
draulic transition, its abruptness suggests a 
corres~ondine discontinuitv in the sedi- 
ment ;ranspo;t. One expla4tion, based on 
the assumotion that transoortabilitv varies 
smoothly k t h  grain size, is' that the'discon- 
tinuitv in transoort results from a eao in the - 
size distributioi of the sediment supply near 
the sand-gravel boundary (27, 28). Figure 1 
suggests an alternative explanation: A small 
increase in f, [typically observed immediate- 
ly upstream of the transition (27)] can pro- 
duce a large increase in the relative trans- 
oortabilitv of sand and gravel. Where this - 
occurs, 7:: should decrease for both sand and 
gravel, but the decrease in 7, is proportion- 
ately larger (Fig. 1C). The resulting en- 
hanced transportability of the sand will ac- 
celerate hydraulic sorting at the transition, 
such that sand, but not gravel, is able to 
proceed into the lower-energy environment 
downstream. 
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Formation of Carbonates in the 
Tatahouine Meteorite 

J. A. Barrat, Ph. Gillet, C. Lecuyer, S. M. F. Sheppard, 
M. Lesourd 

The Tatahouine meteorite, in southern Tunisia, shows terrestrial contamination that 
developed during 63 years of exposure on Earth's surface. Samples collected on the day 
of the fall in 1931 contained fractures, with no secondary minerals, whereas samples 
collected in 1994 contain calcite aggregates (70 to 150 micrometers) and rod-shaped 
forms (100 to 600 nanometers in length and 70 to 80 nanometers in diameter) on the 
fractures. Carbon isotope analysis of the carbonates within the Tatahouine meteorite 
[Sq3C = 2 . 0  per mil Pee Dee belemnite standard (PDB)] and the underlying ground 
(Sq3C = 3 . 2  per mil PDB) confirm their terrestrial origin. 

T h e  fall of the Tatahouine achondrite 
was observed on 27  June 1931 (1).  The 
meteorite broke up along mineral grain 
boundaries at low altitude or upon impact. 
Hundreds of fragments were dispersed over 
a stnall strewnfield (<1  kmz) on a hill 
slope composed of Jurassic limestones with 
a desertic sandy soil. Many fragments were 
recovered that same day and sent to the 
MusCe National dlHistoire Naturelle in 
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Paris. The weights of the collected samples 
ranged from nearly 2 kg to 1 g or less. They 
were co~nposed essentially of large or- 
thopyroxene crystals ( 5 3  cm) with acces- 
sorv chromite. iron sulfide. metal. and 
glass inclusions. The fragments were not 
highlv brecciated bv extraterrestrial shock - ,  
events and display a partly recrystallized 
igneous texture. Tatahou~ne was classified " 

as a diogenite ( I ) ,  and this interpretation 
was confirmed by oxygen isotope system- 
atics (2 ) .  The strewnfield was revisited in 
1994 by Alain Carion, who recovered sev- 
eral small samples (<5G g) by sifting the 
first few centimeters of soil. 

We examined samples and thin sec- 
tions of Tatahouine collected in both 
1931 and 1994. All the samples exhibit 
preexisting fractures, which were created 
either during the preterrestrial history of 
the meteorite or during its Impact with 
Earth's surface. The fractures in the 1931 
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samples are empty and the surfaces are 
bright. Many of the fractures in the 1994 
samples contain yellowish to light orange 
mineral aggregates. They occur as a partial 
filling with a rosette texture (Fig. 1A) or 
completely fill the fractures (about 100 
pm wide) running throughout the centi- 
meter-sized samples analyzed in this study. 
The rosettes are associated with saucer- 
shaped cavities (70 to 150 pm in diame- 
ter, 15 to 20 pm thick) in the orthopy- 
roxene. The mineralogy of the aggregates 
is dominated by calcite (Fig. 2) as identi- 
fied by micro-Raman spectroscopy (3). 
Carbonates rarely have been documented 
in meteorites, although they have been 
identified in some carbonaceous chon- 
drites and martian meteorites (4). Calcite, 
dolomite, and breunnerite are usually ob- 
served but, in the case of the martian 
meteorite ALH84001, complex chemical- 
ly zoned (Mg, Fe, Ca) carbonates occur. 

Two arguments demonstrate without 
ambiguity the terrestrial origin of the car- 
bonates. The mineralogical differences in 
the fractures between 1931 and 1994 indi- 
cate that the calcite fillings are no more 
than 63 years old. The carbon and oxygen 
isotope compositions of the carbonate (5) 
were measured on the fracture fillings, on 
one external surface coating (about 70 
weight % CaCO,), and in the sandy soil 
(about 6 weight % CaCO,) immediately 
below the Tatahouine fragments. The frac- 
ture-filling carbonates and the coatings 
gave similar values (613C = -2.0 and - 1.8 
per mil PDB, 6180 = +29.6 and +29.8 per 
mll standard mean ocean water, respective- 
ly). The results obtained on the sandy soil 
are slightly lower (613C = -3.2 and 
6"0 = +28.9 per mil). Because the isoto- 
pic compositions of the fillings and the 

coating are similar to carbonate from 
the soil. we conclude that the fillings and 

u 

the coatings result from solution and repre- 
ci~itation of the local sedimentarv carbon- 
at'es. The lack of a significant c a h n  iso- 
tope fractionation does not exclude forma- 
tion of carbonates by biogenic processes. 

We examined the Tatahouine achon- 
drite under a field emission gun-scanning 
electron microscope (FEG-SEM) (6). At 
low magnification (Fig. lA), the rosettes 
appear to be composed of a porous aggre- 
gate of small (510 pm) crystals of calcite, 
which was confirmed by Raman spectrosco- 
py and qualitative energy dispersive spec- 
troscopy (EDS) analyses, as well as traces of 
clav. No chemical zoning inside the rosettes 

u 

was detected. At higher magnifications 
(x30.000 to x230.000). the surfaces of . , , . .  
some crystals display small rod-shaped forms 
with rounded ends 70 to 80 nm wide and 
ranging from 100 to 600 nm in length (Fig. 
1, B to D); some of them look segmented 
(Fig. 1B). Small spheroidal forms (about 70 
nm in diameter) are less frequent. In some 
places, the rod-shaped forms are so numer- 
ous that they appear to surround the crystals 
(Fig. ID). Identical rod-shaped objects are 
found in the same open fractures, on the 
orthopyroxene (Fig. 1C) and chromite crys- 
tals, and on the external surfaces of the 
meteorite fragments (collected in 1994) 
that were in contact with the soil. 

Similar rod-shaped objects have been 
described in the martian meteorite 
ALH84001 and have been proposed to be 
possible fossils of martian microbes (7). 
This interpretation is still vigorously disput- 
ed (8, 9), and four types of explanations for 
these forms are currently debated: (i) arti- 
facts produced when the samples were being 
coated for observations under an electron 

Fig. 1. (A) SEM image of a 
saucer-shaped calcite ro- 
sette on afresh internal frac- 
ture surface of an orthopy- 
roxene crystal [(Mg, Fe)Si03] 
from a sample collected in 
1994 (bar = 10 pm). The 
porous aggregate rosette 
lies in a cusp in the 
pyroxene, suggesting a lo- 
cal dissolution feature of 
the silicate. The rosette is 
about 80 pm in diameter. (B 
to D) High-resolution FEG- 
SEM images showing rod- 
shaped and ovoid features. 
(6) The rod-shaped objects 
lie randomly on a crystallo- 
graphic face of a single 
rhombohedra1 calcite crys- 
tal. (C) A rod-shaped object lies on an orthopyroxene surface near a carbonate rosette. Note the 
complex surface texture. (D) Typical cluster of rod-shaped and round-ended objects occasionally 
observed within the carbonate rosettes. 

microscope (8, 10); (ii) imaging artifacts 
related to the viewing angle under the elec- 
tron beam (8); (iii) mineralogic (8); and 
(iv) very small bacteria or bacterial relicts 
(7). The artifact interpretation is not valid 
for our samples. Tatahouine chips, some 
with calcite aggregates and others just fresh- 
ly broken and free of secondary minerals, 
were mounted together and then coated 
with carbon (6). No artifact was observed as 
a consequence of this coating process (Fig. 
3). The rod-shaped forms are observed only 
on the carbonate-bearing fractures on car- 
bonate, pyroxene, and rare chromite, and 
are thus unambiguously related to the ter- 
restrial fluid-assisted alteration of the mete- 
orite. Bradley et d. (8) have proposed in the 
case of ALH84001 that the rod-shaped 
forms could be high-temperature vapor-de- 
posited magnetite whiskers or emergent 
substrate lamellae, which can mimic bacte- 
rial forms under certain viewing angles. 
This interpretation cannot be applied to 
Tatahouine for two reasons. (i) The carbon- 
ates formed at surface temperature (<60°C), 
and (ii) some of the rod-shaped forms are 
randomly clustered (Fig. ID). When they 
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Fig. 2. Typical Raman spectnrm recorded on a 
rosette compared with the spectrum of a pure 
calcite single crystal (3). A low laser power (10 
mW) was used. At higher powers the sample, 
which was white, turned brown and then smoke 
was observed where the beam had been. The 
observed 4 to 5 cm-I difference between the two 
spectra for the two low-lying frequency modes is 
consistent with about 100 K heating of calcite (12) 
under the spot. The noisy spectrum, absorption of 
the laser radiation, and strong fluorescence can 
be related to the presence of organic matter or to 
traces of transition elements like Fe3+ and Mn2+ 
(73). 
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occur as isolated individuals. no vreferred 
orientation is observed with respect to crys- 
tallographic directions of the substrate car- 
bonate (Fig. 1B) or pyroxene (Fig. 3B). 
Moreover, changing the viewing angle 
shows that they are not rooted in specific 
planes of the substrate minerals. 

Further information on the rod-shaped 
forms can be inferred from EDS chemical 
analysis. The chemical composition of an 
individual rod cannot be determined directly 
because it is too small for EDS techniaues. 
However, for the clusters with sizes of a few 
micrometers. a aualitative analvsis is made 
possible. The iiferred cornPoskion of the 
clusters is indistineuishable from that of the 
substrate calcite. vThe rods are thus either 
purely inorganic calcite-rich precipitates or 
mineralized organisms. Chemical analyses 
confirm that they cannot be magnetite or 
other iron oxides, iron hydroxides, or sili- 
cates. Similar forms 5 to 10 times larger are 
conventionally interpreted to be bacterial 
relicts (1 1). Although, there is no direct 
evidence for bacterial activitv. we note that. 
in addition to the rod-shaped'forms and thei; 
surface textures (Fig. ID), there is an inti- 
mate association between the saucer-shaped 

Fig. 3. Comparison of high-magnification FEG- 
SEM images of two pyroxene surfaces from the 
same Tatahouine sample. They were coated to- 
gether on the same mount (6) to check for potential 
artifacts related to the coating procedures. (A) This 
surface was created bv breakina the sarn~le far 
away from any observeb preexisGng fractures. (B) 
This surface was near a rosette in a filled fracture. In 
both (A) and (B), the cleavages are observed. The 
rod-shaped fons  are observed only in (B), ruling 
out a coating artifact for these features. Note also in 
(B) the random orientations of the rods. 

depression in the pyroxene and the carbon- (1988); B. Mason etal., Smithson. Contrib. Earth Sci. 

ates. ne depressions result 30'17 (1992); A. J. T. JuII, C. J. Eastoe, S. Cloudt, J. 
Geophys. Res. 102,1663 (1 997). 

from bacteria exploiting the immediate pres- 5, Isotopic analyses were performed on CO, gas ex- 
ence of chemical elemen-carbon and cal- tracted by a H,PO,acid technique with ~VG~PRISM 

,-ium from the carbonates, and iron, silicon, mass spectrometer. For the fracture-filling sample, 
three chips without coating (total weight 30 mg), with 

and SO forth from the orthopyroxenes. a few filled microfractures, were selected and 
We vrovose the following scenario for leached with H,PO, acid for 12 hours, yielding about 

~atahoiine's  residence on ~ i r t h .  In 1931, 
the meteorite fell and was found with un- 
filled fractures. During the 63-year history 
of the meteorite in the desert soil, fluids 
transferred carbonates from the local sedi- 
ments or soil to the meteorite, filling the 
preexisting fractures and locally coating the 
fragment surfaces. This demonstrates that 
meteorites can acquire terrestrial minerals 
in a very short time. 
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Oxygen Isotopic Abundances in Calcium- 
Aluminum-Rich Inclusions from Ordinary 

Chondrites: Implications for Nebular Heterogeneity 
Kevin D. McKeegan,* Laurie A. Leshin, Sara S. Russell, 

Glenn J. MacPherson . 

The oxygen isotopic compositions of two calcium-aluminum-rich inclusions (CAls) from 
the unequilibrated ordinary chondrite meteorites Quinyambie and Semarkona are en- 
riched in 160 by an amount similar to that in CAls from carbonaceous chondrites. This 
may indicate that most CAls formed in a restricted region of the solar nebula and were 
then unevenly distributed throughout the various chondrite accretion regions. The Se- 
markona CAI is isotopically homogeneous and contains highly 160-enriched melilite, 
supporting the hypothesis that all CAI minerals were originally 160-rich, but that in most 
carbonaceous chondrite inclusions some minerals exchanged oxygen isotopes with an 
external ,reservoir following crystallization. 

CAI~ in primitive chondrite meteorites are and isotopic abundances have provided 
the oldest solid materials believed to have unique information regarding the thermal 
formed in the solar system (1, 2). Studies of and chemical processing of materials during 
their mineralogy, chemical composition, the earliest epoch of solar system formation 

(3). However, most previous studies exam- 
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20560, USA. tain large and abundant CAIs. Thus, the 
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