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Abstract–The Cavezzo meteorite, which fell on January 1, 2020, is the first meteorite
detected and recovered by the Italian PRISMA Fireball Network. Two specimens, weighing
3.12 g (specimen 1) and 52.19 g (specimen 2), were collected 3 days after the bolide was
observed, thanks to an effective media campaign that encouraged the involvement of local
people. The two specimens of this meteorite have not only completely different lithological
characteristics but also a different geochemistry and oxygen isotopic composition as well.
Specimen 1 is anomalous both for the textural–structural features, varying seamlessly from
chondritic to “achondritic,” and a very unusual modal mineralogy—such as the relatively
high amount of olivine (63.1 vol%), plagioclase (18.2 vol%), high-Ca pyroxene (10.3 vol%),
and chlorapatite (2.1 vol%); and the unusually low content of low-Ca pyroxene (5.8 vol%),
metal (0.1 vol%), and troilite (much lesser than 0.1 vol%)—although the compositional
values for olivine (Fa 24.24 mol%) and low-Ca pyroxene (Fs 20.41 mol%) appear to be
similar to those of the L chondrite group. Conversely, in specimen 2, not only the texture
and the crystal chemistry but also the modal mineralogy (low-Ca pyroxene much more
abundant than high-Ca pyroxene and occurrence of metal and sulfides) look like those of an
ordinary L chondrite. The differences between the two specimens are also confirmed by
geochemistry. The oxygen isotope composition of specimen 1 plots at the boundary between
the H and L groups (d17O& 3.250; d18O& 4.736; D17O& 0.788) whereas specimen 2 plots
at the boundary of the L and LL fields (d17O& 3.737; d18O& 4.957; D17O& 1.159). The
bulk chemistry shows a different content of many minor and trace elements (including rare
earth elements), such as a strong depletion of siderophile and chalcophile elements in
specimen 1. The two specimens then do not contain fragments of each other, thus
preventing us from classifying this “double face” meteorite as an ordinary chondrite breccia.
In detail, specimen 1 can be considered a “xenolith” in which chondritic structure and
igneous texture coexist without discontinuity, and therefore, it represents a previously
unsampled portion of the L parent body. In summary, these findings support the
classification of Cavezzo as an L5 anomalous chondrite.
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INTRODUCTION

In the field of meteorite studies, the recovery of a
fresh fall is an important event, as it provides a rare
opportunity to study pristine material almost devoid of
any trace of terrestrial weathering. However, while any
meteorite recovered on the ground after a visual
observation of a fall provides an extraordinary amount
of information due to its “unweathered” nature (W0,
i.e., weathering grade = 0), there is a set of data—such
as pre-atmospheric mass, velocity at infinity, entry
angle, atmospheric trajectory—that a visual observation
cannot provide. However, if the bolide is detected and
monitored by an instrumental network capable of
recording its entry into the atmosphere, not only can all
these pre-atmospheric entry data be obtained, but the
region of origin of the meteorite in the solar system can
also be determined (Granvik and Brown 2018; Gardiol
et al. 2021).

In Italy, such a network coordinated and managed
by the National Institute of Astrophysics (INAF) has
been operating since 2016. This network, named
PRISMA (First Italian Network for Surveillance of
Meteor and Atmosphere), consists of more than 50 all-
sky cameras (among operative ones and in installation/
purchasing phase), which perform a continuous
monitoring of the Italian skies with the main scientific
objective of detecting fireballs and bolides during
nighttime hours (Barghini et al. 2019; Gardiol et al.
2019; Carbognani et al. 2020). Other networks exist
around the world—starting with the historic imaging
and subsequent recovery of the P�r�ıbram meteorite in
1959 (Ceplecha 1961)—all of them working with
substantially the same goals as PRISMA, that is, the
detection of fireballs and when possible the recovery of
associated meteorites.

Nevertheless, the recovery of a meteorite still
represents an exceptional event, although in the last
few years, the refinement of detection and meteoroid
trajectory calculation algorithms, and the increasing
coverage of the cameras at global level has resulted in
a significant increase in the number of meteorites
being found. Notable recent examples are the
Bunburra Rockhole “anomalous” eucrite that fell in
2007 (Bland et al. 2009; Benedix et al. 2017a), Mason
Gully in 2010 (Dyl et al. 2016), Novato meteorite in
2012 (Jenniskens et al. 2014), �Zd’�ar nad S�azavou in
2014 (Kala�sov�a et al. 2020; Spurn�y et al. 2020),
Creston in 2015 (Jenniskens et al. 2019), Murrili in
2015 (Bland et al. 2016), Ejby in 2016 (Spurn�y et al.
2017b), Stubenberg in 2016 (Bischoff et al. 2017),
Dishchii’bikoh in 2016 (Jenniskens et al. 2020), Hradec
Kralove in 2016 (Spurn�y et al. 2017a), and Dingle
Dell in 2016 (Benedix et al. 2017b).

On January 1, 2020, at 18:26:54 UT, a bolide was
observed by many people living in northern and central
Italy. This event was recorded by eight all-sky cameras
of the Italian PRISMA Fireball Network. Analysis of
the data revealed a track, inclined at about 68° with
respect to the Earth’s surface, which started at an
altitude of 75.9 km and ended at an altitude of 21.5 km
(Gardiol et al. 2021). The pre-atmospheric velocity was
relatively low (12.8 km s�1), but the high fall angle gave
rise to an intense ablation process that caused the
bolide to shine with a maximum absolute magnitude of
�9.5. The initial mass of the meteoroid has been
estimated to be 3.5 kg and approximately 13 cm in size.
During the fall, it went through a number of
fragmentation episodes, particularly at 32.6 and
30.7 km height; then, at an altitude of 21.5 km, the
meteoroid after deceleration to terminal velocity started
the so-called dark flight. Further details about the
dynamic fall parameters can be found in Gardiol et al.
(2021).

Initial calculations suggested that some fragments
of the original meteoroid had probably fallen to the
ground in the area located between Rovereto sul
Secchia, Disvetro, and Cavezzo (Modena province), in
the middle of the Po valley. Three days after the event,
on January 4, 2020, around 15:00 hours local time, Mr.
Davide Gaddi was walking with his dog over the
embankment of the Secchia river floodwater detention
basin and was attracted by a small dark shiny stone.
Since Mr. Gaddi had been informed through the media
of the notice published by the PRISMA-INAF project
about the possible fall of meteorites, after collecting the
little specimen, he looked around and was able to find
another specimen (the main mass) a few meters away
(Lat. 44°49’43.80"N, Long. 10°58’18.20"E).

The two specimens of this meteorite (Fig. 1)—
named Cavezzo from the municipality where it fell—
weigh 3.12 g (specimen 1) and 52.19 g (specimen 2).
Both of them have been donated by the finder to the
Italian National Institute of Astrophysics (INAF). The
type specimen, represented by specimen 1 and a chip
from specimen 2, has been given for deposit to the
Natural History Museum of the University of Firenze.
The main mass (specimen 2) has been given for deposit
to the Museum of Planetary Sciences in Prato.

A detailed report on this fall was sent to the
Nomenclature Committee of the Meteoritical Society.
On September 5, 2020, the meteorite was approved as a
new Italian meteorite with the name Cavezzo
(Gattacceca et al. 2021).

In this article, we describe the mineralogy,
petrography, and geochemistry of both specimens of
Cavezzo meteorite, the first Italian meteorite detected
and recovered thanks to the PRISMA Fireball
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Network, a partner of the FRIPON Network (Colas
et al. 2020).

EXPERIMENTAL

Samples

Immediately after the recovery, and before any
handling, a structured light 3-D scanner (operating at
the Laboratory of Vertebrate Palaeontology—Earth
Sciences Department of the Universit�a di Firenze) was
used to capture data from the main mass of the
meteorite. As can be seen in Fig. S2 in supporting
information, this technique allows us to get a reliable 3-
D image of specimen 2 that can be used to measure the
size and volume of the object with great accuracy.
Unfortunately, due to the small size of the specimen,
this technique could not be used on specimen 1.

In the days following its recovery, the c-ray activity
was measured on specimen 2 (the only specimen of the
two with a suitable mass) at the INAF Monte dei
Cappuccini Laboratory in Torino (Taricco et al. 2006;
Colombetti et al. 2013). This measurement has shown
the presence of many cosmogenic radioisotopes, also
confirming the presence of 48V (half-life of 15.97 days)
that is an indisputable proof of the genuineness of the
fall (Gardiol et al. 2021). The complete results of the
radiometric measures of specimen 2 will be the subject
of a forthcoming publication.

To carry out optical, scanning electron microscope
(SEM), and electron probe microanalysis (EPMA)
analyses, specimen 1 was entirely embedded in polyester
resin due to its fragile and not particularly compact
appearance. Conversely, specimen 2 was more compact,
so just a single fragment was embedded in polyester
resin. One mount (sample 1a) and two thin sections
(samples 1b and 1c) were then obtained by cutting
specimen 1. Likewise, one mount (sample 2a) and one
thin section (sample 2b) were obtained by cutting the
embedded fragment of specimen 2.

Samples 1a, 1c, and 2a are currently held by the
Museo di Storia Naturale of the Universit�a di Firenze
(Inv. Nos. I3557-3, I3557-2, and I3613-2). The main mass
(specimen 2) and samples 2b and 1b are deposited at the
Museo di Scienze Planetarie in Prato (Inv. Nos. 8527,
8528, 8529). The latter samples have also been cataloged
within the National Catalogue of Cultural Heritage (Cat.
Nos. 0901332814, 0901332814-1, 0901332814-2) according
to the Italian cataloging standard for Planetological
Heritage—BNPL (Franza and Pratesi 2021a, 2021b).
Both museums where the specimens are kept are included
in theMeteoritical Society official repositories list.

Techniques and Methods

Optical microscopy was performed at the Museo di
Scienze Planetarie in Prato by means of a Zeiss Axioplan II
opticalmicroscope equippedwith aZeissAxiocam camera.

Fig. 1. A view of specimen 1 and specimen 2. Note the occurrence of a very thin shiny fusion crust in specimen 1 and a thicker
matte black fusion crust in specimen 2. It is also interesting to note, in specimen 2, the presence of a surface (bottom left in the
picture and Fig. S1 in supporting information) showing an incipient secondary fusion crust. (Color figure can be viewed at wile
yonlinelibrary.com.)
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SEM/EDS microanalyses and elemental mapping
were undertaken at the MEMA laboratories of the
Universit�a di Firenze using a Zeiss EVO MA15
equipped with a 10 mm2 Silicon Drift Detector (SDD)
and OXFORD INCA 250 microanalysis software. An
accelerating voltage of 15 keV and beam current of
10 nA were used to collect backscattered electron (BSE)
images and energy-dispersive spectroscopy (EDS) maps,
other than point analyses. Considering the different
mean atomic number of all the phases, the BSE images
were obtained in two different modes by changing the
image settings, in particular brightness and contrast.
This facilitated the discrimination of silicates on the one
hand, and metal-oxide-sulfides on the other.
Semiquantitative chemical data were then obtained from
point analyses by converting count rates to
concentrations using energy and beam calibration on a
pure Co standard and factory quantitative
standardizations for the elements of interest. Oxygen
concentrations were calculated by stoichiometry for all
phases except metals.

Modal mineralogy has been obtained by means of
the instruments described above. This work was
performed using the Oxford Inca Software Package,
following procedures similar to those outlined by
Gastineau-Lyons et al. (2002). Image analysis of 20 X-
ray maps (1700 9 1200 lm wide) for each sample
(sample 1a, sample 1c, and sample 2a) was undertaken.
The procedure for image analysis involved searching on
the map for the exact combination of elements present
in the various phases. For each combination, the area
occupied was estimated and the quantitative modal data
then obtained using INCA 250 software. In the
situation where two phases have the same elements (i.e.,
olivine and low-Ca pyroxene), the different Si/(Mg+Fe)
ratios can be used to discriminate between them. The
results are presented both in volume and in weight
percentage to allow for comparison with previously
calculated normative and measured modal abundances
for ordinary chondrites (McSween et al. 1991;
Gastineau-Lyons et al. 2002; Dunn et al. 2010a).

High resolution X-ray 3-D microtomography was
performed at CRIST laboratories of the Universit�a di
Firenze, using a SKYSCAN 1172, in order to verify the
distribution of Fe, Ni metals, and sulfides in the
Cavezzo meteorite.

Quantitative analysis of the mineral phases present
in Cavezzo was performed at the geochemistry
laboratories of the Open University using a CAMECA
SX-100 Electron Microprobe equipped with four
wavelength-dispersive spectrometers at the laboratories
of the Earth Sciences Department of the Universit�a di
Firenze using a JEOL JXA-8230 Electron Microprobe
equipped with five spectrometers. In both cases,

operating conditions were 15 keV accelerating voltage,
20 nA beam current, a beam size of 5 and 1 lm
(depending on the content of volatile elements in the
phase to be analyzed), and data acquisition in
wavelength-dispersive spectrometry (WDS) mode. The
following standards have been used for the analyses: Si,
Al, K on fspr-In5; Mg on for-BM4; Na on jad-BM4;
Mn, Ca on bustamite; Cr on chromite; Ni on
pentlandite; Cl on Tugtupite; P on apa-BM4; Ti on rut-
BM4; S on pyri-PP5; Fe on AlmGnt; V on metallic V;
Zn on metallic Zn.

As for minor and trace element analyses, one
sample of specimen 1 and one sample of specimen 2
(each one of ~40 mg) were digested at the Open
University using a standard HF-HNO3 hotplate
dissolution technique for trace element analysis, with an
additional aqua regia stage to ensure complete sample
digestion. In addition to the samples, six terrestrial
reference materials (BIR-1, W2, DNC-1, AGV-1,
RGM-1, BE-N) were digested for instrument
calibration, along with the USGS BHVO-2 standard,
which was used to monitor precision and accuracy of
our measurements. All reagents used were Teflon
distilled grade acids and Milli-Q H2O (>18.2 MΩ
resistivity). After digestion, samples were diluted 1000-
fold of the original powder weight in a 2% HNO3

solution, prior to analysis. Trace element analysis was
undertaken at the Open University, using an Agilent
8800 ICP-QQQ-MS triple quadrupole instrument. Most
elements were analyzed in no gas or in He mode where
interferences (e.g., oxides, doubly charged species) are a
problem, with the rare earth elements (REE) measured
in O2 mode using a mass shift method. An online
internal standard consisting of Be, Rh, In, Tm, and Bi
was added to monitor and correct for instrument drift,
and a monitor block consisting of the BHVO-2
standard and a 2% HNO3 blank were also run before
and after the samples. For the majority of elements,
precision (assessed as the relative standard deviation
[RSD] of the BHVO-2 measurements) was <2%, and
accuracy was better than 5% (with the exception of Tl,
Pb [10%], Li [15%], and Sn [65%]).

Oxygen isotopic analysis was undertaken at the Open
University using an infrared laser-assisted fluorination
system (Miller et al. 1999; Greenwood et al. 2017). Laser
fluorination analyses were undertaken on two powdered
samples produced by crushing and homogenizing two
clean interior chips of the Cavezzo meteorite (one from
specimen 1 and one from specimen 2) each weighing
approximately 100 mg. For each sample, ~2 mg aliquots
of the homogenized powder were loaded into an Ni
sample block, which was then placed into a two-part
chamber and made vacuum-tight using a compression
seal with a copper gasket and a quick-release KFX clamp
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(Miller et al. 1999; Greenwood et al. 2017). A 3 mm thick
BaF2 window at the top of the chamber allowed
simultaneous viewing and laser heating of the samples.
After sample loading, the cell was heated overnight to a
temperature in excess of 70 °C to remove any adsorbed
atmospheric moisture. Prior to fluorination, the system
blank was systematically reduced by flushing the chamber
with aliquots of BrF5, such that the final blank was <60
nanomols O2. Sample heating in the presence of BrF5 was
carried out using an integrated 50 W infrared CO2 laser
(10.6 lm) and video system mounted on an X–Y–Z
gantry supplied by Photon Machines Inc. (Greenwood
et al. 2017). After fluorination, the released O2 was
purified by passing it through two cryogenic (liquid
nitrogen) traps and over a bed of heated KBr. The
isotopic composition of the purified oxygen was analyzed
using a Thermo Fisher MAT 253 dual-inlet mass
spectrometer (mass resolving power ~200). Our current
system precision based on repeat analyses of our obsidian
internal standard is �0.052& for d17O, �0.094& for
d18O, and �0.017& for D17O (2r; Starkey et al. 2016).
D17O has been calculated as D17O = d17O – 0.52 d18O in
order to directly compare our analyses of the two
specimens of Cavezzo with the ordinary chondrite
analyses of Clayton et al. (1991).

RESULTS

The naturally exposed surface of specimen 1 has a
white greenish color, a brittle structure, and does not show
any visible trace of metal or sulfides. Attempts to ascertain
whether specimens 1 and 2 were part of a single piece were
inconclusive. Specimen 1 is neither particularly rounded
nor oriented and shows a thin shiny black primary fusion
crust as well as two broken surfaces (Fig. 1). Following
the cut, we have been able to ascertain that the three
samples (1a, 1b, 1c) obtained from specimen 1 show the
same mineralogy, although there are differences in the
apparent amount of chondrules between the various
samples whose texture varies seamlessly from chondritic
(Figs. 2 and S7 in supporting information) to
“achondritic” (Figs. 2, S7, and 3). Moreover, specimen 1
shows no evidence of brecciation or discontinuity.

Specimen 2, which has a gray-whitish coloration, is
very different from specimen 1 because it has a compact
appearance and clearly contains metal and sulfides.
Neither orientation nor rounding is visible (Fig. S2).
Furthermore, its fusion crust looks thicker and has a
more matte appearance than that of specimen 1.
Specimen 2 appears to be homogeneous and shows no
evidence of brecciation or fragmentation.

Both specimens show a lack of fusion crust on at
least one of their sides due to fragmentation. Specimen
2 also displays a brown coloration on one side,

consistent with the fragmentation that occurred at a
height of 30.7 km followed by exposure to heating
during the last flight down to 21.5 km (Gardiol et al.
2021).

The distinctly different textures shown by specimens
1 and 2 are clearly illustrated in the photomosaics
shown in Fig. 2.

Petrography

Specimen 1
The amount and appearance of chondrules vary

significantly in the three samples of this specimen. In
samples 1a and 1b (Figs. 2 and 4), the chondrules are
well delineated and the boundary between chondrules
and the enclosing matrix is easily distinguishable;
nevertheless, in other portions of the specimen (sample
1c), chondrules seem to be scarce or even absent and an
“achondritic” texture prevails (Fig. 3). This is the
reason why a chondrule to matrix ratio is very difficult
to provide. Some of the large chondrules within the
sections are relatively intact (i.e., they exhibit ≥270° of
arc and their texture is clearly visible) and have a
diameter ranging from 800 to 2300 lm (mean 1400 lm);
however, chondrule fragments (≤270° of arc) are more
often present.

In textural variation, most of the chondrules appear
to be barred olivine (BO) and display elongated
subparallel bars of olivine separated by a crystallized
mesostasis consisting of high-Ca pyroxene, plagioclase,
and minor low-Ca pyroxene. Sometimes these BO
chondrules consist of large (200–600 lm) olivine
crystals, often fractured and with a continuous rim of
olivine. These crystals are sometimes molded as large
anhedral masses separated by a crystallized mesostasis
containing the same minerals. In some porphyritic
olivine (PO) chondrules where the olivine fills the entire
chondrule, or in the large crystals outside the
chondrules, a variety of poikilitic texture is present; in
these cases, chadacrysts of plagioclase and pyroxenes
are enclosed by oikocrysts of olivine that occupy all the
available space. Both BO and PO chondrule types show
diffuse tiny chromite veins and grains cross-cutting
crystals of fractured olivine. Also, very few examples of
granular olivine (GO) chondrules have been observed.

The interchondrule matrix consists mostly of large
olivine crystals, up to 1–2 mm in diameter, with
irregular rounded shapes separated by medium- to fine-
grained aggregates of high-Ca pyroxene, olivine, and
plagioclase, with minor low-Ca pyroxene. Plagioclase
may also be found as rare, large (200–400 lm) crystals
in the matrix. Chlorapatite crystals, ranging from 300 to
1000 lm, are visible everywhere. Metal is rare and can
be found as small, rounded grains inside chromite veins

Cavezzo: The double face of a meteorite 1129



(1–4 lm in size), or as rare larger (20–100 lm) blebs or
grains. Chromite is diffuse, mainly as small rounded
grains (20–40 lm), and veins (1–2 lm wide and up to
300 lm long) or, more rarely, as larger blebs up to
100 lm. Ilmenite is present as rare scattered blebs 20–
40 lm in size. Troilite is very rare since only one very
tiny grain has so far been located.

Specimen 2
This specimen displays a texture mainly consisting

of relic chondrules set in a fine- to medium-grained
silicate matrix (Fig. 3). Few relic chondrules can be
distinguished since the boundary between chondrules
and matrix is in most cases not clearly delineated.

Chondrule types are mainly PO, porphyritic
pyroxene (PP), and BO and range in diameter from 400
to 1600 µm. They are distributed in a silicate matrix,

which accounts for about 85 vol% of the section, and
the matrix is composed of chondrule and mineral
fragments that constitute a fine- to medium-grained
assemblage. PO chondrules have an approximately 2:1
olivine/pyroxene modal ratio and consist of olivine
crystals 50–200 µm in width. These crystals are
separated by a fine-grained crystallized mesostasis
mostly containing low-Ca pyroxene, with minor
plagioclase and high-Ca pyroxene.

Some chondrules, ranging in diameter from 400 to
600 µm, belong to the PP type and display a fine- to
medium-grained aggregate of low-Ca and high-Ca
pyroxene crystals, with minor plagioclase. A few BO
chondrule fragments are present and these have a
maximum width of 300 µm, with narrow olivine bars
(50 µm in width) set in a plagioclase recrystallized
mesostasis.

Fig. 2. BSE photomosaic of three samples of Cavezzo meteorite. In specimen 1, a transition from chondritic (sample 1a) to
“achondritic” texture (sample 1c) is clearly visible. Conversely, specimen 2 presents a homogeneous texture that is characterized
by the typical mineralogy of ordinary chondrites as shown in sample 2a. (Color figure can be viewed at wileyonlinelibrary.com.)
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The silicate matrix consists of medium-grained
olivine and low-Ca pyroxene anhedral crystals, up to
600 µm in length, with irregular shapes and intensively
fractured, separated by a fine assemblage of olivine,
low-Ca and high-Ca pyroxene, and plagioclase.

Metal is relatively abundant and can be found as
large (100–500 µm) blebs or grains and small, rounded
grains cross-cutting olivine crystals (1–4 µm in size).
Troilite mainly consists of dispersed, large blebs from
50 up to 300 µm diameter. Phosphate and spinel grains,
ranging from 100 to 200 µm in size, are randomly
dispersed throughout the section.

Mineralogy and Mineral Chemistry

Specimen 1
The modal mineralogy of samples 1a and 1c is,

respectively, olivine (63.1 vol%; 67.0 wt%); plagioclase
(18.2 vol%; 14.5 wt%); high-Ca pyroxene (10.3 vol%;
10.0 wt%); low-Ca pyroxene (5.8 vol%; 5.8 wt%);
chlorapatite (2.1 vol%; 2.0 wt%); chromite (0.4 vol%;
0.5 wt%); ilmenite (0.1 vol%; 0.1 wt%); Fe, Ni (0.1
vol%; 0.1 wt%); and troilite (much less than 0.1 wt%).

Olivine is present both inside and outside chondrules
and accounts for about 63.1 vol% (67.0 wt%) of the

Fig. 3. Optical transmitted light (CP) photos of the two specimens of Cavezzo meteorite. Sample 1c (above) shows a texture
characterized by large olivine crystals and the absence of chondrules whereas sample 2b (below) has a typical chondritic texture.
Field width 6.3 mm. (Color figure can be viewed at wileyonlinelibrary.com.)
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specimen. Inside the chondrules, olivine may occur as
fine-grained (10–100 lm) euhedral and subhedral grains,
along with high-Ca pyroxene and plagioclase, in the
interstitial areas among the larger coarse-grained (500–
1500 lm) olivine aggregates that join together to take up
most of the space inside the chondrules. Outside the
chondrules, the olivine occurs as rounded grains,
fragments, or large subhedral crystals ranging up to
2000 lm (Fig. 5). Although the crystals are often heavily
fractured, they are not mosaicized and do not show
undulose extinction.

The composition of all the olivine analyzed (both
inside and outside the chondrules) is essentially
homogeneous, with a very limited compositional range
and no appearance of rim to core variation (mean of 28
analyses, r-Fa mol% = 0.19). EPMA analyses, as
reported in Table 1, provide a mean Fa24.6 content in
olivine. Many minor elements fall below the detection

limit (TiO2, Al2O3, Cr2O3, CaO) with the exception of a
moderate MnO content (0.47 wt%). NiO, CoO, and
V2O5 have also been analyzed, but their amounts are
always below detection limit (≤0.02 wt%).

Pyroxene, although less abundant than olivine, is
found throughout the studied sections in specimen 1
and their total quantity is 16.1 vol%. It is noteworthy
that in specimen 1, unlike other ordinary chondrites,
low-Ca pyroxene is less abundant than high-Ca
pyroxene, accounting for 5.8 vol% (5.8 wt%) and 10.3
vol% (10.0 wt%), respectively.

Inside the chondrules, in the interstitial areas
between the larger olivine crystals (coarse-grained),
pyroxenes coexist in a granular texture along with
olivine (fine-grained) and plagioclase. In these areas
(Fig. 6), high-Ca pyroxene forms clearly visible and
well-outlined grains (up to 200 lm), while low-Ca
pyroxene tends to appear as small anhedral grains

Fig. 4. Optical transmitted light photos (CP) of sample 1b: different types of chondrules as observed. In particular, the
characteristics of porphyritic olivine (PO) and barred olivine (BO) chondrules can be easily seen. On the left (above and below): PO
chondrules completely filled by large olivine crystals. On the right: BO chondrule with usual elongated and parallel olivine crystals
(above); BO chondrule with segmented olivine crystals not more parallel. (Color figure can be viewed at wileyonlinelibrary.com.)
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(usually around 50 lm) without defined borders within
the high-Ca grains. Outside the chondrules (Fig. 6),
there is only one portion of specimen 1a where
relatively large crystals (up to 100 lm) of low-Ca
pyroxenes occur, although they continue to exist
intermixed with high-Ca pyroxenes and not as
separated, outlined grains.

Pyroxenes, as shown in Table 1, regardless of their
appearance, size, or location, are characterized by a
very homogeneous composition and define two very
narrow compositional fields (r-Fs mol% = 0.26). Low-
Ca pyroxene is an enstatite, very poor in Wo
component (En78.2Fs20.4Wo1.4), that may contain other
minor elements: TiO2 0.24 wt%, Al2O3 0.15 wt%,
Cr2O3 0.13 wt%, MnO 0.49 wt%. The more abundant
high-Ca pyroxene is a diopside–augite
(En48.0Fs7.8Wo44.2) (Table 1) that, aside from some rare
Fe-enriched rims, shows a lower FeO content compared
to low-Ca pyroxene. Again, there are detectable minor
elements: TiO2 0.58 wt%, Al2O3 0.57 wt%, Cr2O3 0.88
wt%, MnO 0.21 wt%, Na2O 0.59 wt%.

In specimen 1, recrystallized feldspathic mesostasis
accounts for 18.2 vol% and 14.5 wt%. It may occur as

allotriomorphic patches among olivine crystals or as
anhedral grains in the fine-grained assemblage of olivine
and high- and low-Ca pyroxenes. It is noteworthy that
there are no differences, either textural or mineralogical,
between plagioclase found outside or inside the
chondrules.

Quantitative compositional data show that
plagioclase has a relatively homogeneous composition
(Table 1) that is usually Na-rich, with an anorthite
content ranging between 9.8 and 12.1 mol% and an
FeO content of 0.40 wt% average content
(An11Ab83Or6). Other elements (Ti, Mn, Cr, Ni, V) were
below the detection limit.

A very interesting feature of specimen 1 is the
presence of relatively abundant apatite (2.1 vol%; 2.0
wt%), namely chlorapatite. It appears to be not
homogeneously distributed throughout the mapped
areas as it looks to be much more abundant in the area
where chondrules are not visible (Fig. 2). To confirm
this, it is only found outside the chondrules (Fig. 6b), in
the interstitial area between crystals of olivine, as
unusually large grains ranging from 300 lm up to
800 lm (mean size 500 lm). These grains are generally

Fig. 5. Phase maps representative of specimen 1 (above) and specimen 2 (below). In particular, the upper image shows the
“achondritic” texture of the sample 1c whereas the lower image refers to the sample 2b which presents, everywhere, the usual
mineralogy and petrography of the L ordinary chondrites. In the sample 1, the olivine (green) is much more abundant. Other
phases visible in both the images are low-Ca pyroxene (red), plagioclase (blue), high-Ca pyroxene (cyan), and Ca-phosphates
(fuchsia). Iron (orange) and troilite (yellow) are much more abundant in specimen 2 (below).

Cavezzo: The double face of a meteorite 1133



Table 1. Average compositions of the major phases in the Cavezzo meteorite. Data in wt%.

Olivine Low-ca pyroxene High-ca pyroxene Feldspar

Specimen 1 Specimen 2 Specimen 1 Specimen 2 Specimen 1 Specimen 2 Specimen 1 Specimen 2

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

n 28 22 18 22 25 20 22 24

SiO2 38.65 0.81 38.27 0.85 55.78 0.80 55.55 0.78 53.82 1.05 53.97 1.03 64.75 1.22 64.54 1.20
TiO2 0.02 <0.02 0.24 0.05 0.17 0.05 0.58 0.08 0.45 0.08 0.05 0.05
Al2O3 <0.03 <0.03 0.15 0.03 0.16 0.03 0.57 0.03 0.48 0.02 21.12 0.36 20.72 0.38

Cr2O3 0.02 <0.02 0.13 0.04 0.11 0.04 0.88 0.05 0.78 0.05 0.03 <0.02
FeO 22.62 0.46 22.73 0.48 12.98 0.41 13.73 0.40 4.73 0.17 4.84 0.16 0.40 0.10 0.37 0.11
MnO 0.47 0.04 0.47 0.04 0.49 0.04 0.48 0.04 0.21 0.04 0.21 0.04 <0.02 <0.02
MgO 38.61 0.64 38.99 0.62 28.96 0.38 29.41 0.37 17.03 0.18 17.31 0.17 <0.03 <0.03
CaO 0.03 0.02 0.72 0.09 0.74 0.10 21.85 0.28 21.48 0.26 2.35 0.06 2.11 0.05
Na2O <0.03 <0.03 <0.03 <0.03 0.59 0.05 0.56 0.05 10.06 0.31 10.13 0.33
K2O <0.02 <0.02 0.30 0.05 <0.02 <0.02 <0.02 0.99 0.23 0.96 0.25

Total 100.35 100.46 99.75 100.36 100.27 100.08 99.76 98.87
Fa 24.61 0.32 24.52 0.31
Range 24.00–25.23 24.32–24.87
Fs 20.41 0.38 20.99 0.39 7.79 0.21 7.95 0.22
Range 20.14–20.64 20.54–21.57 6.79–8.39 7.14–8.82
En 78.19 0.41 77.61 0.40 47.98 0.20 48.66 0.20

Range 77.77–78.66 77.20–77.89 47.51–48.41 48.35–48.96
Wo 1.40 0.18 1.40 0.19 44.23 0.27 43.39 0.28
Range 1.02–1.85 0.99–1.77 43.45–45.20 42.22–44.22
An 10.82 0.38 9.76 0.39

Range 9.78–12.12 9.26–10.05
Or 5.39 0.80 5.29 0.82
Range 4.31–7.30 3.74–6.75

Fig. 6. BSE images of mineral phases in sample 1a. On the left (a): detail of a chondrule. The interstitial areas among the
coarse-grained olivines are occupied by a granular assemblage of olivine (light gray), plagioclase (black), high-Ca pyroxene
(gray), and low-Ca pyroxene (dark gray). On the right (b): an area of the sample outside the chondrules. Despite the somewhat
larger size of the low-Ca pyroxenes, the relationship among the phases does not change significantly. The white grains at the
bottom left and bottom right are chlorapatite. (Color figure can be viewed at wileyonlinelibrary.com.)
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located at or near the boundaries of olivine crystals,
sometimes inside those feldspar patches that lack a
granular assemblage of olivine, plagioclase, and low-
and high-Ca pyroxene.

Members of the spinel group are dominated by the
presence of chromite (0.4 vol%; 0.5 wt%) with sizes
usually ranging from a few micrometers to hundreds of
micrometers, occurring in olivine as small, rounded
grains (Fig. 7a) or tiny veins (Fig. 7b), or inside
plagioclase as subhedral to anhedral grains often
sharing a border with olivine or metal (Figs. 7e, 7f, and
7g). Moreover, chromite may also be present in the
form of micrometer- to submicrometer-size grains in
the plagioclase (Figs. 7c and 7h). No zoning is visible in
the grains and the uniform composition gives the mean
values visible in Table 2.

As suggested by Rubin (1997), ilmenite occurs as a
rare phase in ordinary chondrites; indeed, even in
specimen 1, it accounts for only 0.1 vol% (0.1 wt%).
Small, well-defined grains (20–50 lm) associated with
kamacite or taenite (Figs. 7e and 7f) show the
following mean composition: TiO2 53.85 wt%; FeO
38.25 wt%; MgO 3.19 wt%; MnO 0.97 wt%; V2O3

0.37 wt%; Cr2O3 0.08 wt%. Although the ratio Ti/Fe
is a bit different from the ideal formula, nevertheless,
it is in the range of values provided by Snetsinger and
Keil (1969).

Aside from a unique small grain of troilite, neither
pentlandite nor pyrrhotite has been found in
specimen 1.

Fe-Ni metals are very rare opaque phases in the
meteorite, accounting for only 0.1 vol% (0.1 wt%).
They are unaltered because the sample was found only
3 days after it had fallen. All these phases have been
found through a detailed investigation of samples 1a,
1b, and 1c (Figs. 7b–g). Iron (kamacite), occurring as
grains of variable size (from a few micrometers to
200–300 lm) in olivine and plagioclase, is usually
associated with chromite (Figs. 7b and 7c), taenite
(Fig. 7d), and tetrataenite as well (Fig. 7g). As shown
in Table 2, iron contains Fe 94.56 wt%; Ni 4.26 wt%;
and Co 1.59 wt%, whereas the Si-content is ≤0.05 wt
% (below the detection limit of our analysis). Taenite
usually occurs in the spaces occupied by plagioclase, as
distinct grains (from tens of micrometers to 200–
300 lm) along with iron (Fig. 7d); sometimes, grains
of chromite can also be joined to grains of taenite
(Fig. 7f). Analyses yield the following mean
composition for taenite: Fe 84.26 wt%; Ni 14.97 wt%;
Co 0.90 wt%. Detectable amounts of Cu are also
present. Tetrataenite also occurs in specimen 1 as
small, well-defined grains (10–60 lm) usually associated
with iron (Figs. 7e and 7g).

Specimen 2
A modal mineralogical analysis has been performed

also on specimen 2. The percentage calculated for each
phase in the analyzed areas of the sample specimen 2a
has been averaged and the results are as follows: olivine
(38.7 vol%; 38.1 wt%); plagioclase (15.0 vol%; 11.0
wt%); high-Ca pyroxene (5.5 vol%; 5.0 wt%); low-Ca
pyroxene (29.7 vol%; 27.7 wt%); chlorapatite (0.2
vol%; 0.1 wt%); merrillite (0.3 vol%; 0.3 wt%);
chromite (1.3 vol%; 1.6 wt%); Fe, Ni (4.5 vol%; 9.9 wt
%); troilite (4.8 vol%; 6.3 wt%).

Although chondrules are not clearly delineated,
olivine is present both inside and outside relic
chondrules and accounts for about 38.7 vol% (38.1 wt%)
of the specimen. Inside chondrules, olivine occurs as
medium-grained (50–200 µm) euhedral grains, along
with pyroxene and plagioclase. Outside chondrules,
olivine may occur as fragments or large subhedral
crystals ranging up to 600 µm, often heavily fractured,
although they do not show signs of shock-induced
deformation such as mosaicism or undulose extinction.

The composition of all the olivine analyzed is
essentially homogeneous, with a very limited
compositional range and no appearance of rim to core
variation (mean of 22 analyses, r-Fa mol% = 0.15).
EPMA analyses, as reported in Table 1, provide a mean
Fa24.5 content in olivine. Many minor elements fall
below detection limits (TiO2, Al2O3, Cr2O3, CaO, NiO,
CoO, V2O5), with the exception of a moderate MnO
content (0.47 wt%).

Pyroxenes are dispersed throughout the studied
section of specimen 2 and their total amount accounts
for about 35.2 vol%. The low-Ca pyroxene versus high-
Ca pyroxene ratio is consistent with that of other
ordinary chondrites, since low-Ca pyroxene is more
abundant than high-Ca pyroxene, accounting for 29.7
vol% (27.7 wt%) and 5.5 vol% (5.0 wt%), respectively.

Inside PO chondrules, pyroxenes are present in a
fine-grained texture along with plagioclase. In these
areas, low-Ca pyroxene tends to occur as small anhedral
grains without defined borders intermingled with tiny
plagioclase grains. In PP chondrules, pyroxenes are
present both as an intergrowth of low-Ca and high-Ca
pyroxene anhedral grains or as medium-grained
aggregates of the same phases. Outside the chondrules,
pyroxenes appear both as a fine aggregate of low- and
high-Ca pyroxene mixed with plagioclase grains or as
medium to large (up to 200 µm) euhedral crystals of
low-Ca pyroxene.

As displayed in Table 1, pyroxenes are
characterized by a very homogeneous composition and
define two very narrow compositional fields (r-Fs
mol% = 0.27). Low-Ca pyroxene is an enstatite, very
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poor in Wo component (En77.6Fs21.0Wo1.4), that may
contain other minor elements: TiO2 0.17 wt%, Al2O3

0.16 wt%, Cr2O3 0.11 wt%, MnO 0.48 wt%. High-Ca
pyroxene is a diopside–augite (En48.7Fs7.9Wo43.4;
Table 1). Minor detectable elements are TiO2 0.45
wt%, Al2O3 0.48 wt%, Cr2O3 0.78 wt%, MnO 0.21
wt%, and Na2O 0.56 wt%.

In specimen 2, plagioclase accounts for 15.0 vol%
and 11.0 wt%. It occurs in two different assemblages: in
PO chondrules relics as a recrystallized feldspathic
mesostasis intermixed with low-Ca pyroxene and
surrounding olivine crystals; in the matrix as anhedral
grains, up to 200 µm, in the fine- to medium-grained
assemblage of olivine, and low- and high-Ca pyroxenes.

Quantitative compositional data show that
plagioclase has a homogeneous composition (Table 1)
that is usually Na-rich, with an anorthite content
ranging between 9.26 and 10.05 mol% (mean
An9.8Ab84.9Or5.3) and an FeO content of 0.37 wt%.

Both merrillite and chlorapatite occur in specimen 2
and account, on the whole, for 0.5 vol% (0.4 wt%).

These phases can be found as dispersed grains in the
matrix and range in size from 100 to 200 µm.

Chromite is a minor phase (accounting in specimen 2
for 1.3 vol%; 1.6 wt%) with sizes usually ranging from a
few micrometers to few hundreds of micrometers,
occurring as subhedral to anhedral grains in the matrix
(Figs. 8f–h). No zoning is visible in the grains and the
uniform composition gives the mean values visible in
Table 2.

Troilite can be found as medium to large grains and
blebs from 50 up to 300 µm in size, mostly in the
matrix, and accounts for 4.8 vol% (6.3 wt%) of the
section. As concerns the composition, it is a Ni-poor
troilite with Ni and Cr below the detection limits,
whereas Co is about 0.11 wt% (Table 2). Aside from
troilite, no other sulfides, such as pentlandite or
pyrrhotite, are present in specimen 2.

As shown by X-ray tomography (Fig. S8 in
supporting information), in specimen 2 Fe, Ni metal
phases are common and homogeneously distributed
throughout the sample. Their total amount (4.5 vol%, 9.9

Table 2. Average compositions of the opaque phases in the Cavezzo meteorite. Data in wt%.

Iron (kamacite) Taenite Troilite Spinel2

Specimen 1 Specimen 2 Specimen 1 Specimen 2 Specimen 1 Specimen 2 Specimen 1 Specimen 2

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

n 31 10 21 10 0 13 31 12
Fe 94.56 93.66 1.02 84.26 � 86.09 0.78 � � 63.60 0.30 31.95 31.88 0.34
Ni 4.26 � 6.12 0.38 14.97 � 13.04 0.27 � � <0.02 � <0.02 � <0.02 �
V <0.02 � <0.02 � <0.02 � <0.02 � � � <0.02 � 0.87 0.70 0.04
Zn 0.03 � 0.02 � <0.02 � <0.02 � � � <0.02 � 0.48 0.51 0.11
Co 1.59 � 1.18 0.20 0.90 0.15 0.83 0.18 � � 0.11 0.02 <0.02 � <0.02 �
Cu <0.02 � <0.02 � 0.09 0.01 0.08 0.02 � � <0.02 � <0.02 � <0.02 �
Si <0.02 � <0.02 � <0.02 � <0.02 � � � <0.02 � <0.02 � <0.02 �
Mg � � � � � � � � � � � � 2.23 2.35 0.11

Al � � � � � � � � � � � � 5.41 5.55 0.13
Ca � � � � � � � � � � � � <0.02 � <0.02 �
Mn <0.02 � <0.02 � <0.02 � <0.02 � � � <0.02 � 0.47 0.38 0.03

Cr 0.04 � <0.02 � <0.02 � <0.02 � � � <0.02 � 55.58 55.85 0.71
Ti 0.04 � 0.02 � 0.02 � <0.02 � � � <0.02 � 3.47 3.06 0.14
S �_ � � � � � � � � � 36.13 0.24 � � � �
Total 100.51 101.02 100.27 100.05 99.84 100.50 100.29
1The standard deviation was not calculated when <4 grains were analyzed.
2Results in oxides wt%.

Fig. 7. BSE images of mineral phases in sample 1a. a) Veins and grains of chromite in olivine. b) A detailed view of the vein
reveals that it is composed of chromite with the exception of two small grains (white) that are instead composed of iron
(kamacite). c) Grains of iron (kamacite) and chromite in plagioclase (dark gray). d) A metallic grain composed of iron
(kamacite) and taenite. e) Metallic grain in the center: tetrataenite, iron (kamacite), ilmenite, chromite. f) Taenite, chromite,
ilmenite grains along with silicates. g) Chromite, iron (kamacite), and tetrataenite. h) Micrometer to submicrometer-sized
chromite grains in plagioclase. (Color figure can be viewed at wileyonlinelibrary.com.)
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wt%) significantly differs from specimen 1. These phases
can be found mainly in the matrix as large blebs or tiny
droplets cross-cutting olivine crystals. Iron (kamacite)
occurs in the silicate matrix as grains of variable size
(from few micrometers to 200–300 lm) usually associated
with chromite, taenite, and tetrataenite (Figs. 8f and 8h).

Iron (kamacite) contains Fe 93.66 wt%, Ni 6.12
wt%, and Co 1.18 wt% (mean composition), whereas the
Si-content is below the detection limit (Table 2). Taenite
may occur associated with kamacitic iron or in single
grains (Fig. 8f) ranging from tens of micrometers to 200–
300 lm. The following mean composition has been
detected for taenite: Fe 86.09 wt%; Ni 13.04 wt%; Co
0.83 wt%. Detectable amounts of Cu are also present.
Other elements are below detection limit (Table 2).
Tetrataenite also occurs in specimen 2, either intimately
associated in plessitic structure with iron (kamacite) and
taenite (Fig. 8h) or as blebs and droplet (10–20 lm).

Chemistry

Minor and Trace Elements
Minor and trace elements have been analyzed both

for specimen 1 and specimen 2. Of the 40 elements that
were measured, only one (Tl) was below the detection
limit. Concentration values, as well as the RSD, are
reported in Table 3.

Considering the CI-normalized trace elements, we
can observe strong differences occurring between the two
specimens in the amounts of low-, medium-, and high-
volatility elements (Fig. 9; Table 3). When compared to
other ordinary chondrites, both Cavezzo specimens show
some significant differences from the H, L, and LL
groups, with specimen 1 showing strongly divergent
compositional trends (Fig. 9). In particular, specimen 1
appears to be strongly depleted in Mo, Ni, Co, Cu, Sn,
and moderately depleted in Sb, Ga, and Cs. It is
noteworthy that Cr is slightly depleted in both specimens,
although in specimen 1 it is at a lesser amount, whereas a
clear depletion of Pb and Cs occurs in specimen 2. As
concerns U, specimen 1 displays a relatively high content
(compared to ordinary chondrites).

Surprisingly, the CI-normalized REE patterns (see
Fig. 11) of specimen 1 and specimen 2 seem to be
affected by a complementary correlation. In comparison
with ordinary chondrites, the content of both LREE
and HREE is higher in specimen 1. In contrast, their
contents in specimen 2 are slightly lower than they are

in ordinary chondrites. Significantly, the Eu anomaly is
negative in specimen 1 and positive in specimen 2.

Oxygen Isotopic Composition
Both the specimens of Cavezzo meteorite were

analyzed during two distinct analytical sessions and the
results are given in Table 4 and plotted in Fig. 11.
During both sessions, the two specimens gave essentially
the same oxygen isotopic compositions (Fig. 11).
Specimen 1 plots close to the junction of the H and L
fields whereas specimen 2 plots on the opposite side,
close to the boundary between the L and LL fields.

DISCUSSION

Petrography and Mineralogy

Petrographic and mineralogical features of specimen
1 differ in many ways from those of other ordinary
chondrites. Starting with the chondrules, in specimen
1a, they have an abundance of about 70 vol% (but only
20 vol% in specimen 1c), which is in the range of
ordinary chondrites (Brearley and Jones 1998; Grady
et al. 2014) whereas their diameters (ranging from 800
to 2300 lm) appear larger than the range reported for
H and L ordinary chondrites but similar to those
suggested by Friedrich et al. (2015) for LL chondrites.

Regarding chondrule textural types, a distinction has
to be made between specimens 1 and 2. In the first one,
the prevalent occurrence of BO and, at a lesser amount,
PO and GO chondrules, can be observed; according to
some authors (Gooding and Keil 1981; Lauretta et al.
2006), this is not so usual in ordinary chondrites because
they are characterized by the following relative
abundances porphyritic olivine-pyroxene (POP)
>PO>PP>radial pyroxene (RP)>BO. Nevertheless, Hezel
et al. (2018), based on literature data for 471 chondrules
from several ordinary chondrites, pointed out a different
sequence of relative abundances: PO>POP-RP>BO>PP.
As concerns specimen 2, although chondrules are
generally not well delineated, a more typical distribution
has been observed, with prevailing PO chondrules.

But what really gives specimen 1 a distinct
character are the modal mineral abundances (Fig. S3 in
supporting information) that show significant
differences from those reported for other ordinary
chondrite meteorites. One of the most intriguing
features is the very large amount of olivine (63.1 vol%;

Fig. 8. BSE images of mineral phases in sample 2a. a) General appearance of the sample. b) In the enlargement of the previous
image, two PO chondrules can be viewed. c) Assemblage of metal and silicates. d) Relationships among olivine, high-Ca
pyroxene (Cpx), and low-Ca pyroxene (Opx). e, f) Opaque phase and their relationships with silicate minerals. g) Chromite grain
(dark gray) along with troilite grains (gray). h) Chromite (dark gray); troilite (gray); and, in the center of the image, a plessitic
grain of iron (kamacite), taenite, and tetrataenite. (Color figure can be viewed at wileyonlinelibrary.com.)
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67.0 wt%) and extremely low abundance of low-Ca
pyroxene (5.8 vol%; 5.8 wt%), as well as the absolute
scarcity of iron (kamacite), taenite, and troilite (all
together <0.2 wt%). These abundances are surprising
considering that Dunn et al. (2010a), using powder
X-ray diffraction obtained the following mean values
(wt%) for the three groups of ordinary chondrites:
olivine (H 29.8–35.7; L 40.7–43.0; LL 49.7–52.5); low-
Ca pyroxene (H 27.0–24.9; L 24.2–21.7; LL 22.6–18.9);
metal (H 15.3–21.4; L 6.9–9.9; LL 0.5–7.2); troilite (H

4.1–7.0; L 2.6–10.3; LL 3.6–8.6). It is worth mentioning
that the abundance of olivine increases from H to LL
and, inside each group, usually tends to increase from
lower to higher petrologic type so that olivine amount
in H4 is less abundant than olivine in H5, and olivine in
H5 less abundant than olivine in H6. Conversely the
low-Ca pyroxene decreases from H to LL and, inside
each group, tends to decrease from lower to higher
petrologic type. Finally, the abundance of high-Ca
pyroxene varies to a lesser extent among the three
groups although tends to show a very slight decrease
inside each group.

Even taking into account the maximum abundance
of olivine (52.5 wt% in LL6) and the minimum
abundance of low-Ca pyroxene (18.9 wt% again in
LL6), it is clear that these values are very far from the
abundances found in specimen 1. This difference is even
more striking if we consider the group and the
petrologic type showing the mineral chemistry features
that should be close to those present in specimen 1.
Thus, Dunn et al. (2010a) suggest that in L5 ordinary
chondrites, the olivine abundance is about 42.2 wt%
(versus 67.0 wt% in Cavezzo) and the low-Ca pyroxene
abundance close to 24.2 wt% (versus 5.8 wt% in
Cavezzo). Also considering the results of the study
performed by Dunn et al. (2010b), there is a strong
discrepancy between the abundance of olivine,
orthopyroxene, and clinopyroxene in specimen 1 and
the abundances of these minerals in other ordinary
chondrites: the ol/(ol+px) ratio in specimen 1 is 0.80
whereas it is at maximum 0.69 for LL (Karatu LL6
chondrite) and 0.61 for L (Kyushu L6 chondrite); the
cpx/(opx+cpx) ratio in specimen 1 is 0.64 whereas in the
ordinary chondrite, the maximum value 0.34 can be
found, by coincidence, in Attarra (L4 chondrite). The
unique exception in these abundances is related to the
LL6 Saint S�everin where the relative abundances invert
to give the following values: low-Ca pyroxene 11 vol%
and high-Ca pyroxene 14 vol% (Kovach and Jones
2010).

Although the data of Dunn et al. (2010a, 2010b)
were obtained by XRD, it should be underlined that,
according to the same authors, the comparison of
electron microprobe abundances with XRD abundances
appears to suggest that the microprobe phase-mapping
technique agrees better with the XRD technique, in
particular when the ordinary chondrites become more
equilibrated (as in the case of specimen 1). Plagioclase
abundance in specimen 1 (18.2 vol%; 14.5 wt%) is
slightly higher than the ranges given by Gastineau-
Lyons et al. (2002) and Dunn et al. (2010a) for other L
chondrites (min 5.7 wt%, max 12.3 wt%).

As concerns phosphates, the mean abundance of
chlorapatite in specimen 1a and specimen 1c is 2.1 vol%

Table 3. Trace element concentration (lg g�1).

Specimen 1 RSD Specimen 2 RSD

Li 1.47 0.22 2.69 0.34
Sc 11.76 1.53 9.30 1.29

Ti 528.62 0.18 537.39 0.63
V 68.84 0.43 50.75 0.96
Cr 2805.00 0.45 1922.68 0.78

Mn 2827.21 0.79 2652.18 0.32
Co 22.46 0.25 608.34 0.96
Ni 277.26 0.73 13739.70 1.07

Cu 1.50 0.35 94.93 0.63
Zn 57.34 1.94 51.26 0.73
Ga 2.66 0.46 5.05 1.37
Rb 2.73 1.30 3.24 2.40

Sr 13.40 1.16 10.80 2.52
Y 2.94 1.31 1.90 1.83
Zr 8.40 0.49 6.45 0.83

Nb 0.34 1.06 0.42 0.76
Mo 0.05 14.99 0.96 1.01
Sn 0.04 4.48 0.58 2.38

Sb 0.02 5.79 0.07 8.78
Cs 0.05 4.70 0.03 0.69
Ba 3.47 0.79 3.60 1.09
La 0.527 0.688 0.269 1.570

Ce 1.366 0.684 0.696 0.575
Pr 0.198 0.540 0.104 2.518
Nd 0.919 0.372 0.499 0.088

Sm 0.312 0.447 0.175 6.012
Eu 0.100 2.032 0.080 1.539
Gd 0.431 0.840 0.230 2.991

Tb 0.078 0.601 0.044 2.100
Dy 0.505 1.556 0.296 4.191
Ho 0.106 0.704 0.065 1.085

Er 0.288 0.592 0.203 2.500
Yb 0.235 5.707 0.201 4.591
Lu 0.036 1.811 0.032 1.899
Hf 0.192 2.543 0.164 2.842

Ta 0.030 2.583 0.023 2.773
Tl bdl 85.09 bdl 625.49
Pb 0.242 0.427 0.066 0.599

Th 0.059 2.236 0.044 6.207
U 0.032 0.901 0.014 6.198

RSD is the relative standard deviation of the five individual

measurements per element, which are then averaged. Precision and

accuracy mentioned in the Techniques and Methods section are

based on the reproducibility of the BHVO-2 standard.
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(2.0 wt%) but it goes to 3.1 vol% (2.9 wt%) if only
specimen 1 is considered. These values significantly
exceed the ones found in other ordinary chondrites. For
example, from Gastineau-Lyons et al. (2002) reported
values of whitlockite ranging from 0.34 to 0.75 wt%;
McSween et al. (1991) normative abundances from 0.29
to 0.79 wt%; Lewis and Jones (2016) abundances from
0.0 to 0.3 vol% in four L chondrites. An exception is
the dark fraction of the Saint S�everin LL6 chondrite
that contains up to 20 vol% chlorapatite (Crozaz and
Zinner 1985). Opaque phases also display strong
differences when data for the specimen 1 meteorite are
compared with those of other ordinary chondrites. The
kamacite+taenite (Fe, Ni) abundance in specimen 1 is
0.1 wt% against 0.5 wt% in LL (Benares(a) LL4) to
21.42 wt% in H (Forest Vale H4) but never lower than
5.35 wt% in L chondrites (McSween et al. 1991).
Troilite is rare and unquantifiable, as only a single very
small grain has been found, whereas in L ordinary
chondrites, its abundance ranges from 3.88 wt%
(Ramsdorf L6) to 10.3 wt% (Apt L6; McSween et al.

1991; Dunn et al. 2010a). Chromite amounts to 0.5
wt%, a value lower than the range usually observed in
ordinary chondrites (min 0.63 wt%, McSween et al.
1991; max 1.15 wt%, Gastineau-Lyons et al. 2002),
whereas the abundance of ilmenite 0.1 wt% is in the
range of ordinary chondrites (min 0.00, Gastineau-
Lyons et al. 2002; max 0.32, McSween et al. 1991).

A completely different situation occurs when
specimen 2 is considered because its petrography is
more similar to an L chondrite. Chondrules are smaller
than in specimen 1 because their size ranges in diameter
from 400 to 1500 µm whereas the chondrule types are
mainly PO, PP, and BO. This sequence of relative
abundances is like that reported for ordinary chondrites
(Gooding and Keil 1981; Lauretta et al. 2006).
Moreover, the size range is in agreement with the
recommended values reported by Friedrich et al. (2015)
for L chondrites.

Also, the modal mineralogy of specimen 2 is much
more similar to that of ordinary chondrites when
compared to specimen 1 (Fig. S3) although some

Fig. 9. Cavezzo bulk composition CI-normalized. The pattern for specimen 1 displays significant differences with that for a
typical L chondrite composition (Wasson and Kallemeyn 1988; Kallemeyn et al. 1989). (Color figure can be viewed at wile
yonlinelibrary.com.)
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differences may occur. In particular, from a comparison
of the values obtained on sample 2a and the values
reported by Dunn et al. (2010a) for the L chondrites,
the following considerations can be made. Olivine (38.1
wt%) is slightly lower than the lowest value reported
for the Bald Mountain meteorite (38.4 wt%);
plagioclase (11.0 wt%) is in the range reported from 17
meteorites (7.2–12.3 wt%); high-Ca pyroxene (5.0 wt%)
is lower than the lowest value reported for Messina (7.2
wt%); low-Ca pyroxene (27.7 wt%) is a bit higher than
the highest value reported for the Blackwell meteorite
(25.9 wt%). Phosphate minerals chlorapatite and
merrillite are in the range of the abundances reported
by Lewis and Jones (2016) for equilibrated L
chondrites.

As for opaque phases, chromite abundance (1.3
vol%; 1.6 wt%) is slightly higher than in ordinary
chondrite whereas Fe, Ni (4.5 vol%; 9.9 wt%) and
troilite (4.8 vol%; 6.3 wt%) are in the range observed
for the L chondrites (McSween et al. 1991; Dunn et al.
2010a).

Crystal Chemistry

In contrast to petrography and modal mineralogy,
the compositions of the main and accessory mineral
phases in specimen 1 and specimen 2 are quite similar
and do not show any substantial difference with those
generally observed in ordinary chondrites, in particular
those of the L group.

The fayalite content of olivine (Fa 24.6 mol% in
specimen 1 and 24.5 mol% in specimen 2) and the
ferrosilite content of the low-Ca pyroxene (Fs 20.4 mol%
in specimen 1 and 21.0 mol% in specimen 2) plot in the
middle of the compositional field for the L chondrite

group (Fig. S4 in supporting information). Even in the
diagram CaO, MnO versus FeO, as used by Brearley and
Jones (1998), the values of specimen 1 and specimen 2—
respectively, <0.05 wt%, 0.47 wt%, 22.62 wt% and <0.05
wt%, 0.47 wt%, and 22.73 are within the L group.
Moreover, the very low NiO content (<0.03 wt%) in the
olivine indicates that the conditions of formation were
not particularly oxidizing, as expected for L chondrites.

Pyroxene, both high-Ca and low-Ca types, displays
compositions that are also compatible with literature
data for L chondrites. In particular, considering the
high-Ca pyroxene, the Fs content (7.79 mol% in
specimen 1 and 7.95 mol% in specimen 2) as well as the
Wo content (44.23 mol% in specimen 1 and 43.39 in
specimen 2) agree well with the values provided by
Gastineau-Lyons et al. (2002) for three L group
chondrites (namely Bald Mountain, Homestead, and
Girgenti). Even minor element concentrations of the
high-Ca pyroxene (TiO2 0.58 wt%, Al2O3 0.57 wt%,
MnO 0.21 wt%, Cr2O3 0.88 wt% for specimen 1; TiO2

0.45 wt%, Al2O3 0.48 wt%, MnO 0.21 wt%, Cr2O3 0.78
wt% for specimen 2) agree with those reported in the
diagrams TiO2, Al2O3, Na2O versus CaO and MnO,
Cr2O3 versus FeO by Brearley and Jones (1998).

The low-Ca pyroxene composition of specimen 1
(Fs 20.41 mol%, Wo 1.40 mol%) and specimen 2 (Fs
20.99 mol%, Wo 1.40) is homogeneous (Fig. S5 in
supporting information) and in the range of values
provided by Brearley and Jones (1998) and Gastineau-
Lyons et al. (2002). Although the contents of Fs and
Wo show an approximate increase with the increase of
the petrologic type within each chondrite group, we
observe that Cavezzo data from both specimens agree
better with the values of petrologic type 5 of the L
group. It is noteworthy that minor element

Table 4. Oxygen isotope composition in Cavezzo meteorite.

Specimen d17O& 1r d18O& 1r D17O& 1r D17O&linear 1s

1000 ln
[1 + (d17OSMOW/

1000)]

1000 ln
[1 + (d18OSMOW/

1000)]

Specimen 1 3.317 4.870 0.785 0.762 3.312 4.858
Specimen 1 3.202 4.648 0.785 0.764 3.197 4.637
Specimen 1 3.232 4.689 0.794 0.772 3.227 4.678

Mean values 3.250 0.060 4.736 0.118 0.788 0.005 0.766 0.005 3.245 4.724
Specimen 2 3.717 4.915 1.161 1.138 3.710 4.903
Specimen 2 3.756 4.999 1.157 1.133 3.749 4.987

Mean values 3.737 0.028 4.957 0.059 1.159 0.003 1.135 0.004 3.730 4.945
Specimen 1 3.268 4.762 0.792 0.770 3.263 4.751
Specimen 1 3.181 4.611 0.783 0.762 3.176 4.600
Mean values 3.225 0.062 4.687 0.107 0.788 0.006 0.766 0.006 3.219 4.676

Specimen 2 3.762 5.003 1.160 1.136 3.755 4.991
Specimen 2 3.748 4.926 1.186 1.163 3.741 4.914
Mean values 3.755 0.010 4.965 0.054 1.173 0.018 1.150 0.019 3.748 4.952
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concentrations, such as CaO 0.72 wt%, TiO2 0.24 wt%,
Al2O3 0.15 wt%, MnO 0.49 wt%, Cr2O3 0.13 wt% (in
specimen 1) and CaO 0.74 wt%, TiO2 0.17 wt%, Al2O3

0.16 wt%, MnO 0.48 wt%, Cr2O3 0.11 wt% (in
specimen 2) fall in the L chondrites field on diagrams of
TiO2, Al2O3 versus CaO and MnO, Cr2O3 versus FeO
(Brearley and Jones 1998).

Compositional analysis of feldspar in specimen 1
and specimen 2 (Fig. S6 in supporting information),
although showing slight differences, yields results
pointing toward an albitic plagioclase (An 10.82 mol%,
Or 5.39 mol% and An 9.76 mol%, Or 5.29 mol%,
respectively).

Phosphates, namely chlorapatite in specimen 1 and
both chlorapatite + merrillite in specimen 2, show
compositions like those reported by Lewis and Jones
(2016).

Besides chromite of constant composition, in
Cavezzo, there are no traces of Al-rich Cr spinel that
occur in many equilibrated ordinary chondrites as large
grains in chondrules rich in mesostasis (Wlotzka 2005).
Comparing the data with those published by Wlotzka
(2005), the mole% Fe/(Fe+Mg) (0.89–0.88) and mole%
Cr/Cr+Al (0.88–0.87) ratios of specimen 1 and specimen
2 are compatible both with the values detected in L and
LL chondrites.

Iron (kamacite) composition in the two specimens is
quite different (Table 2). In specimen 1, the Ni content
(4.26 wt%) is close to the Ni content occurring in the
LL group (4.43–5.47 wt%; Afiattalab and Wasson 1980)
whereas in specimen 2, the Ni content (6.12 wt%) is
more similar to that found in H group (5.96–6.86 wt%)
and L group (5.70–6.67 wt%). As argued by Reisener
and Goldstein (2003), kamacite Co concentrations vary
systematically with respect to chondrite chemical group
and, therefore, can be a good indicator to use. Actually,
the Co contents in kamacite of specimen 1 and
specimen 2 (1.59 wt% and 1.18 wt%, respectively) are
between those found in L (0.67–0.82 wt%) and LL
(2.04–4.60 wt%) groups. As concerns taenite, the Co
contents of specimen 1 and specimen 2 are 0.90 wt%
and 0.83 wt%, respectively, near to the content reported
in the literature for LL chondrites (1.01–0.97 wt%) but
different from those of L (mean 0.18 wt%, Afiattalab
and Wasson 1980; 0.30 wt%, Kong and Ebihara 1996)
and H (0.10 wt%, Afiattalab and Wasson 1980)
chondrites.

Geochemistry

Chemical analyses of minor and trace elements
reveal substantial differences between ordinary
chondrites and the Cavezzo meteorite (Table 3; Fig. 9).
The strong depletion in Mo, Ni, Co, Cu, and Sn and

moderate depletion in Sb, Ga, and Cs of specimen 1
can be justified considering that many of these elements
(with the exception of Cs) are siderophile or
chalcophile. Therefore, since Fe, Ni metal is exceedingly
low and sulfides are basically absent in specimen 1, the
abundance of siderophile and chalcophile elements is
consequently very low.

Such low abundance of these elements can explain
an absolute concentration of the lithophile elements
slightly higher than mean L chondrites. According to
Mittlefehldt and Lindstrom (2001), this concentration
could be consistent with segregation of metal plus
troilite (migrated in other portion not present in
specimen 1), thus "concentrating" the lithophile
elements compared to bulk L chondrites.

As for U, the higher content of specimen 1
(compared to ordinary chondrites) can find an
explanation by the presence of a greater amount of
chlorapatite that hosts this element.

The strong differences observed in the REEs of
specimen 1 and specimen 2 (Fig. 10) confirm that
Cavezzo is a “double face” meteorite. Complementary
correlation, as soon as the opposite Eu anomalies
(negative in specimen 1 and positive in specimen 2), is
not unusual in meteorites (Masuda et al. 1973; Dauphas
and Pourmand 2015) but not in the same meteorite.
Hence, the differences are related to the different modal
mineralogy of the two specimens and, in particular, to a
dissimilar content of Ca-phosphate, Ca-pyroxene, and
plagioclase.

Oxygen Isotopes
On a diagram of d17O versus d18O (Fig. 11),

specimen 1 plots on the boundary between the H and L
groups, whereas specimen 2 plots along the boundary
between the L and LL groups. These data suggest that
specimen 1 is derived from isotopically distinct material
compared to that of specimen 2. Xenoliths of one type
of ordinary chondrite within an isotopically distinct
ordinary chondrite host have been documented in many
other meteorites (e.g., Bridges and Hutchison 1997;
Herd et al. 2013; Ruzicka et al. 2019). The evidence
from oxygen isotope analysis suggests that specimen 1,
at least in part, consists of “xenolithic” material, with
specimen 2 representing the enclosing host material.

Classification

Class and Group
Specimen 1 is undoubtedly an equilibrated ordinary

chondrite-related sample although it also appears to
show a number of unique characteristics. There is a
clear ambiguity when comparing the classification
information provided by oxygen isotopes, olivine, and

Cavezzo: The double face of a meteorite 1143



low-Ca pyroxene compositions (that are typical of L-
chondrite group) on the one hand and the mineralogical
modal abundances on the other. Both specimen 1 and
specimen 2 show mean composition for olivine and low-
Ca pyroxene which are within expected values of Fa
22.7–25.6 (mean Fa 24.6) and Fs 18.7–22.6 (mean Fs
21.3) for L group chondrites. Furthermore, the average
plagioclase composition for specimen 1 and specimen 2

is also very close to the average plagioclase composition
(An 10.2, Or 5.6) for L chondrites. Even more
importantly, the oxygen isotopes, although different
between them (Fig. 11), plot in the L field of the
ordinary chondrites. In specimen 1, the very low
amount of metal, the absolute scarcity of sulfides, and
the high-Ca pyroxene/(high-Ca pyroxene + low-Ca
pyroxene) ratio point toward an LL group composition.
This is the reason why specimen 1 has to be recognized
as an anomalous member of the L-chondrite group. As
discussed earlier, the oxygen isotope composition of
specimens 1 and 2 are consistent with a xenolith–host
relationship.

Petrologic Type
Although in both specimen 1 and specimen 2

olivine, pyroxenes and plagioclase compositions plot in
tight clusters and distinct groups (Figs. S4–S6)—all of
which are characteristics indicative of a high
petrological type (≥5) with an advanced degree of
chemical equilibration—the size of plagioclase (<50 lm)
and the CaO content in orthopyroxene suggest a
petrological type 5 (Van Schmus and Wood 1967; Tait
et al. 2014). Nevertheless, it is worth noting that in
specimen 1, matrix has completely recrystallized into a
coarser texture but some chondrules are still well
delineated; specimen 2 has a fine-grained matrix with
relics and not so clearly delineated chondrules.

Weathering Grade and Shock Stage
Specimen 1 is a fall and, just like the main mass

(specimen 2), was recovered and collected within 4 days

Fig. 10. REE pattern of specimen 1 and specimen 2 compared to those of ordinary chondrites. It is noteworthy that LREE and
HREE of specimen 1 decrease whereas LREE and HREE of specimen 2 increase. Data for H, L, LL chondrites from Wasson
and Kallemeyn (1988) and Kallemeyn et al. (1989). (Color figure can be viewed at wileyonlinelibrary.com.)

Fig. 11. Oxygen isotopes composition of Cavezzo: specimen 1
plots at the junction between the H and L fields whereas
specimen 2 plots at the boundary between L and LL fields
(Data: Clayton et al. [1991] and Meteoritical Bulletin Database)
(Color figure can be viewed at wileyonlinelibrary.com.)
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of its fall. Therefore, neither primary nor secondary
weathering has developed, and the weathering grade is
W0 according to the proposed weathering scale
(Wlotzka 1993; Wlotzka et al. 1995; Al-Kathiri et al.
2005; Zurfluh et al. 2016).

Despite the intensive fracturing of the olivine and
other minerals that are pervasive in the samples, all
grains show a sharp optical extinction without any trace
of undulatory extinction. These parameters indicate a
shock stage of S1 according to the scheme of St€offler
et al. (1991). Nevertheless, in specimen 1, some
plagioclase–chromite assemblages occur (Fig. 7h) along
with chromite veinlets in olivine crystals (Figs. 7a and
7b). These features have been reported in some ordinary
chondrites that experienced shock heating (Dodd and
Jarosewich 1982; Xie et al. 2001; Rubin 2003),
indicating that the intergrowths themselves could be the
result of shock-induced melting.

Therefore, following Rubin (2003), it could be
assumed that specimen 1 was shocked to levels of at
least shock-stage S3 and then subject to a postshock
annealing that resets the shock stage to S1, yielding a
sharp optical extinction. However, if this scenario were
true, it would be difficult to explain the presence of
unmelted chromite grains in the plagioclase as well as
the lack of other evidence, such as extensive silicate
darkening, myrmekitic plessite, and a relatively high
abundance of metallic Cu (Rubin 2003).

Specimen 2 shows no evidence of shock nor does
the occurrence of particular mineralogical assemblage.
Nevertheless, a heating that obliterated the evidence of
a previous shock event cannot be excluded.

An Anomalous L-Chondrite
Cavezzo is a “double-faced” meteorite because the

two specimens have clearly distinct characteristics.
Indeed, not only are they easily distinguishable on the
basis of modal mineralogy and texture but also the
oxygen isotopes, which fall at the extremes of the L
chondrite field (Fig. 11), confirm that they are two
different meteorites. However, while specimen 2 shows
characteristics typical of usual ordinary chondrites,
specimen 1 has a modal mineralogy (high abundance of
olivine and low abundance of low-Ca pyroxene) and
texture (from chondritic to “achondritic”) that are
completely anomalous for a chondrite.

Some of the characteristics of specimen 1 might
resemble those of shock melted and recrystallized
chondrites (Saint Severin, Chico, DaG 896, etc.) whose
real nature could not be immediately recognized due to
the appearance of an achondritic texture. As an
example, DaG 896 was initially mistaken for an
achondrite (Folco et al. 2004) and only successively was
recognized by the same authors as an H-impact melt.

These meteorites may also reveal residual chondrules
within the shocked clasts and metal–sulfide depletion.
Moreover, the shocked melted and recrystallized
meteorites often present brecciated structures, impact
melts clearly visible as glasses and residual chondritic
clasts well distinct from the melt (see Bogard et al.
[1995] for the Chico meteorite). Furthermore, the
composition of the recrystallized pyroxene may be
highly variable, as occurs in Patuxent Range 91501
(Mittlefehldt and Lindstrom 2001) and in DaG 896
(Folco et al. 2004).

As a matter of fact, specimen 1 does not show any
of these characteristics. There is no evidence of glass,
clastic, or brecciated texture like those observed by
Friedrich et al. (2014). In the low-Ca pyroxenes, there is
no positive linear correlation between TiO2 and Al2O3

that is indicative of igneous fractionation and has been
observed both in Patuxent Range 91501 (Mittlefehldt
and Lindstrom 2001) and in DaG 896. Furthermore,
specimen 1 can be neither a unique mega-chondrule like
those found in some meteorites (Ruzicka et al. 1998),
because specimen 1 contains some clearly distinguished
chondrules, nor, for the same reason, a recrystallized
portion of an impact melt pocket.

Although specimen 1 presents in some portions an
overall igneous texture, it is difficult to justify this
characteristic in a framework of recrystallization from
shock melt because, if this were true, the equilibrated
crystal chemistry of specimen 1’s mineral phases would
have required a more protracted crystallization interval.
Such crystallization is not easily explained in the light
of well-formed chondrules that are intermingled with
the igneous texture.

In conclusion, given the differences between the two
Cavezzo specimens in terms of oxygen isotopes, modal
mineralogy, and texture, specimen 1 is a “xenolith” and
not a recrystallized melt pocket. However, specimen 1
remains anomalous because it cannot simply represent a
recrystallized melt clast, considering that its chondrules
are intermingled with large crystals of olivine and a
gradual transition to the “achondritic” portion of the
specimen can be observed (Figs. 2, 3, and S7).

CONCLUSIONS

Both Cavezzo specimens belong to the chondritic
class, as shown by the occurrence of chondrules, and
are characterized by the identical composition of the
main and secondary phases. The composition of olivine,
low-Ca and high-Ca pyroxene, and plagioclase is very
similar in both specimens—and these compositions tend
to match the compositional fields of the ordinary L-
group chondrites. Despite these similarities, specimen 1
and specimen 2 are different because of their textural
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features, modal mineralogy, geochemistry, and oxygen
isotopic composition.

Some of these characteristics, while not anomalous for
ordinary chondrites overall, can be useful to distinguish
specimen 1 from specimen 2. For example, specimen 1 is
characterized by a very low amount of Fe, Ni metal and
sulfides (much lower than LL chondrites) whereas in
specimen 2, their amount is compatible with L chondrites.
Specimen 1 contains chlorapatite whereas specimen 2
contains both chlorapatite and merrillite. Specimen 1
shows the occurrence of spinel within the plagioclase veins
whereas specimen 2 does not show this feature. It is
noteworthy that the oxygen isotope compositions of the
two specimens, although both plot in the L-chondrite
field, are clearly different from each other.

Other characteristics are not only peculiar to
specimen 1 but are also distinctive with respect to the
other ordinary chondrites known so far. In fact,
specimen 1 presents large chondrules and large crystals
in the matrix that are not limited to silicates but
likewise concern phosphate (i.e., chlorapatite).
Moreover, there are aspects related to the large amount
of olivine (very high ol/ol+px ratio) and to the
anomalous ratio of low-Ca and high-Ca pyroxenes
(high cpx/cpx+opx ratio).

The geochemistry of the Cavezzo meteorite is then
quite intriguing because in specimen 1, the
concentration of almost all elements, except siderophiles
and chalcophiles that are strongly depleted, is slightly
enriched compared to that of ordinary chondrites.
Furthermore, specimen 1 and specimen 2 have very
dissimilar REE patterns from each other.

These characteristics, considering that specimen 1
shows no portions similar to specimen 2 and vice versa,
prevent the Cavezzo meteorite from being classified as a
breccia. In conclusion, by virtue of the peculiarities of
specimen 1, this fall has to be classified as an
anomalous L5 ordinary chondrite where specimen 1 is a
“xenolith” that might represent a previously unsampled
portion of the L chondrite parent body.
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SUPPORTING INFORMATION

Additional supporting information may be found in
the online version of this article.

Fig. S1. Specimen 2 showing an incipient secondary
fusion crust consistent with the fragmentation that
occurred at a height of 30.7 km followed by exposure to
heating during the last flight down to 21.5 km (Gardiol
et al. 2021).

Fig. S2. Video, obtained with a high resolution
structured-light 3-D scanner, showing the main mass (in
the article referred as to specimen 2) of the Cavezzo
meteorite.

Fig. S3. Pie-chart showing the modal mineralogy of
specimen 1 and specimen 2. Metal and sulphides are not
represented because <0.1%.

Fig. S4. Cavezzo (specimen 1 and specimen 2): the
average ferrosilite and fayalite contents, respectively of
low-Ca pyroxene and olivine, plot within the expected
values for type L ordinary chondrites.

Fig. S5. Low-Ca and high-Ca pyroxene composition
of specimen 1 (pink) and specimen 2 (red). Two distinct
groups of pyroxenes are clearly visible as well as the
lack of pigeonite or augite. The compositions are in
such a narrow field that many symbols are
superimposed on each other.

Fig. S6. Feldspar composition of specimen 1 (cyan)
and specimen 2 (blue). The composition, as can be seen
clearly in this plot, is relatively homogeneous and many
values overlap each other.

Fig. S7. Specimen 1 of the Cavezzo meteorite.
Above: “achondritic” texture of the sample 1c
dominated by large olivine crystals. Below: in this
portion of the sample 1b, the chondrules are
intermingled with large olivine crystals and a gradual
transition to the “achondritic” portion of the specimen
can be seen. Field width 10 mm.

Fig. S8. X-ray tomography showing the distribution
of Fe,Ni metal and sulphides inside the Cavezzo main
mass (specimen 2).
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