N/

— =

Meteoritics & Planetary Science 40, Nr 4, 609-625 (2005)
Abstract available online at http://meteoritics.org

Carbonatesin Vigarano: Terrestrial, preterrestrial, or both?

NeydaM. ABREU" and Adrian J. BREARLEY

Department of Earth and Planetary Sciences, University of New Mexico, Albugquerque, New Mexico 87131, USA
*Corr&spondi ng author. E-mail: abreu@unm.edu

(Received 16 July 2004; revision accepted 25 February 2005)

Abstract—Studies of two separate stones of the CV 3 chondrite Vigarano have revealed the presence
of previously unreported occurrences of calcite. Inthefirst stone, calcite occursasthin veinsin atype
B CAIl. In contrast, observations of the second stone, which was recovered one month after its fall,
show three calcite occurrences. networks of veins, vesicle fillings in the fusion crust, and
pseudomorphic replacement of augite associated with a porphyritic olivine chondrule. The most
common occurrence is as veins ranging in thickness from <1 um to 25 um and extending for more
than several hundred um. Some veins crosscut the fusion crust and are connected to a carbonate
coating on the exterior of the meteorite. Extensive minor element zoning occurs in carbonate masses,
indicating variationsin the fluid composition and/or redox potential during carbonate growth. Based
on thetextural evidence and acomparative study with carbonate veinsin the CV 3 chondrite Leoville,
we conclude that the veins are terrestrial in origin. We propose amodel for rapid carbonate formation
inwhich calcite precipitation is driven by hydrolysis and oxidation in the meteorite interior that move
the fluid composition to alkaline values. In addition, both stones also contain minor occurrences of
carbonate that are not readily explained by terrestrial alteration. Minor carbonate in a type B CAl
occurs in the first stone and calcite occurs as pseudomorphic replacement of augite in the second

stone. Both of these occurrences appear to be preterrestrial, probably asteroidal in origin.

INTRODUCTION

The CV carbonaceous chondrites are a diverse group of
meteoritesthat show awiderangein their degree of oxidation,
textural characteristics, and metamorphism (e.g., McSween
1977; Krot et al. 1995), pointing to a complex evolutionary
history. McSween (1977) made theimportant observation that
the CV chondrites could be divided into oxidized and reduced
subgroups. The oxidized group is characterized by the
presence of magnetite and high-Ni metal, taenite, whereasthe
reduced group contains kamacite. Vigarano, the type CV3
chondrite, belongs to the reduced subgroup of the CV
chondrites, but it is a breccia that contains both reduced and
oxidized material (McSween 1977). Although Vigarano
appearsto be relatively unmetamorphosed, it has experienced
limited agueous ateration, as indicated by the presence of
small amounts of ferrihydrite and smectite in its matrix (Lee
et a. 1996).

Vigarano was observed to fall on the evening of January
22,1910in Vigarano Pieve, afarming community west of the
city of Ferrara, Italy. It consists of two stones weighing
11.5 kg and 4.5 kg, respectively. Thefirst stone was collected
from a snow-covered field within hours of its fall (Rosati
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1910a). The second, smaller stone was recovered a month
after the first, approximately 700 m from the Saracca farm,
where the first stone was observed to fall (Rosati 1910b).
Both Vigarano stones have a polished, dark fusion crust.
However, when the second stone was first examined, it
already showed evidence of terrestrial weathering indicated
by metalic rust visible to the unaided eye (Rosati 1910b).
These alteration products were attributed to the second
stone’slonger residencein the fine-textured, clay-rich, fluvial
sediments characteristic of the Ferrararegion.

As part of a study to investigate the distribution of
carbonaceous material in the matrices of CV chondrites, we
have studied Vigarano in order to compare it with our
observations on Allende (Brearley 1999). During preliminary
scanning electron microscopy (SEM) studies of thin sections
from the University of New Mexico (UNM) collection, we
encountered  ubiquitous and previously  unreported
occurrences of calcium carbonate that typically occur in
crosscutting veins. This work is the first detailed description
of carbonates in Vigarano, although they have been reported
previously in CAls by several workers (Mao et a. 1990;
Davis et a. 1991; Sylvester et al. 1993). We describe the
detailed occurrences of carbonates in Vigarano and compare
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them with the results of astudy of terrestrial carbonatesin the
Leoville CV3 find. These observations are used to place
constraints on the possible conditions and environments of
carbonate formation in Vigarano.

SAMPLE AND EXPERIMENTAL METHODS

Several thin sections of Vigarano from each of the
Vigarano stones were examined. The thin sections from the
second stone are from the UNM collection, section numbers
UNM610 and UNMS873 and a transmission electron
microscopy (TEM) section without an identification number.
The first two sections crosscut the fusion crust, whereas the
third section does not. We also studied several thin sections
that were prepared from a chip of the first Vigarano stone.
This sample was kindly provided by Dr. Monica Grady of the
Natural History Museum, London, England. Finally, we have
also studied a thin section of the reduced CV3 chondrite
Leoville from the UNM collection, UNM674.

The petrographic thin sections were examined using
backscattered electron (BSE) imaging on a JEOL 5800LV
scanning electron microscope. The X-ray mapping was
performed on this instrument using an Oxford Instrument
ISIS 200 X-ray analysis system linked to a Pentafet ultra-thin
window (UTW) energy dispersive spectroscopy (EDS)
detector. The SEM was operated in the high-vacuum mode at
an accelerating voltage of 20 kV. The qualitative EDS
analyses were used to identify calcium carbonates. The
cathodoluminescence (CL) imaging was aso performed on
the JEOL 5800LV, utilizing an Oxford Instruments
cathodoluminescence system with a dwell time per pixel of
1600 psec. The quantitative chemical data were obtained
using a JEOL JXA-733 Superprobe equipped with five
wavel ength dispersive spectrometers (WDS). The microprobe
analyses were carried out at an accel erating voltage of 15 kV
and aprobe current of 20 nA using an electron probe diameter
of 1 um. The standards used for the analyses were calcite
(Ca), dolomite (Mg), siderite (Fe), celegtite (Sr), and
spessartine (Mn), al from the Smithsonian Institution
(Jarosewich and Macintyre 1983). Full ZAF corrections were
applied to the data. Under the analytical conditions used for
the calcite analyses, the detection limits for the minor
eements are as follows. MgO = 0.012 wt%, FeO =
0.010 wt%, MnO = 0.010 wt%, and SrO = 0.014 wt%.

Transmission electron microscopy of carbonate was
carried out using a JEOL 2010 HRTEM operating at 200 kV.
Electron diffraction pattern analysis was carried out on TEM
plates and by fast fourier transform analysis of digital high
resolution TEM images using GATAN Digital Microscopy
Suite software.

Geochemist’s Workbench software tools version 3.2.2,
developed at the University of Illinois, was used to calculate
the phase diagrams for the altering solutions responsible for
the formation of the carbonate.
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RESULTS
Second Vigarano Stone

Calcium carbonate occurs most commonly asveinsin the
UNM Vigarano thin sections. Using BSE imaging (Figs. 1a
and 2b), we identified systems of veins ranging in thickness
from <1 umto 25 um that extend several hundred pum through
the thin sections. The carbonate veins form a network that
crosscuts the Vigarano matrix with individua veins
sometimes following the interfaces between the matrix and
chondrules. The veins aso occur crosscutting chondrules and
CAls, asshownin Fig. 1c.

The interface between the veins and the host meteorite is
sharp and no alteration of material adjacent to the veins is
evident, indicating that the veins may have formed along
existing fractures in the meteorite. Carbonate may fill part or
all of the fracture (Fig. 1d). In section UNM873, some of the
veins crosscut the fusion crust and connect to a carbonate-rich
layer associated with very fine-grained, reddish-brown
material, tentatively identified as Fe oxyhydroxide, that
occurs adhering locally to the fusion crust (Fig. 1€). Based on
TEM studies of Vigarano matrix (Lee et al. 1996; Brearley
and Abreu 2001), it is highly probable that this Fe
oxyhydroxide is ferrihydrite. Several carbonate veins
originate from the carbonate layer on the meteorite exterior
and extend into the interior of the stone, as shown in Fig. 1e.
Carbonate is also present filling vesiclesin the fusion crust.

To identify the carbonate, we removed a small amount of
material from the calcrete layer of the stone and examined
carbonate fragments dispersed on a holey carbon film using
TEM. Several zone axis electron diffraction patterns (e.g.,
Fig. 1f) of the carbonate were obtained in the TEM that could
be indexed unequivocally as calcite rather than aragonite. We
were not, however, able to remove actual vein material from
the interior of the stone because of the very small size of the
veins and their rarity.

Theveinsare up to 25 um in thickness at the fusion crust
and become progressively thinner over lessthan 1 cminto the
interior of the meteorite. Occasionally, thick calcite veins
subdivide into a series of small, interconnected channels. The
third UNM section that appearsto be part of an interior region
of the Vigarano stone also contains a complex system of
carbonate veins. In this section, the abundance of veins
appears to be independent of the distance from the fusion
crust.

BSE imaging of most carbonate veins did not reveal any
evidence of compositional zoning on the fine scale. Electron
microprobe analyses show that this vein-filling materia is
calcite, sometimes with variable concentrations of MgO
(0.17-4.2 wt%) and FeO (0.3-5.5 wt%). SrO is present in
trace amounts (up to 0.58 wt%) and MnO is aways below
detection limits. Representative el ectron microprobe analyses
of calcitearereported in Table 1. However, in one particularly
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Fig. 1. BSE images of calcite veins in the second Vigarano stone. @) An image of aregion of Vigarano showing extensive development of
carbonate veins (arrowed). These veins range in thickness from <1 to >25 um and can be traced for several hundreds of um across the thin
section. b) A BSE image of a segment of a carbonate vein from a sample of the second Vigarano stone. Note the detachment of the calcrete
material from the host meteorite walls. Veins generally have sharp but irregular interfaces, which suggests that these formed within fractures
rather than by replacement. ¢) A BSE image of a carbonate vein cross-cutting a region of Vigarano clastic matrix. This vein extends from a
region close to the fusion crust, and crosscuts a fine-grained rim, before entering a CAl. Veins often form a complex network through the
matrix and follow interfaces between the matrix and larger objects. However, they are also found crosscutting CAls and chondrules. d) A BSE
image showing a partialy-filled vein in Vigarano. This clearly indicates that precipitation occurred in fractures and that fluid movement
occurred within the veins. €) A BSE image of a calcrete layer associated with Fe oxide that occurs locally adhering to the fusion crust in the
second Vigarano stone. The material can be traced surrounding and filling voidsin the fusion crust. The carbonate veins extend from thislayer
into theinterior of the chondrite. Veinsin Vigarano arethicker closeto the fusion crust and then branch into acomplex array of secondary veins
along their path. f) [2021] zone axis electron diffraction pattern of carbonate obtained by transmission el ectron microscopy from the calcrete
layer on the surface of the second Vigarano stone, positively identifying the carbonate as calcite.
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Table 1. Representative electron microprobe analyses of calcite from veinsin the second Vigarano stone.

W1t% oxide

Cao 55.25 54.81 53.45 51.89 55.77
MgO 051 0.83 1.71 0.75 0.84
FeO 1.05 0.43 0.57 0.62 0.30
SrO - 0.06 - - -
Total 56.80 56.12 55.73 56.17 56.91

- indicates below detection limit.

Fig. 2. BSE and CL images of carbonate occurrencesin Vigarano. @) A BSE image of alarge carbonate massin Vigarano that shows complex
oscillatory zoning. The points marked as A and B correspond to the start and end of the zoning profilein Figs. 2c and 2d. Compositiona data
from the electron probe traverse from A to B are shown in Figs. 2c and 2d. b) An image corresponding to the region studied by electron
microprobe analysis. Cathodoluminescence image showing complex zoning in the carbonate mass. Dark line is a region of beam damage
produced during the electron microprobe measurements. Notethat theintensity profiles shownin Figs. 2c and 2d are only qualitative estimates

and are not related to the wavel ength of cathodoluminescence emission.

large carbonate mass in thin section UNMG610, complex
oscillatory zoning was observed in both BSE and CL images
(Figs. 2a and 2b). Three electron microprobe traverses were
measured on this grain normal to the zoning. Data for one
traverse are shown in Figs. 2c and 2d, superimposed on a CL
intensity profile of the grain. The CL image shown in Fig. 2b
was obtained after the electron microprobe analyses were
carried out. The magjor element (Ca) and minor element (Fe
and Mg) compositions of calcite in the zoned mass and
unzoned veins are compared in Fig. 3. MgCO3; and CaCO,
show a strong negative correlation (Fig. 3a), indicating that
the dominant substitution in the calciteinvolves solid solution
toward Mg calcite. The different profiles show dlightly
different trends suggesting that they may represent different
periods of carbonate growth. Zoning profile 3 in particular
contains a cluster of analyses that lie off the major
compositional trend, although like the other profiles, this
profile was also measured norma to the zoning. These
analyses represent a group of carbonate analyses that have
relatively high FeCO; contents (Fig. 3b). The data show no
clear compositional relationships between other minor
elements. For example, MgCO; appears to vary entirely
independently of FeCO; (Fig. 3a) and SrCO; (not shown).
Compositional data for the unzoned carbonate veins (vein

data) fall within the compositional fields defined by the zoned
carbonate mass.

Due to the significant beam damage to the carbonate
during the microprobe analyses, exact spatial correlation
between the CL intensity and the minor element contents of
the calcite is not possible. The comparison of the minor
element data in the zoning profiles with CL intensity was
therefore carried out on parallel profiles approximately 10 um
apart. CL images (e.g., Fig. 2b) illustrate the extremely
complex nature of the zoning that is present in these regions.
Finger-like structures with high CL intensity are intercalated
with regions of very low CL. As noted above and as
confirmed by the microprobe traverses, the concentrations of
FeCO;, MgCO;, MnCO; and SrCO; are quite variable
through this carbonate mass. In general, there is only a mild
correlation between the zones of high CL intensity and the
areas where the FeCO3, MgCO3, MNCO;3, and SrCO; contents
in the calcite are elevated. Certainly, there is no evidence of a
clear correlation of high CL with Mn content, which is one of
the main known activators of CL in carbonates (Machel et al.
1991). The lack of any obvious correlation may result from
the limited registry between the CL and microprobe data or
that some other element(s) is the key CL activator (see later
discussion).
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Fig. 2. Continued. BSE and CL images of carbonate occurrences in Vigarano. ¢) Electron microprobe zoning profile showing complex MgO
and FeO variations across the grain along the traverse shown from A to B in Fig. 2a superimposed on a CL intensity profile and d) electron
microprobe zoning profile showing complex SrO variations across the grain. MnO remains consistently below the electron probe detection
limits. Variations in the minor elements show only amild correlation with variationsin CL intensity.

In addition to the carbonate veins, we have observed one
occurrence of acalcite vein associated with clinopyroxene. In
thin section UNM873, calcite veins are juxtaposed against
diopsidegrains. Inthiscase, thediopsidegrainsare<10umin
size and show no evidence of replacement by carbonate
(Fig. 4).

In the unnumbered TEM thin section, several augite
grains are present that have been partially to completely
replaced by calcite on the exterior of an olivinerich
porphyritic chondrule (Figs. 5aand 5b). Representative augite
compositions determined by electron microprobe are reported
in Table 2. No additional alteration phases are present in the
pseudomorphs. The calcite crystals are euhedral to subhedral
in morphology and perfectly pseudomorph the augite crystals,
although the degree of replacement isvariable from one grain
to another. In some pseudomorphs, irregularly shaped,
corroded, relict augite grains are present in the core regions of

the calcite. The adjacent chondrule olivine and low-Ca
pyroxene phenocrysts show no evidence of alteration, but
carbonate does occur in altered opague assemblages within
the chondrule. Matrix surrounding the different augite and
calcite crystals also appears to be unaffected. Despite an
extensive search of several thin sections for similar
replacement textures, this is the only example of this texture
we have found.

First Vigarano Stone

To help constrain the origins of the carbonates in the
second Vigarano stone, we examined severa thin sections
that come from the stone recovered immediately after itsfall.
These thin sectionswere prepared for TEM study and have no
specific number. The sample comes from the interior of the
stone, away from the fusion crust. Thus, in this respect, the
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Fig. 3. a) MgCO; versus CaCO5 (wt%) for three zoning profiles through the large carbonate mass shown in Fig. 2aand typical carbonate veins
shown in Fig. 1. b) MgCO; versus FeCO; (wt%) for the same data set as shown in (). These elements show no systematic elemental

correlations and appear to vary independently of one another.

sample is not directly comparable with the observations on
the UNM samples from the second stone. Fractures in these
samples were examined carefully for evidence of calcite, but
none was found. Nevertheless, calcite does occur in minor
amounts within alarge, disrupted type B CAl (Fig. 6), that is
rimmed by an unusual, fine-grained mantle of fragmentary
material. This mantle has the same mineralogy as the CAl
itself (i.e.,, dominated by melilite), but it has a porous
appearance. Small grains of calcite are relatively common
within this mantle and very thin calcite veins occur locally
within the coarse-grained portion of the inclusion. These
veins are associated with porous regions of the inclusion that
appear to be alteration products of melilite. This carbonate
occurrence is similar to those described on the periphery and
along the fractures of aFUN inclusion (Daviset a. 1991) and
along fractures near a CAl (Mao et a. 1990) in Vigarano.
However, it is not clear where specific fragments originated
in either one of these studies.

Leoville

We also examined a thin section (UNM674) of the
reduced CV chondrite find Leoville (UNM674) using BSE
imaging and EDS analyses, for comparison with Vigarano.
Leoville consists of two individual stones; the first, weighing
1.629 kg, was recovered prior to 1965 and the second 6.5 kg
stone was recovered in 1966 (Kracher et al. 1985). Leoville
has experienced a higher degree of terrestrial weathering than
Vigarano, as it was found buried in the soil (Kracher et al.
1985), indicating that it had an extended residence time in a

subsurface environment. At least one calcite occurrence has
been reported in the literatures (Sylvester et a. 1993). Both
stones exhibit a partially-cracked fusion crust cross cut by
numerous fractures. Our SEM studies show that this
meteorite contains a pervasive network of calcium carbonate
veins (Fig. 7b). These veinsrange in thickness from <1 um to
>50 um and extend for hundreds of microns. In genera, the
edges of the carbonate veins have sharply defined boundaries
with the host meteorite. The carbonate vein networks are
very complex, apparently consisting of more than one
generation of veins. These veins often contain very thin Fe-
oxide veins within them as shown in Fig. 7c.
Compositionally, most of the vein material is close to pure
CaCOg, presumably calcite, athough in some veins
compositional zoning is present (Fig. 7c). Based on EDS
analysis, the zoning appears to be largely the result of local
varigtions in minor element content, but we have not
investigated this phenomenon in detail.

BSE images show that some of the calcite veins contain
small pockets of dolomitic composition at their periphery, as
shown in the X-ray maps in Fig. 6d. However, it is also
possible that they could be high-Mg calcite. In some casesthe
dolomite occupies the entire width of the vein. To our
knowledge, occurrences of dolomite have not been
recognized previously in terrestrial weathering veins in
meteorites. Other veins contain a minor amount of iron oxide
or oxyhydroxide as discrete mineral grains and as very thin
veins (<1 um across), as described by Kracher et al. (1985).
These veins are likely to be the result of weathering of
adjacent metal grains.
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Fig. 4. A BSE image of a segment of a carbonate vein associated with several euhedral to subhedral diopside crystals. The carbonate vein
follows the interface between the chondrule and the matrix and then partialy crosscuts the chondrule. Finally, it occurs associated with the
pyroxene crystals at the edge of the chondrules. The diopside grains do not show any evidence of calcite replacement in contrast to the calcite/

augite assemblage described in Fig. 5.
DISCUSSION

The observations presented above clearly show that
previously undescribed carbonate occurrences, principally
carbonate veins, are widespread in at least one of the Vigarano
stones. In addition, other minor occurrences of carbonate are
present in the samples of Vigarano that we studied, including
specimens from the pristine (first) Vigarano stone. Stable
isotope studies (Grady et al. 1988) of CV chondrites have
indicated that carbonate may be present and our observations,
along with those of Mao et a. (1990) and Davis et al. (1991),
confirm that carbonate is more widespread than was
previously thought. Here we discuss possible origins and
implications of the carbonate.

Carbonate Veins

Based on several lines of evidence, we conclude that the
carbonate veinsin Vigarano are most likely to beterrestrial in
origin. Thelines of evidence are asfollows:

1. Thereis a distinct, though thin, carbonate layer present
on the surface of the UNM sample from which the thin
sections were prepared.

2. Thecarbonate veins extend from the carbonate-rich layer
into the interior and cross cut the fusion crust.

3. Vesicleswithin thefusion crust are filled with carbonate.

4. The structure of the veins closely resembles carbonate
veins in Leoville, the more heavily weathered CV
chondrite find.

After the fal event in 1910, the first Vigarano stone
recovered was exposed to weathering for a very limited time.
Hence, the effects of weathering, while present, are extremely
limited; vein-filling carbonates did not have sufficient timeto
form in this stone. However, in the second stone, weinfer that
significant carbonate development was able to occur,
predominantly as veins that appear to have formed within
preexisting fractures within the meteorite. Thisisindicated by
the sharp and irregular interfaces between host meteorite and
the carbonate. Some of these veins are only partialy filled,
indicating that carbonate precipitation probably occurred
within open, fluid-filled fractures, which became partially to
completely filled. The compositional zoning observed by
BSE and CL imaging of the carbonates (Figs. 2a-2c)
indicates carbonate deposition was a complex process that
may have involved variations in fluid composition or
fluctuating redox conditions (see discussion below).

The formation of veins of carbonates or other mineralsas
a result of terrestrial weathering is a phenomenon that has
been widely recognized in meteorites collected in both
Antarctica and hot deserts (e.g., Gooding 1981, 1986; Velbel
1991; Barrat et a. 1998). Our observations on Leoville also
show that veining develops in more humid, temperate
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Fig. 5. @) A BSE image of a porphyritic pyroxene chondrule. On the exterior of this chondrule, augite grains exhibit pseudomorphic
replacement by calcite. b) A BSE image of the exterior of a porphyritic chondrule containing several augite grains, which have been partially
to completely replaced by calcium carbonate (cc). Adjacent olivine-rich matrix material and low-Ca pyroxene are unaffected.

climates, especially when weathering occurs dominantly in
the subsurface. However, in all these cases, the formation of
carbonate veins occurs on time scales of ten to hundreds or
even thousands of years, not one month, as is the case for
Vigarano. Formation of terrestrial veins on time scales of
decades has been reported for the Cl1 chondrite Orgueil.
However, no evidence of carbonate veins has been found
(Gounelle and Zolensky 2001). Studies of fragments of the
Tatahouine meteorite that were recovered in 1994, 63 years
after itsfall in southern Tunisiain 1931, show that extensive
carbonate formation has occurred in fractures and cavities
that are empty in specimens recovered immediately after the
fall of the meteorite. These carbonates show isotopic

signatures consistent with derivation from the soil where the
meteorite landed (Barrat et al. 1998), demonstrating that
terrestrial carbonate formation is feasible even in an arid
desert environment on a time scale of decades. In the case of
Tatahouine, calcrete material was readily available because,
geologicaly, itsfall location is dominated by limestones with
sandy soils (Barrat et al. 1998).

A comparison of the carbonate occurrences in Vigarano
with those in the weathered CV chondrite fall Leoville
provides additional evidence that the veins are terrestria in
origin. Despite the much more extended residence time of
Leoville in a terrestrial soil, the calcite occurrences in both
meteorites share some textural and compositional similarities,
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Fig. 5. Continued. ¢) A BSE image of aregion containing two augite
crystals partially replaced by calcite.

although there are a number of notable differences. The style
of calcite veining in the two meteorites is very similar and
appears to have occurred predominantly along fractures. The
major differences between Leoville and Vigarano veins are
that the veining in Leoville (Figs. 6b—6€) is, in general, more
complex than that in Vigarano (e.g., Figs. 1a and 2) and
compositional zoning is more complex and extensive than in
the Vigarano veins (Fig. 6¢). In particular, the presence of
Mg-Carbearing carbonate in Leoville veins is a notable
feature which is not apparent in Vigarano. Leoville also has
much more extensive development of Fe-oxide associated
with the carbonate veins. These differences are probably
attributable to the longer alteration history of Leoville, with
the Fe-oxide representing the product of extensive weathering
of metal grains and Fe sulfides. However, the presence of Mg-
Cabearing carbonate in Leoville is difficult to explain. If this
phase is dolomite, its presence is problematic, because of the
extreme difficulty of precipitating dolomite directly from a
fluid at low temperatures (e.g., Chang et al. 1996). A more
likely explanation is that this carbonate is high-Mg calcite,
but detailed compositional and structural data, which are
beyond the scope of this study, are required to confirm this.

Sources of Vein Cations

Having established with reasonable certainty that the
veins in Vigarano are of terrestrial origin, one of the major
questions regarding the genesis of the carbonate veins is the
source of calcium and carbonate ions. Clearly, there are two
possible sources:. internally from Vigarano itself or externally
from the terrestrial soil. Here we discuss the possible
contribution of both sources to carbonate formation.

The Emilia Romagna soils, where Vigarano was found,
are fine-textured, clay-dominated, fluvial sediments, which
can be loosely classified as vertisols. Vertisols are seasonal,
swelling-clay soilsthat develop from limestone and marl-rich
parental materials. The Ferrara soils are rich in illite and
smectite with minor amounts of chlorite and kaolinite (Felice
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Table 2. Representative electron microprobe analyses of
augite crystalsfrom aVigarano type | chondrulesthat have
been partially replaced by calcite.

W1t% oxide
SO, 53.24 54.28 53.09 5235 54.38
TiO, 0.64 0.48 0.75 0.75 0.56
Al,O4 2.65 2.13 3.23 2.81 2.29
Cr,0q 1.40 154 168 133 1.30
FeO 0.77 0.99 083 070 0.75
MnO 1.02 1.40 163 0.76 0.96
MgO 19.00 22.09 1789 18.12 21.01
Cao 2153 16.63 21.09 22.06 19.18
Na,O 0.05 0.06 0.08 0.05 0.03
K50 0.01 0.02 001 002 -
Total 10031 99.62 10028 9895  100.45
Formulas based on six oxygen atoms
Si 1.916 1.942 1914 1912 1.936
Ti 0.017 0.013 0.020 0.021 0.015
Al 0.112 0.090 0.137 0.121 0.096
Cr 0.040 0.044 0.048 0.038 0.037
Fe 0.023 0030 0025 0021 0.022
Mn 0.031 0.042 0.050 0.023 0.029
Mg 1.019 1178 0962 0986  1.115
Ca 0.830 0.638 0.815 0.863 0.732
Na 0.003 0.004 0.006 0.004 0.002
K 0.001 0001 0001 0001 -
Total cations  3.992 3981 3977 3991 3.984

“—" indicates below detection limit.

et a. 1985), but are not significantly enriched in calcrete
material. Total CaCO; contents between 3 and 19 wt% have
been reported in analyses for the uppermost soil horizons in
regions adjacent to Ferrara (Felice et a. 1985). However,
modern soil analyses from this region may be compromised
by the recent widespread addition of calcium-rich fertilizers.
There is at least one report of the possibility of addition of
carbonate materials to the Ferrara soils for agricultura
purposes (Cenci and Cremonimi 1972). Therefore, it is not
possible to produce an accurate estimate of the amount of
calcium in the soil at the time that Vigarano fell, based on
recent analyses. However, vertisols may also contain
relatively large amounts of Ca, Fe, and Mg as components of
the constituent mineral phases. Hydrolysis reactions between
soil water and minerals will continually leach these elements
into solution, thus providing a potential source of Ca for
carbonate formation in the veinsin Vigarano.

The cations necessary to form the carbonate veins may
have aso originated in the host meteorite matrix and may
have been mobilized during terrestrial westhering. The
mineral assemblages present in chondritic meteorites are far
from equilibrium in the highly oxidizing and, in the case of
Vigarano, humid terrestrial environment. They are, as a
conseguence, highly susceptible to chemical weathering.
There are a number of potential sources of calcium, such as
chondrule glass and Ca-rich phases in CAls, such as melilite.
In addition, the fine-grained matrix contains rare Carich
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Fig. 6. A BSE image showing an occurrence of calcite in the first Vigarano stone. In this case, the carbonate occurs as a thin vein which lies
long the interface between a region of porous ateration products of a melilite crystal in atype B CAl. A thin extension of the vein is aso

present crosscutting the melilite crystal itself (arrowed).

pyroxene grains and Fe-rich olivine grains, which contain
minor amounts of CaO. We have a so found minor amounts of
cacite in Vigarano that may also be preterrestrial (see
discussion below) and could have undergone dissolution and
re-precipitation.

In principle, a modest quantity of Ca could have been
released into solution from weathering of matrix grains and
transported through the porous matrix to the fracturesto form
the carbonate veins. Experimental studies of the alteration of
Allende carried out at temperatures of 100-200 °C, show that
carbonate formation can occur in amatter of weeks (Duke and
Brearley 1999; Jones and Brearley, unpublished data) as a
result of dissolution of Ca-bearing silicate minerals, although
obviously these temperatures are significantly higher than the
situation for weathering in Vigarano. In comparison, Lasaga
(1984) determined that the time period for the dissolution of a
1 mm-radius Cabearing pyroxene was approximately
6800 yr at 25 °C and pH 5—a rapid rate in geological terms,
but extremely slow on the scale relevant to the formation of
carbonate in Vigarano. Given the low temperatures and
limited amount of time available, we conclude that it is
unlikely that chemical weathering of phases within Vigarano
itself would be sufficiently effective to account for more than
a minor fraction of the cations required for vein formation.
This observation is consistent with the very limited evidence
of terrestrial weathering of matrix phases observed by TEM
in the second Vigarano stone.

The most likely source for Ca therefore appears to be
from soil calcium carbonate. Compositiona evidence from
the carbonates provides additional support that most cations
for carbonate formation were derived from the soil. The
presence of Sr in trace amounts (up to approximately
0.06 wt%) inthe compositional profile of the zoned carbonate
mass and in the carbonate veins (up to 0.19 wt%) (see
Figs. 2a—d) appears to be most consistent with a terrestrial
origin. Sr is present in relatively low concentrations in
carbonaceous chondrites with average concentrations in CV
chondrites of 15.3 x 10-5wt% (Wasson and K allemeyn 1988).
However, Sris present in soilsin much higher concentrations,
frequently between 0.0006 and 0.001 wt% (Bohn et a. 1979).
Furthermore, Sr is readily mobilized by weathering processes
in the soil environment (e.g., Borg and Banner 1996) and is
readily incorporated into calcite (e.g., Bohn et a. 1979).

Externa derivation of carbonate ions also seems most
likely. Surface waters all contain dissolved CO,, present as
bicarbonate ions. Interna derivation of bicarbonate ions
would require either dissolution of preexisting carbonate in
Vigarano or extensive oxidation of organic material. Neither
of these possihilities appear very probable. Evidence for
preterrestrial carbonate in Vigarano is minor (see below) and
solid organic material, the dominant carbonaceous
component in chondrites, is highly resistant to oxidation and
unlikely to undergo any significant degradation on the short
time scale required.
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M echanism of Carbonate Vein Formation

The evidence of a terrestrial origin for the carbonate
veins discussed above is robust. In this section, we discuss
possible mechanisms for carbonate vein formation. One issue
of key importance is the question of whether it is feasible to
form carbonate veins on time scales as short as one month,
which would be required in the case of the second Vigarano
stone. According to the terrestrial literature (i.e., McFadden
et al. 1998), calcite deposition on the time scale necessary to
explain the vein networks in Vigarano is extremely unlikely
even in a cacite over-saturated environment. In typical
terrestrial environments, carbonate vein formation occurs on
the scale of years to hundreds of years, but in the case of
Vigarano clearly occurred much more rapidly.

In order to address this question, we examined two
possible endmember mechanisms to explain formation of the
carbonate veins. The first scenario is one in which carbonate
formation islargely driven and controlled by the composition
of the aqueousfluid of ionsfrom an external source (i.e., local
soil and surface waters), with precipitation occurring as a
result of episodic wetting and drying. In the second case, the
internal microchemical environment within the meteorite
largely controls carbonate precipitation, although it is coupled
to some degree to external derivation of water and certain key
anions and cations.

In the scenario discussed below, we assume that no free
aqueous fluid phase was present in the Vigarano stone prior to
its entry into the Earth’'s atmosphere. Once the meteoroid
entered the Earth’'s atmosphere, atmospheric gases and
moisture would be drawn into pore spaces, filling the vacuum
that was present during the stone’s sojourn in space. Once the
Vigarano stones hit the ground, terrestrial agueous fluids
would have been drawn into the interior of the meteorite
along fractures by capillary action during the month between
the fall and the collection of the second stone. It is possible,
and perhaps probable, that this process occurred extremely
rapidly after the fall, as equilibration between atmospheric
pressure and the very low internal pore pressure within the
meteorite occurred. In effect, any free aqueous fluid that was
present in the immediate environment would have been
sucked into the meteorite during thisinitial period.

Carbonate Growth Controlled by Episodic Wetting and Drying
The hydrous fluids that initially entered the meteorite
may have been either snow melt or soil water or a
combination of both. This externally derived water contained
cations leached from the soil (e.g., Ca?*, Mg?), as well as
dissolved atmospheric CO, asHCO; and would drive
hydrolysis reactions. Typical agricultural soils have pHs in
therange ~5-7 (Miller et a. 1995) and we assume that the pH
of the soil fluids that entered the meteorite wasin equilibrium
with the soils. The Vigarano stone resided in soil for one
month after it fell, during which time it likely experienced
several wetting events as aresult of periodic precipitation.
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To test the pedogenic origin hypothesis, we performed
first-order calculations assuming the veins to be sections of
tabular cracks within the meteorite with an approximate
thickness of 5 um and 500 um by 500 um surface area. The
volume of this tabular feature is 1.25 x 108 cm3, which
corresponds to 3.38 x 108 moles of calcite at room
temperature. In addition, we assume that an agueous fluid in
equilibrium with CaCO,, with a Py, of 10735 at 0 °C, was
absorbed by the meteorite and this pH was maintained inside
the meteorite. Furthermore, for the purposes of this
calculation, we assume that the carbonate in the veins is
derived solely from Ca dissolved in this fluid. To precipitate
carbonate, we assume complete evaporation of the fluid, i.e.,
completedrying out of all fracturesin the meteorite. Using the
equilibrium values given by Drever (1982) for an aqueous
fluid at 0 °C, we caculate that in order to deposit enough
cacite to completely fill the calcite tabular features,
approximately 5 x 102 ml of water would be necessary. This
is approximately five orders of magnitude larger than the total
volume of the tabular feature.

It seems unlikely that such a model can explain the
formation of the carbonate veins in Vigarano. First, the
volume of water that would be required to form the carbonate
veins is extremely large and would require an unreasonably
large number of wetting and drying events to produce the
veins. Once saturated with water, it would be extremely
difficult to completely dry the vein network out, particularly
during the cool winter months when Vigarano was subject to
terrestrial weathering. In addition, our model assumes that all
the Ca2* ions in solution were precipitated at each wetting
event and that no dissolution of carbonate occurred with each
separate influx of water. This is aso probably an
unreasonable assumption; some carbonate dissolution would
be expected to occur during each new influx of water into the
meteorite, a process which would effectively increase the
time required for carbonate formation. Further, as noted
earlier, carbonate formation in terrestrial environments,
where the solutions are oversaturated with respect to
carbonate, takes place on much lengthier time scales (yearsto
hundreds of years). Finaly, as discussed in detail below, we
think it is unlikely that low to neutral pH values would have
been maintained within the interior of the meteorite, a factor
that has far reaching effects on carbonate precipitation.

Carbonate Growth Controlled by the Microchemical
Environment within the Meteorite without Episodic Wetting and
Drying

We now consider an aternative, and probably more
plausible, model in which carbonate formation is driven by
the microchemical environment within the meteorite, which
results from hydrolysis reactions involving minerals that are
far from equilibrium. Figure 7 shows an activity-pH diagram
for Ca?* ions calculated at 0 °C and HCOj activity of 102
This diagram shows that at low-to-neutral pH conditions,
typical of soil, Ca2* would remain in solution in the aqueous
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Fig. 7. BSE images of veinsin the CV 3 chondrite Leoville. @) A BSE image of avein network in Leoville. Several interconnected veins run
throughout the field of view crosscutting larger objectsin some cases. Note the complexity of this network compared to Vigarano. b) A BSE
image of ahighly complex vein segment in Leoville. Note that fragments of matrix have been incorporated in the calcite filling and athin Fe-
oxidevein runswithin the calcite vein. Compositional zoning isalso extensive. Thezoning pattern isgenerally associated with Mg enrichment.
This degree of complexity is not observed in vein occurrences in Vigarano. c) A BSE image of a segment of a calcite vein in Leoville with
small pockets of Mg-bearing carbonate along the edges. The composition of this material as shown in the X-ray maps is consistent with

dolomitic carbonate in Fig. 6d.

fluid absorbed by Vigarano, unless evaporation occurs and
increases the Ca concentration until supersaturation occurs as
discussed in our first model. However, after entering the
meteorite’s microchemical environment, we suggest that the
pH of the fluid was locally controlled by the weathering
reactions that occur in the interior of the meteorite. Key
reactions that play a significant effect on solution pH are the
oxidation of Fe,Ni metal grains and the hydrolysis of silicate
minerals. Both of these processes tend to increase the pH of
solutions. In silicate hydrolysis reactions, H* ions attack and
break metal-oxygen bonds and form bonds to the oxygen
ions. Hence, such reactions consume large quantities of
protons and the result is that the solutions become
progressively more alkaline as hydrolysis proceeds.

Metal oxidation requires the consumption of large
quantities of H* to sustain the cathode reaction at the grain

surface (Porbaix and DeZoubov 1974). Thisis areaction that
will proceed very rapidly in the presence of agueous solutions
with significant dissolved oxygen and will aso drive the
solutions to higher pH values. This pH change would trigger
the precipitation of CaCOs, asit isthe stable phase at high pH
and low T (e.g., Fig. 7). The process of metal oxidation as a
key driving force for promoting carbonate precipitation is
consistent with the evidence of metal alteration that has been
observed at the SEM scale. Additionaly, early meta
alteration of the second Vigarano stonein the form of metallic
rust was also documented by Rosati (1910b). Under
conditions of elevated pH, precipitation of carbonate would
be expected to occur on a much shorter time scale than under
typical soil geochemical conditions (i.e., low to neutral pH
values), consistent with the development of substantial
carbonate veins on atime scale of one month.
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Fig. 7. Continued. BSE images of veinsin the CV 3 chondrite Leovill

In this model, the amount of water in the fracture system
remains essentially constant and supply of ions into the
interior of the meteorite is driven by diffusion through the
fluid, not by infiltration of additional amounts of mineralizing
fluid (although minor additional influxes of fluid may have
occurred). Precipitation of carbonate within the interior of the
meteorite will set up chemical potentia gradients in the
fracture network that will drive diffusive masstransfer of ions
from the external reservoir into the meteorite interior. Once
ionsin solution reach conditionsin the fracture network where
the pH is sufficiently high, carbonate precipitation will occur.

Origin of Compositional Zoning

Zoning in minor elements is present in the carbonate
networks, suggesting that carbonate growth was a complex
process. One possible explanation is that this zoning
represents multiple periods of carbonate formation, rather
than a single period of carbonate growth, implying that

S
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e. d) Caand Mg X-ray maps of a segment of a calcite veinin Leoville

with small pockets of Mg-bearing carbonate along the edges. €) A BSE image of Leoville, showing two interconnected carbonate channels.
Notice some of these grains have been strongly altered and the alteration product have been transported along the vein.

carbonate formation was episodic. One possibility is that
precipitation is the result of periods of fluid-limiting
conditions when evaporation of the water from the fluid
network occurred. This would drive the solutions to
oversaturation relative to calcite, resulting in episodic
precipitation of carbonate, which would become enriched in
less compatible minor elements as the solution became more
oversaturated. As discussed earlier, it seems unlikely that
multiple cycles of wetting and drying could have occurred in
the environment under which Vigarano experienced aqueous
alteration. We therefore think that this scenario is probably an
unlikely explanation of the carbonate zoning, although we
cannot fully ruleit out.

Analternativeexplanation for thezoninginthecarbonates
is that it is a reflection of fluctuations in redox conditions
during carbonate growth. Thetransition metal ionsMn and Fe
areonly incorporated into carbonatesin the 2+ oxidation states
(Machel and Burton 1991). Under conditions of high oxygen
availability, Mn3* and Fe3* will be dominant and will not be
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Fig. 8. Activity of Ca2* versuspH at T =0 °C. The red line corresponds to aycos- = 10-2 and the black line represents a aycoz- = 104 Notice
that in both cases cal cite becomes the stable phase at high pHs and at low Ca2* activity. Higher a,cos- resultsin abroader calcite field. Hence,
changes in the pH conditions caused by hydrolysis of silicate minerals and oxidation of metal grains at the edges of fractures enhance the

deposition of calcite-forming veins.

incorporated into the carbonates. Oxidation reactions in the
interior of the meteorite must be driven by the diffusion of
dissolved oxygen through the aqueous fluid into theinterior of
the meteorite. It seems unlikely that the rate of supply of
dissolved oxygeninto theinterior of the meteoritefluctuatesto
any significant degree, provided the fracturesremain saturated
with water. This means that the eH of the fluid will be largely
controlled by the rate of consumption of oxygen by oxidation
of Femetal grains, compared with the rate of supply from the
exterior of the meteorite. Local variationsin eH might result if
the rate of oxidation of metal grains in the vicinity of the
carbonate veins outstripped the supply of externally-derived
oxygen, resulting in a temporary lowering of the dissolved
oxygen that drives oxidation reactions.

As noted earlier, CL and electron microprobe data show
that the carbonate zoning is extremely complex. However,
there is no clear correlation between CL intensity and high
concentrations of known CL activators such as Mn. Indeed,
Mn concentrations are generally below detection limitsin the
compositional profiles across the zoning and some high CL
zones in the carbonate appear to be coincident with elevated
concentrations of MgCO3 and SrCOs, neither of which are not
known CL activatorsin carbonates. Fe?* is the most common
CL suppressor (Machel et al. 1991) of MnZ*-induced CL in
carbonate, but in some growth zones high CL is correlated
with relatively high Fe values. An alternative possibility is
that the CL zonation is caused by the presence of REES
(Machel and Burton 1991) that are also known to activate CL
in carbonates, although we have clearly not investigated this
possibility in detail.

Evidencefor Preterrestrial Carbonatein Vigarano

Although we conclude that the calcite veinsin the second
Vigarano stone are the result of terrestrial weathering, we
have observed two additional occurrences of carbonate for
which a terrestrial origin seems to be unlikely. The first
example is the occurrence of minor calcite associated with a
Type B CAI that is present in the first Vigarano stone.
Although carbonate development is minor, it is widespread
both within the unusual rim on the CAl and associated with
altered regions of coarse-grained melilite. We consider that
this example of carbonate is certainly preterrestrial in origin,
since it occurs in the stone that was collected very shortly
after itsfal. It is possible, but extremely unlikely, that these
veins formed during the hours prior to collection. An
alternative scenario for terrestrial formation is absorption and
precipitation of carbonate during storage, as documented for
sulfate veins in the CI1 chondrites (Gounelle and Zolensky
2001). However, formation of carbonate veins in meteorites
under museum conditions has not been reported to date, so we
consider this explanation to be improbable.

The second occurrence of carbonate, i.e, the
pseudomorphic replacement of augite by calcite (Fig. 5b), is
more ambiguous because it occurs in a sample of the second
Vigarano stone. However, we consider that aterrestrial origin
for this cacite is highly improbable, but equaly a
preterrestrial origin also appears to be problematic. Our
observations show that the alteration of pyroxeneto calciteis
a process that has only affected the augite grains. The
adjacent matrix shows no evidence of significant agqueous
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ateration that can be detected by SEM studies. In addition,
replacement of augite by calcite as a result of terrestrial
dteration seems unlikely because we have observed
terrestrial calcite veinsin contact with diopside grains on the
periphery of another chondrule. In this case, the diopside
shows no evidence of replacement by calcite.

To our knowledge, direct, pseudomorphic replacement of
augite only by calcite has not been described in the terrestrial
or meteoritic literature, although calcite does occur (asin CM
chondrites) as an ateration product of phases such as melilite
in CAls (e.g., MacPherson and Davis 1994; Greenwood et al.
1994). Zolensky et a. (2002) reported pseudomorphic
replacement of olivine in the type 2 carbonaceous chondrite
Tagish Lake (Zolensky et a. 2002), in which calcite occurs
associated with other phases, but not as the sole replacement
product of the olivine. In terrestrial mafic and ultramafic
igneous rocks, calcite formation commonly occurs during
weathering, low-grade to greenschist facies metamorphism
and, in the case of mantle xenoliths, during mantle
metasomatism. However, hone of these geological processes
appear to cause replacement of augite by calcite. In fact,
augite is usualy extremely resistant to ateration; for
example, in greenschist facies rocks, augite commonly
persists as a relict phase, athough it may sometimes be
overgrown by amphibole. Dissolution of augitein aterrestrial
surface environment is aso a very duggish process,
significant dissolution of augite under typical ateration
conditions takes place on the scale of thousands of years
(Lasaga 1984). These observations are generaly consistent
with  observations of augite in agueously-atered
carbonaceous chondrites. For example, Brearley (1995) and
Hanowski and Brearley (2001) found that augite is extremely
resistant to aqueous alteration in CM chondrites, being among
the last phases to show evidence of replacement.

There is clear evidence of preterrestrial agueous
dteration in Vigarano, but it appears to be of very limited
extent. Nevertheless, it is plausible that the replacement of
augite by calcite could have occurred on the CV parent body,
but the details and conditions of the alteration process remain
essentially unconstrained. The replacement reaction must
have required an agueous fluid rich in CO, and Ca?*, that had
the ability to remove all other cations (e.g., Si, Al, Fe, Mg, Ti)
from the altering pyroxene. The relative solubilities of these
cations vary by severa orders of magnitude in most aqueous
solutions. For example, Al and Ti are generally considered
immobilein most geochemical environments and remain at or
close to the source phase where they are incorporated into
secondary alteration phases. This occurs during the alteration
of chondrule glassin CM2 chondrites, where Al isretained in
Al-bearing serpentines or chlorite, rather than being leached
into the matrix (Hanowski and Brearley 2001). The complete
stripping of all cations (except Ca) is therefore highly
unusual. Further, there are no terrestrial analogs to provide
support for such scenario. An additional problem is that such
a fluid would be expected to affect other silicate minerals
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associated with the augite. However, as noted above, no such
evidenceis apparent, either in the surrounding matrix or other
phases in the host chondrule, as would be expected if
alteration had taken place in the parent body.

It is possible that an essentially pure CO, fluid could be
responsible for the formation of the carbonate and the low
activity of water inhibited ateration of other, more
susceptible phases (i.e., alteration of matrix olivines to form
phyllosilicates). However, given that the solubility of cations
will be dramatically decreased in an extremely CO,-rich fluid
(Fein and Walther 1987; Sharp and Kennedy 1965), this
model is clearly incompatible with the extensive removal of
cations from the altering augite.

An additional possibility is that brecciation could have
juxtaposed the altered chondrule against unaltered matrix.
However, such a disruption and relocation would probably
destroy the petrographic relations between the partially
dtered augite crystals and the calcite pseudomorphs.
Therefore, we think this scenario is unlikely.

An dternative scenario may be that the augite alteration
occurred prior to accretion, given that texturally alteration is
only apparent in the augite grains and not in matrix phases
immediately adjacent to the pseudomorphs. In detail,
however, this scenario is also highly problematic. Calcite is
not predicted to be a stable nebular condensation product, so
we rule this out as a possible formation mechanism, although
we note here that a recent study suggests that carbonate may
form as a result of non-equilibrium condensation in the
presence of water vapor in circumstellar environments
(Toppani et al. 2005). However, the textural occurrences of
calcite in Vigarano are clearly not compatible with such a
scenario. Alternatively, it has been suggested that, at
extremely low temperatures and pressures, calcite may be
formed by carbonation reactions. In this model, calcite and
diopside form simultaneously by carbonation of akermanite;
however, the kinetics of this reaction at low temperature
would significantly inhibit this process in a nebular
environment (Meeker et al. 1983; Armstrong et al. 1982). A
similar process has been proposed to explain formation of
calcite-diopside assemblages in an asteroidal environment
(Meeker et al. 1983; Armstrong et al. 1982). However, neither
scenario can satisfactorily explain the textural characteristics
of the assemblage in Vigarano. Textua relations clearly show
that augite, not melilite, was the precursor phase to the calcite
and that calcite and augite did not cocrystallize.

In conclusion, the evidence to support a preterrestria
origin for the calcite replacing augite in the second stone is
robust, but the mechanism for the formation of the calcite in
either an asteroidal or preaccretionary setting is enigmatic.
We argue that the terrestrial formation can be ruled out
because: a) rates of alteration of augite even under conditions
of high pH are extremely dow during terrestrial weathering;
b) there is no evidence of ateration of adjacent matrix, which
consists of fine-grained phases that are much more
susceptible to aqueous alteration; and c¢) the presence of
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carbonate veins that are clearly of terrestrial origin are
juxtaposed against unaltered pyroxene crystals. Additionally,
the presence of calcite alteration productsin a CAl in the first
Vigarano stone, that appears to be unambiguously
preterrestrial, supports the idea that other occurrences of
preterrestrial carbonates are present in Vigarano.

CONCLUSIONS

SEM studies of samplesfrom the Vigarano stone that was
recovered one month after the fall have revealed that
carbonates are common in this specimen. Three distinct
occurrences of calcium carbonates are present in the second
stone: @) an extensive network of veins; b) vesicle fillings in
the fusion crust; and ¢) a pseudomorphic replacement of
augite grains associated with a porphyritic olivine chondrule.
In the first stone, minor calcium carbonate also occurs
replacing melilite in type B CAIl. Based on robust textural
criteria and comparison with carbonates in the weathered
CV3 find Leoville, we conclude that the carbonate veins in
the second stone formed as a consequence of terrestrial
weathering. These criteriainclude: @) the local presence of a
carbonate rind on the fusion crust; b) carbonate filling of
vesicles in the crust; c) carbonate veins cross cutting the
fusion crust; and d) a thinning of the veins with increasing
distance from the fusion crust. We suggest that the extremely
rapid precipitation of calcite in this stone was driven by the
microchemical environment inside the meteorite. Hydrolysis
and metal oxidation reactions that consume hydrogen ions
drove the fluid pH to progressively more alkaline values,
promoting precipitation of calcium carbonate. We argue that
this process alowed extensive formation of carbonate
without requiring the influx of large amounts of external
fluid. Finally, although we cannot positively identify asingle
source for the calcium, it is most likely to have been derived
externally (from the soil) and was transported into the interior
of the meteorite by surface water.

Although the bulk of the carbonate in the second
Vigarano stone is certainly of terrestrial origin, minor
additional occurrences of carbonate appear to be preterrestrial
in origin. In the first Vigarano stone collected the evening of
the fall, calcite associated with a type B CAl appears to be
unequivocally preterrestrial in origin. In addition, the
presence of calcite partially replacing augite on the periphery
of achondruleinthe second Vigarano stone also appearsto be
preterrestrial, although the origin of this replacement is
unclear. It may be the result of either asteroidal or
preaccretionary ateration.

These observations demonstrate that terrestrial
weathering should not be disregarded in supposed meteorite
falls. Vigarano consists of only two separate stones with well
documented recovery times, but some meteorite falls consist
of multiple stones and fragments collected over quite
extended periods of time. Some caution must be exercised
when studying samples of falls such as Vigarano, especially
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when stones recovered at different times may be available.
Terrestrial weathering can  potentially  compromise
geochemical and mineralogical studiesin avery short period
of time.

Acknowledgments-We are grateful to Dr. Laura Crossey, Dr.
Rhian Jones, Dr. Lars Borg, and Dr. Les McFadden for many
useful discussions and suggestions during the course of this
research. The manuscript benefited considerably from
thoughtful and constructive reviews of Mike Zolensky, Mark
Tyra, and Jean-Alix Barrat. We also thank Mike Spilde for his
invaluable help with the SEM and microprobe analysis and
Dr. Monica Grady of the Natural History Museum in London,
England for generously providing the sample of the first
Vigarano stone. Electron microscopy and electron
microprobe analysis were carried out in the Electron
Microbeam Analysis Facility in the Department of Earth and
Planetary Sciences and Institute of Meteoritics, University of
New Mexico, USA, afacility that is supported by funds from
the State of New Mexico, NSF, and NASA.. Thisresearch was
supported by NASA grants NAG5-9798 and NAG5-13046 to
Adrian J. Brearley. Additional support was provided by a
Zonta International Amelia Earhart Foundation Fellowship to
NMA, which is gratefully acknowledged.

Editorial Handling—Dr. Allan Treiman
REFERENCES

Armstrong J. T., Meeker G. P, Huneke J. C., and Wasserburg G. J.
1982. Blue Angdl: I. The mineralogy and petrogenesis of a
hibonite inclusion from the Murchison meteorite. Geochimica et
Cosmochimica Acta 46:575-595.

Barrat J. A., Gillet P, Lecuyer C., Sheppard S. M. F., and Lesourd M.
1998. Formation of carbonates in the Tatahouine meteorite.
Science 280:412-414.

Bohn H., McNeal B., and O’ Connor G. 1979. Important ions. In Soil
chemistry. New York: Wiley-Interscience. pp. 272-315.

BorgL. E. and Banner J. L. 1996. Neodymium and strontium isotopic
constrains on soils sourcesin Barbados, West Indies. Geochimica
et Cosmochimica Acta 60:4193-4206.

Brearley A. J. 1995. Aqueous alteration and brecciation in Bells, an
unusual, saponite-bearing, CM chondrite. Geochimica et
Cosmochimica Acta 59:2291-2317.

Brearley A. J. 1999. Origin of graphitic carbon and pentlandite in
matrix olivines in the Allende meteorite. Science 285:1380—
1382.

Brearley A. J. and Abreu N. M. 2001. Mineralogy and distribution of
carbon in the matrix and fine-grained rims of Vigarano: TEM and
EFTEM observations (abstract). Meteoritics & Planetary
Science 36:A28.

Bunch T. E. and Chang S. 1980. Carbonaceous chondrites: II.
Carbonaceous chondrite phyllosilicates and light element
geochemistry asindicators of parent body processes and surface
conditions. Geochimica et Cosmochimica Acta 44:1543-1577.

Cenci P. and Cremonimi B. 1972. Un metodo per il dosaggio del
“CalcareAttivo” nei terrenel. Applicazione ad unaseriedi terreni
dellaprovinciadi Ferrara. Frutticoltura 34:53-55. In [talian.

Davis A. M., MacPherson G J, Clayton R. N., Mayeda T. K.,
Sylvester P. J., Grossman L., Hinton R. W., and Laughlin J. R.



Carbonatesin Vigarano

1991. Melt solidification and late stage evaporation in the
evolution of aFUN inclusion from the Vigarano C3V chondrite.
Geochimica et Cosmochimica Acta 55:621-637.

Duke C. L. and Brearley A. J. 1999. Experimental low temperature
aqueous ateration of Allende under reducing conditions (abstract
#1782). 30th Lunar and Planetary Science Conference. CD-
ROM.

Drever J. 1982. The geochemistry of natural waters. Englewood
Cliffs, New Jersey: Prentice Hall. 388 p.

Fein J. B. and Walther J. V. 1987. Calcite solubility in supercritical
CO,-H,0 fluids. Geochimica et Cosmochimica Acta 51:1665—
1673.

Felice G, Grillini G C., Morandi N., and Vianelli G 1985.
Mineralogical characteristics of the fine fraction of soilsfromthe
EmiliasRomagna region, northern Italy. Mineralogia et
Petrolografia Acta 29A:437—-453.

Gooding J. L. 1981. Mineralogical aspects of terrestrial weathering
effects in chondrites from Allan Hill, Antarctica. Proceedings,
12th Lunar and Planetary Sciences Conference. pp. 1105-1122.

Gooding J. L. 1986. Clay-mineraloid weathering products in
Antarctic meteorites. Geochimica et Cosmochimica Acta 50:
2215-2223.

GounelleM. and Zolensky M. E. 2001. A terrestrial origin for sulfate
veins in Cl1 chondrites. Meteoritics & Planetary Science 36:
1321-1329.

Grady M. M., Wright |. P, Swart P. K., and Pillinger C. T. 1988.
Carbon and oxygen isotopic composition of meteoritic
carbonates. Geochimica et Cosmochimica Acta 52:2855-2866.

Greenwood R. C., Lee M. R,, Hutchison R., and Barber D. J. 1994.
Formation and alteration of CAls in Cold Bokkeveld (CM2).
Geochimica et Cosmochimica Acta 58:1913-1035.

Hanowski N. and Brearley A J. 2000. Iron-rich aureoles in the CM
carbonaceous chondrites, Murray, Murchison, and Allan Hills
81002: Evidence for in situ aqueous alteration. Meteoritics &
Planetary Science 35:1291-1308.

Jarosewich E. and Macintyrel. G 1983. Carbonate reference samples
for electron microprobe and scanning electron microscope
analyses. Journal of Sedimentary Research 53:677-678.

Jones C. L. and Brearley A. J. Forthcoming. Experimental agueous
ateration of the Allende CV 3 carbonaceous chondrite: Insights
into asteroidal aqueous alteration. Geochimica et Cosmochimica
Acta.

Kracher A., Keil K., Kallemeyn G W., Wasson J. T., Clayton R. N.,
and Huss G |. 1985. The Leoville (CV3) accretionary breccia.
Proceedings, 16th Lunar Planetary Science Conference. Journal
of Geophysical Research 90:D123-D135.

Krot A. N., Scott E. R. D., and Zolensky M. E. 1995. Mineralogical
and chemical modification of components in CV3 chondrites:
Nebular or asteroidal processing? Meteoritics 30:748-776.

Lasaga A. C. 1984. Chemica kinetic of water-rock interactions.
Journal of Geophysical Research 89:4009-4025.

Lee M. R., Hutchison R., and Graham A. 1996. Aqueous alteration
in the matrix of the Vigarano (CV3) carbonaceous chondrite.
Meteoritics & Planetary Science 31:477-83.

Machel H. G and Burton E. A. 1991. Factors governing
cathodoluminescence in calcite and dolomite, and their
implications for studies of carbonate diagenesis. In
Luminescence microscopy and spectroscopy: Qualitative and
guantitative application, edited by Barker C. E. and Kopp O. C.

625

Tulsa, Oklahoma: Society for Sedimentary Geology. pp. 37-58.
Machel H. G, Mason R. A., Mariano A. N., and Mucci A. 1991.
Causes and emission of luminescence in calcite and dolomite.
In Luminescence microscopy and spectroscopy: Qualitative and
quantitative application, edited by Barker C. E. and Kopp O. C.
Tulsa, Oklahoma: Society for Sedimentary Geology. pp. 9-25.

MacPherson G. J. and DavisA. M. 1994. Refractory inclusionsin the
prototypicdl  CM chondrite, Mighei. Geochimica et
Cosmochimica Acta 58:5599-5625.

Mao X.-Y., Ward B. J., Grossman L., and MacPherson G. J. 1990.
Chemical composition of refractory inclusionsfrom the Vigarano
and Leoville carbonaceous chondrites. Geochimica et
Cosmochimica Acta 54:2121-2132.

McFadden L. D., McDonald E. V., Wells S. G, Anderson K.,
Quade J., and Forman S. L. 1998. The vesicular layer and
carbonate collars of desert soils and pavements: Formation, age
and reaction to climate change. Geomor phology 24:101-145.

McSween H. Y., J. 1977. Petrographic variations among
carbonaceous chondrites of the Vigarano type. Geochimica et
Cosmochimica Acta 41:1777-1790.

Meeker G P, Wasserburg G J,, and Armstrong J. T. 1983.
Replacement textures in CAl and implications regarding
planetary metamorphism. Geochimica et Cosmochimica Acta47:
707-721.

Pourbaix M. and DeZoubov N. 1974. lIron. In Atlas of
electrochemical equilibria in aqueous solutions, edited by
Pourbaix M. Houston, Texas: National Association of Corrosion
Engineers. pp. 307-321.

Rosati A. 1910a. Mineralogy: Microscopic study of the meteorite that
fell in the Vigarano Pieve, near Ferrara, in January 1910. Atti
Rendiconti Accademia Nazionale dei Lincei 19:841-846. In
Italian.

Rosati A. 1910b. Mineralogy: Microscopic study of a second
meteorite found in the Vigarano Pieve, near Ferrara, in February
1910. Atti Rendiconti Accademia Nazionaledei Lincei 19:25-27.
In Italian.

Sharp W. E. and Kennedy G. C. 1965. The system CaO-CO,-H,0 in
the two-phase region calcite and aqueous solution. Journal of
Geology 73:391-403.

Sylvester P. J., Simon S. B., and Grossman L. 1993. Refractory
inclusions from the Leoville, Efremovka, and Vigarano C3V
chondrites: Major element differences between types A and B
and extraordinary refractory siderophile element compositions.
Geochimica et Cosmochimica Acta 57:3763-3784.

Toppani A., Robert F, Libourel G, de Donato P, Barrés O.,
d’ Hendecourt L., Ghanbgja J. 2005. Experimental evidence for
condensation of “astrophysical” carbonate. (abstract #1894).
36th Lunar and Planetary Science Conference. CD-ROM.

Velbel M. A,, Long D. T., and Gooding J. L. 1991. Terrestrial
weathering of Antarctic stone meteorites: Formation of Mg-
carbonates on ordinary chondrites. Geochimica et Cosmochimica
Acta 55:67—76.

Wasson J. T. and Kallemeyn G. W. 1988. Compositions of chondrites.
Philosophical Transactions of the Royal Society of London A
325:535-544.

Zolensky M. E., Nakamura K., Gounelle M., Mikouchi T.,
KasamaT., Tachikawa O., Tonui E. 2002. Mineralogy of Tagish
Lake: An ungrouped type 2 carbonaceous chondrite. Meteoritics
& Planetary Science 37:737-761.




