess of 100 GPa. The rocks 
would be molten on release of pressure.   

However, there is very strong evidence that certain meteor-
ites  did originate on Mars.  There is also strong evidence that 
some of these Martian meteorites were not shocked to pressures 
as high as 65 GPa, the minimum pressure implied by the spall 
mechanism.  Measurements of the magnetic field of Martian me-
teorite ALH84001 imply that the ejection event did not heat it 
above about 40  C [1], corresponding to a maximum shock pres-
sure during ejection of < 13 GPa.   

Further Constraints: The primary problem is to avoid ten-
sile (and shear) stresses that fragment the meteorite. Dynamic 
(microsecond-duration stress) tensile failure of compact rocks 
begins in the range of about 100-250 MPa, and complete frag-
mentation is observed at tensile stresses above 500 MPa [2].   
The fact that Martian meteorites have dimensions of centimeters 
implies acceleration by pressures less than 500 MPa.   

Low-Pressure Acceleration of Meteorites: If we have cor-
rectly identified the Martian meteorites, there must be a mecha-
nism for low-pressure acceleration. The high-velocity guns used 
in experimental impact studies use modest pressures, less than 
300 MPa, to achieve projectile velocities as high as 6 km/s.  
Vickery’s calculations indicate that Martian surface rocks could 
be accelerated to escape velocity  by entrainment in an impact-
generated vapor cloud [3]  The calculations indicate that rocks 
having a crush strength of 100 MPa could be as large as large as 
10 m diameter and survive acceleration to 5 km/s.   Weaker 
rocks, with a crush strength of 10 MPa, would have to be smaller, 
ca. 1 m diameter, to survive acceleration to 5 km/s. 

New Results: We present the results of current studies of 
Zagami. Our interpretation of its thermal and pressure history 
implies that its shock history predated its ejection from Mars. 
Our calculations are in agreement with Vickery’s. 

Conclusions: The fact that a meteorite is identified as Mar-
tian  does not imply a high pressure, ca 65 GPa, ejection event.   
Observations on Martian (and even Lunar) meteorites are consis-
tent with a low-pressure mechanism for accelerating the meteor-
ites to escape velocity.  

References: [1] Weiss B. P. et al 2000 Science 290:791-795  
[2] Ai H. A. and Ahrens T. J. 2004 Meteoritics and Planetary 
Science 39: 233-246 [3] Vickery A. M. 1987 International Jour-
nal of Impact Engineering 5:655-661 
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THE EVENT NEAR THE CURUÇÁ RIVER.  
R. de la Reza[1], P. R.Martini [2],A. Brichta [3], H. Lins de 
Barros [4], P. R. M. Serra [5]. [1] Brazilian National 
Observatory-MCT, delareza@on.br. [2] Brazilian Institute on 
Space Research-MCT. [3] Federal University of Bahia. [4] 
Brazilian Physics Research Center-MCT. [5] Brazilian Institute 
on Space Research - MCT. 
 
This event, also known as the "Brasilian-Tunguska Event" 
(Bailey et al. 1995), refers to a supposed fall of three bodies in 
the early morning of August 13, 1930 on the Brazilian 
Amazonian forest, near the Peruvian border. 
In this work we will try to summarize the following aspects: a) 
the historical backgrounds; b) the search for possible occulted 
astroblemes; c) seismic evidences d) the expedition and 
exploration of the area d) the astronomical evidences. All these 
points produced separate evidences indicating that the event 
could have happened. Some descriptions about the fall were 
captured from the newspapers and the local atholic missionaries. 
Based on this very general information an analysis of LANDSAT 
image over the Curuça high waters was undertaken in order to 
find a feature that could indicate the falling site. One structure 
measuring 1 kilometer structure centered in latitude S 05:11 and 
longitude W 071:38 was mapped and aerial survey was done to 
collect photos and panoramic views. A field trip was organized in 
the first week of June 1997. The mission arrived in the site in 
June 12th and spent about a half a day searching for anomalies. 
Firstly the drainage pattern indicates an up-lifted  circular feature 
with internal aligned (S-W) ridges dipping 22 degrees for 48 S-E 
and 42 N-W. These geomorphic attributes are different from the 
general aspects of the surrounded relief. Two samples of rock 
were collected in the vicinities but not within the structure. They 
did not show any evidence of impact. The vegetation also did not 
present visual evidences of impact but some study must be done 
in the internal rings of the trees in order to look for some 
anomaly. Soils are being analyzed for Iridium and the 
preliminary results suggest the presence of the element. Seismic 
and magnetic evidences are still to be found. From the 
astronomical point of view, the most interesting scenario refers to 
the fall of at least one important piece of the comet Swift-Tuttle 
that provoked an almost circular crater of nearly 1 km of 
diameter. In fact, the yearly encounter of the Earth with the path 
of this periodic comet produces the well known "Perseid Shower" 
of  particles with a present maximum near the night of August 12. 
The Brazilian Tunguska Event is asking for more scientific 
evidences. 
 
References: [1] Bailey, E.M. et al. 1995. The Observatory 
115(1128): 250-253. 
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PROVEN, PROBABLE AND POSSIBLE IMPACT 
CRATERS IN SOUTH AMERICA REVEALED BY ASTER 
AND SRTM DATA AND IMAGE PROCESSING 
TECHNIQUES 
C. R. de Souza Filho1, Bland, P. A2. 1Instituto de Geociências, 
UNICAMP, PO Box 6152, 13083-970, Campinas, Brazil. E-mail: 
beto@ige.unicamp.br. 2 Department of Earth Science and Engi-
neering, Imperial College London, London SW7 2AZ, UK. 
 

Introduction: South America (SA) is the continent where 
less impact craters have been detected on Earth so far, despite the 
availability of ample and long-standing, stable target areas.  In 
and around the Parnaíba basin in northern Brazil, proven impacts 
include Serra da Cangalha and Riachão, whereas probable im-
pacts are São Miguel do Tapuio (5º38`S; 41º24`W; d=20 km; im-
pact affected Neo-Devonian rocks [1]), Gilbués (10º11’S, 
45º15’W; d=10km; impact affected Carboniferous rocks [2]), 
Inajah (8º40`S; 51º00`W; d=6 km; impact affected Paleoprotero-
zoic metamorphic rocks [3]). Araguainha is the largest and the 
only described and proven crater in central SA.  Within the 
Paraná Basin in Brazil, apart from the well-defined Vargeão cra-
ter, there are two additional possible craters in this domain named 
Cerro Jarau (30º12`S, 56º32`W; d=10 Km) and Piratininga 
(22º30`S, 49º10`W; d=12km), which were also formed on Creta-
ceous rocks [4].  Still in the SA Phanerozoic cover, the Campo 
del Cielo craters and a possible feature around the Rio Cuarto 
region, both in Argentina, are well documented in the literature 
[5][6] . Other possible impacts in SA are: Colonia (23º48`, 46º 
42`W; d= 3,6km; feature forming a depression nearby the city of 
São Paulo [7]), Aimores (19º25’S, 41º03’W; d=10km), Ubatuba 
(23º19’S, 44º54’W; d=1km [8]), Curuçá (5º11’S, 71º38’W; 
d=1km; impact event: 13 August, 1930 [9]). The Monturaqui is 
the only authentic crater described in Chile. The Araona (d=8km) 
in Bolivia has also been investigated as a product of an impact. 
This brief review, particularly about possible craters in SA, 
shows the need not only to enhance the present knowledge on 
these sites but also to search for data and techniques that may 
foster new findings in the continent.   

Data and Methods: In this work, we employed data from the 
Advanced Spaceborne Thermal Emission and Reflection Radi-
ometer (ASTER: 14 spectral bands) and the Shuttle Radar To-
pographic Mission (SRTM) to investigate these possible craters 
in detail, bringing new information about them and other possible 
impacts in SA. Specially designed algorithms for generation of 
high resolution DEMs (15-90m) and spectral information assem-
bly from ASTER data were developed as part of this work and 
successfully used to map >10 new impact-like structures in SA.  

Discussions: Although several signatures extracted from re-
mote sensing data suggests that many of these observed features 
are promising and good candidates to be genuine craters, field 
work and a suitable description of impact products are yet needed 
to confirm their authenticy.   

References: [1]R. Castelo-Branco 1997. XVII Simp.Geol. 
Nordeste, Braz. Geol. Soc., 330-334. [2] Master S. & Heymann J. 
2000. Meteoritics & Planetary Science, 35:A105. [3] Martini P. 
R. & Liu C. 1997. VIII Simp. Lat Amer.Percep.Remota. [4] Ha-
chiro J. 2000. 31st Int. Geol. Congr., G2505011. [5] Cassidy et al. 
1965. Science, 149:1055-1064. [6] Bland P.A. et al. 2002. Sci-
ence, 296:1109-1111. [7] Riccomini C. et al.. 1991. Rev. Inst. 
Geol., 12:9-25. [8] Souza, C. R. G. ; Souza, A. P. 1993. Bol. IG-
USP: Série Cien., 24: 21 – 26. [9] Bailey, M.E., D.J. Markham, 
S. Massai and J.E. Scriven. 1995, The Observatory, 115:250-253. 
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EXPERIMENTALLY DETERMINED CaS-MnS REE PAR-
TITIONING: IMPLICATIONS FOR AUBRITIC OLDHA-
MITE.  
T.L. Dickinson1 and T.J. McCoy2. 1Physics Department, Catholic 
University, Washington D.C. 20064, tdickins@nas.edul. 
2Department of Mineral Sciences, National Museum of Natural 
History, Smithsonian Institution, Washington D.C. 20560-0119. 

 
Introduction: A considerable debate exists about the origin 

of aubritic oldhamite (CaS), which is the major REE carrier in 
aubrites [1,2].  Similar REE abundances and patterns between 
some oldhamite grains in aubrites and enstatite chondrites [3], Yb 
anomalies in some aubritic oldhamite [3], and the high melting 
temperature of oldhamite in isolation (>2500 C) have been sug-
gested as evidence for a relict nebular origin for some aubritic 
oldhamite.  In contrast, some aubritic oldhamite REE patterns 
and textures are best explained by igneous processes [3,4].   

Previous Work: While most previous workers [e.g., 3] have 
studied unrelated grains in the matrix of aubrites, we have docu-
mented the REE patterns of co-existing sulfides within an oldha-
mite-rich lithology in ALH 84008 [5]. Previously we measured a 
total of 15 oldhamite, 9 alabandite, 2 djerfisherite, 1 troilite and 1 
daubreelite grain in three thin sections of the oldhamite-enriched 
cataclastic zone in ALH 84008 [5]. We have reanalyzed some 
samples and confirmed that there are two groups of oldhamite 
with different REE abundance patterns. The grains are petro-
graphically similar to each other. Most of the oldhamite grains 
have bowed REE patterns with negative Eu anomalies at abun-
dances of ~100-400xCI [5].  This pattern has been interpreted as 
indicating an igneous origin [3,4]. However, we have confirmed 
[5] the existence of a few grains with positive Eu and Yb anoma-
lies and depleted HREE. These patterns have been interpreted as 
nebular  [5].    

Experimental: We conducted REE partitioning experiments 
between CaS and MnS in an attempt to understand the origin of 
these patterns and to provide further clues to the genesis of 
aubrites. We used 50:50 molar CaS:MnS, doped with 100 ppm of 
each REE. The sample was ramped from 940ºC to 1275ºC over a 
period of 4 hours, held at temperature for 1 hour, and then 
quenched in air. The experiment produced two sulfides—a cal-
cium-dominated sulfide with ~24 wt.% Mn and a Mn-dominated 
sulfide with ~13.5 wt.% Ca. 

Discussion:  (DREE)CaS-MnS in ALH 84008 range between 400 
for the LREE and 5 for the HREE with some pairs exhibiting 
positive Eu and Yb anomalies in the partition coefficients.   In 
contrast, experimentally determined (DREE)CaS-MnS for the LREE 
are approximately 1 and for the HREE are approximately 0.05.  
The experimental partition coefficients also exhibit positive Eu 
and Yb anomalies.  While the patterns of the partition coeffi-
cients are similar, the magnitude of the DREE suggests that   
REE’s strongly prefer oldhamite in the natural system and either 
show no preference or prefer MnS in the experimental system.  
We conclude that sulfide-sulfide partitioning did not establish the 
overall abundances of REE’s in natural aubritic sulfides that may 
have been established by silicate-sulfide partitioning, but may 
have played a role in producing both Eu and Yb anomalies.  

References: [1] Floss C. et al. (1990) GCA 54, 3553. 
[2] Lodders K. et al. (1993) Meteoritics 28, 538. [3] Floss C. and 
Crozaz G. (1993) GCA 57, 4039. [4] Wheelock M.M.  et al. 
(1994) GCA 58, 449. [5] McCoy T.J. and Dickinson T.L. (2001) 
Abstract #1221. 32nd Lunar & Planetary Science Conference.  
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ORIGIN OF WATER IN THE TERRESTRIAL PLANETS.  
M. J. Drake, Lunar and Planetary Laboratory, University of Arizona, 
Tucson, Arizona 85721-0092, U.S.A. 
 

Introduction:  There is no consensus on the origin of water in 
the terrestrial planets.  Earth demonstrably has water. Odyssey has 
shown vast water ice sheets buried under a thin layer of dust pole-
wards of about 60° of latitude in both hemispheres of Mars [1].  The 
D/H ratio of Venus is about 100 times that of Earth’s oceans [2], and 
is plausibly explained by loss of H2O through UV photodissociation 
at the top of the Venus atmosphere.  Mercury and the Moon appear 
to be bone dry, possibly due to volatile loss in giant impacts. 

Sources of water:  It has generally been thought that the accre-
tion disk was too hot at 1 AU for hydrous minerals to be stable, 
although the thermal history of the inner disk is based on models, 
not observations.  Comets had been a popular choice for the source 
of water, as they demonstrably contain water ice.  However, the 
measured D/H ratios in Hale-Bopp, Hyakutake, and Halley are iden-
tical within error and, if these measurements are representative of 
bulk comets, they constrain the contribution of cometary water to 
less than 15%.  The ratio of Ar/H2O in comet Hale-Bopp and Ar/O 
in comet LINEAR imply still lower limits on cometary water if the 
spectral measurements are reliable.  Asteroids are dynamically plau-
sible sources of water, but Os isotopes in Earth’s mantle rule out 
known meteorite types as the source of Earth’s water.  See Drake 
and Righter [3] for a more thorough discussion.  Inward migration 
of phyllosilicates has also been proposed [4]. 

Indigenous source revisited:  Let us accept for now that the in-
ner accretion disk was too hot for hydrous minerals to be stable and 
consider an alternative source of H2O.  The dust in the disk was 
bathed for some time in a sea of H and O, and some unknown 
amount of H2O must have formed, the limit being the equilibrium 
thermodynamic quantity.  It is possible that water from the gas 
phase could be adsorbed onto grains in the inner solar system and 
subsequently accreted into the terrestrial planets. Stimpfl et al. [5] 
discuss the plausibility of this mechanism.  Ab initio calculations at 
0 °K in which the Gibbs free energy of Si – O clusters is minimized 
and then a H2O molecule is introduced indicate that strong chemical 
bonds can be formed between the water molecule and the Si – O 
cluster [6], making retention of H2O during the later violent stages 
of accretion more likely. 

Conclusions:  These considerations suggest that H2O may have 
been obtained by the terrestrial planets directly from the gas phase in 
the accretion disk, and that Mars, Earth, and Venus all had similar 
initial water budgets.  Accretion of water in the presence of metal 
will lead to extraction of H into planetary cores and progressive 
oxidation of planetary mantles [7, 8].  The “feeding zones” of the 
terrestrial planets would be relatively narrow over most of planetary 
accretion, consistent with differences in O-isotopes, Cr-isotopes, and 
major element compositions of Earth and Mars.  The “late veneer” 
could plausibly be of asteroidal origin, consistent with dynamical 
calculations [9]. 

References: [1] Boynton W.V. et al. (2002) Science 297, 81-85.  
[2] Donahue T.M. and Pollack J.B. 1983) In Venus, U of A Press, 
1003-1036.  [3] Drake M.J. and Righter K. (2002) Nature 416, 39-
44.  [4] Ciesla F.J. et al. (2004) LPSC XXXV, abstract 1219.  [5] 
Stimpfl M. et al. (2004) MAPS 39 (in press).  [6] Gibbs G. (2004), 
personal communication.  [7] Drake M.J. (2003) GCA 67, A83. [8] 
Righter K. (2004) LPSC XXXV, abstract 1674.  [9] Morbidelli A. et 
al. (2000) MAPS 35, 1309-1320. 
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USING HED METEORITES TO HELP CHARACTERIZE 
V-TYPE ASTEROIDS.  
R. D. Duffard1 and D. Lazzaro1. 1Observatorio Nacional, Rio de 
Janeiro, Brazil. E-mail: duffard@on.br.  

 
       The Howardites, the Eucrites and the Diogenites (HEDs) 
meteorites were likely formed at different depths of the large 
asteroid (4) Vesta and arrived on Earth after passing trough 
Vesta-derived, Km-sized, intermediary bodies (V-type asteroids). 
      The spectroscopic link between the V-type asteroids in the 
vicinity of Vesta and the HED’s meteorites seems to be quite 
consistent [1, 2], especially if we take into account that basaltic 
material is very rare in the asteroid belt. The mineralogical 
characterization of these objects through the analysis of the 
depth, width and spectral placement of the 1 and 2  m mafic 
silicate absorption features present in their reflectance spectrum, 
can further strengthen their genetic link.  In a previous work on 
the mineralogy of V-type asteroids in the neighbourhood of Vesta 
we demonstrated the existence of different kinds of basalts which 
seem not related to the fact of the asteroids being, or not, 
members of the Vesta’s dynamical family [3]. 

Here we present the analysis of visible and near-infrared 
(VNIR) spectra of 19 V-type asteroids taken at the Galileo Galilei 
4.0m Telescope, and 29 Eucrites, 14 Howardites and 10 
Diogenites taken from the RELAB public database at Brown 
University [4]. The RELAB standard viewing geometry is 
incidence = 30°, emission = 0° and phase = 30°. Grain size for 
the entire sample is 25  m. Asteroid spectra are from 0.5 to 2.5 
 m and meteorite spectra are from 0.3 to 2.6  m. 

Visually, the spectra are dominated by absorptions near 1 and 
2  m due to electronic transitions of Fe2+ located in the distorted 
M2 site within the pyroxene crystal structure.  The VNIR spectra 
were then analysed with the Modified Gaussian Model (MGM) 
[5] which relies on an accurate shape model of crystal field 
absorption band (modified gaussians) super-imposed onto a 
baseline continuum, that is linear function in energy and log 
reflectance.  Applying the MGM to a large number of HEDs, 
which already have a well-known mineralogy, allow us to have 
more confidence on the remote determination of the surface 
mineralogy of V-type asteroids.   

We used this technique to analyse the ortho and clino-
pyroxene present in the two samples and to compare the end-
member mineral present in each group of meteorites and of 
asteroids. The obtained results will be discussed on view of the 
possible genetic link between the two samples.  

 
References: [1] Binzel & Xu (1993) Science 260: 186.       

[2] Burbine et al. (2001) Meteoritic & Planetary Science 36: 761. 
[3] Duffard, et. al (2004) Icarus, submitted.  [4] Pieters (1997). 
Journal of Geophysical Research 88:9534. [5] Sunshine, J. et al. 
1990. Journal of Geophysical Research 95 : 6955.   
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A RE-EVALUATION OF THE SIZE OF THE CARSWELL 
ASTROBLEME, SASKATCHEWAN, CANADA. 
I. Duhamel1, S. Genest2, F. Robert2 and A. Tremblay1 
1Université du Québec à Montréal, Département des Sciences de la Terre, 
201 Ave. Président-Kennedy, local PK-6125, 6e étage, Montréal 
(Québec), H2X 3Y7, Canada, duhamel.isabelle@courrier.uqam.ca and 
tremblay.a@uqam.ca.2Omégalpha, 539 Route 131, Joliette (Québec), J6E 
7Y8, Canada, omegalpha@qc.aira.com. 
 
The Carswell impact structure, centered at latitude 58 °27’N and 
longitude 109°30’W in northern Saskatchewan, Canada, is 
located in the Athabasca Basin of Proterozoic age. Past works on 
the Carswell area were focused on metallogenic research and the 
study of the impact structure itself was very limited. Since 1983, 
works have been done around and inside the Carswell structure, 
core drilling, geochronological and geochemical analysis, and 
basin depositional analysis were done. The results of these 
studies are as follow: 
Deep diamond drillhole (>1 km deep) in the sediment have been 
done near the central peak and no breccias have been identified in 
the cores. Shock metamorphic features (shatter cones, 
pseudotachylite, suevite) are located in the central peak only 
which basically consists of granitic gneisses and pelites and 
pegmatoids which have all retrograded from granulite facies. 
Ages for hydrothermalism in sediments found right at the contact 
of the central peak and those from outside the Carswell structure 
have coherent ages of 1260 Ma [1]. 
Vertical derivative Bouger anomaly map [2] shows the high 
gravity anomaly of the central peak surrounded by a negative 
annular shape which is itself surrounded by small positive peaks 
numbering about a dozen (0.5 to 2.5 km wide each). As the 
sediments of the Athabasca Basin show no influence in the 
variation of specific density of the rocks, it is estimated that the 
annular gravity low is associated with the basement. The absence 
of breccias in the sedimentary units of the Carswell structure 
suggests that the brecciated impact units (less dense) are in the 
basement rocks, so implying a pre-Athabascan age for the 
Carswell impact structure. 
Paleocurrents and isopach maps [3] of the Athabasca Basin show 
that a large bowl shape surrounding a paleohigh centered on the 
Carswell structure was already available in the basement. This 
paleo-topography controlled the sedimentation of the Athabasca 
Group. The annular shaped dolomitic unit, overlying the positive 
gravity peaks rings mentioned above, at the current erosion level 
could correspond to the destabilisation of the central peak during 
sedimentary compaction. Differential compaction on a peak ring 
would have created an annular graben in a mechanism similar to 
the one in Utopia Planitia on Mars [4].  
The Carswell impact structure is therefore older and larger than 
previously estimated [5, 6]. Using both Rondot’s [7] and Grieve’s 
[8] models for complex impact structure, the central uplift (38 
km) considered to be underneath the annular dolomitic unit 
would suggest a crater size in the basement of 118 to 125 km 
wide. This value is a minimal one and fits data from 
paleocurrents and isopach maps done by Ramaekers on the 
Athabasca Basin. 
References : [1] Ey F. (1984) Thèse Doc Spéc., Univ Strasbourg, 165 p.  
[2] Miles W. and Slimmon W.L. (2000) Geol. Survey Canada and Sask. 
Indust. Res in. Geological Atlas of Saskatchewan web page.  [3] 
Ramaekers P. (1990) Sask. Geol. Surv., Sask. En. Min., Rep. 195, 49 p.  
[4] Buczkowski D. L. and Cooke M. L. (2004) JGR, 109, E02006, 8 p.  
[5] Harper C. T. (pers. comm. 2004).  [6] Harper C. T. (1983) Ph.D. 
thesis, Colo. School Mines, Golden, Colorado.  [7] Rondot J. (1994) 
Earth-Science Reviews 35(4), p. 331-365.  [8] Grieve R. A. F. (1998) 
Geol. Soc. Spec. Pub. 140, p.105-131. 
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