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Abstract–We present the outcome of search campaigns conducted in the Catalina Dense
Collection area (DCA) located in the central depression of the Atacama Desert, Chile. The
“Catalina Systematic Collection” (CSC) was assembled through systematic on-foot searches,
resulting in a total of 1599 meteorites, before pairing, collected over a surface of 6.80 km2.
This yielded a recovery density of 235 meteorites per km2 (67 meteorites >20 g per km2),
making it the densest among hot deserts, even higher than the neighboring El Médano DCA
collection. This confirms that the central depression of the Atacama Desert holds the highest
meteorite density among hot deserts. We classified 457 meteorites weighing more than 20 g.
After correcting for various recovery biases, we estimated a true meteorite density on the
ground of 131 meteorites per km2 for meteorites >20 g before pairing. Using a probabilistic
approach, we calculated an average pairing likelihood, yielding 71 meteorites >20 g per km2

after pairing. This high density is likely linked to an old age of the CSC, which would also
explain the absence of carbonaceous chondrites, as they are more prone to alteration by
abrasion. This long meteorite accumulation period is related to the long-term hyper-aridity
and surface stability of the Atacama Desert, which have persisted for several million years.
Meteorites from the CSC show less chemical weathering on average than in other hot deserts,
despite the long accumulation period. The H/L ratio in the CSC is higher than in meteorites
from other hot deserts, Antarctica, and falls, but similar to the El Médano collection,
potentially reflecting variations in the composition of the meteorite flux over the past Myr.
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INTRODUCTION

Deserts are the most productive places on Earth for
meteorite recovery. This is mainly due to the dry
conditions and low erosion, which allow the accumulation
and preservation of meteorites over long time scales.
During the past decades, tens of thousands of meteorites
have been recovered in deserts. While the cold desert of
Antarctica accounts for the majority of meteorite finds
with around 60% of officially recognized meteorites
(Meteoritical Bulletin Database, MBDB, https://www.lpi.
usra.edu/meteor/, as of December 2024), hot deserts, such
as the Arabian Desert (Hofmann et al., 2018; Hofmann &
Gnos, 2024), the Sahara Desert (Aboulahris et al., 2019;
Belhai, 2023), deserts in Southwest USA (Zolensky
et al., 1990), the Atacama Desert (Gattacceca et al., 2011;
Pinto et al., 2024), and the Nullarbor Desert (Benedix
et al., 1999; Devillepoix et al., 2022), account for around
35% of classified meteorites. Contrary to the Antarctic
case where meteorites are concentrated by glacial processes
(Zekollari et al., 2019), the high meteorite densities in hot
deserts result from the passive accumulation of meteorites
with time. Therefore, besides being an invaluable source of
meteorites, hot desert meteorite collections allow assessing
the stability of the collection surface, estimating the
meteorite flux to the Earth and its possible variations over
different time scales (Drouard et al., 2019; Zolensky
et al., 1990, 2006), and investigating the rate and
effects of terrestrial weathering on meteorites (Al-Kathiri
et al., 2005; Pourkhorsandi et al., 2019; Zurfluh et al.,
2016).

The Atacama Desert, located in Northern Chile,
stands out among hot deserts due to its exceptionally arid
and stable climatic conditions. Previous studies indicated
that the Atacama Desert is home to the densest hot desert
meteorite collections in the world, with up to more than
100 meteorites per km2 (Gattacceca et al., 2011; Hutzler
et al., 2016). In contrast, meteorite densities in other hot
deserts are much lower, with about 0.1–1 meteorite per km2

in the Sahara and 0.57–7.3 meteorites per km2 in the
Arabian Desert (Hofmann et al., 2018; Hofmann &
Gnos, 2024). As of today, more than 3700 meteorites from
Chile have been listed in the MBDB, most of which have
been recovered from DCAs located in the Atacama Desert
(Pinto et al., 2024). Furthermore, the Atacama Desert is
also a valuable site for collecting micrometeorites, adding
another layer of scientific interest to this area (Van
Ginneken et al., 2024).

In this study, we focus on the Catalina DCA located
in the central depression of the Atacama Desert,
extending from 25°180S to 24°540S latitude and 70°000W
to 69°300W longitude. We carried out exhaustive on-foot
systematic searches on a single continuous zone during
five field campaigns. A total of 1599 meteorites were

recovered over an area of 6.80 km2, which is notably
higher than any previous systematic study in the Atacama
Desert. We call this meteorite collection the Catalina
Systematic Collection (CSC). In this work, we present
the geological and geomorphological description of the
collection area, as well as the statistical properties of
the CSC in terms of classification, mass distribution,
weathering, pairing, and meteorite density.

GEOLOGY, GEOMORPHOLOGY, CLIMATE

The Atacama Desert, nestled between the Pacific
Ocean and the Andes, is composed of five main geological
units: the Coastal Range, the Central Depression, the
pre-Andean Range, the Altiplano, and the Western
Cordillera. Known as the oldest and driest hot desert in
the world (Clarke, 2006), it is characterized by an arid to
hyper-arid climate. In the hyper-arid zone, the average
annual precipitation does not exceed 5mmyear�1 (Pfeiffer
et al., 2021). The exact age of the onset of the Atacama
Desert’s aridity remains debated but falls in the 3–25Ma
range (Clarke, 2006; Dunai et al., 2005). This aridity
results from a combination of several factors. To the West,
the coastal current and the Southeast Pacific anticyclone
reduce the advection of Pacific water vapor inland, while
to the East, the Central Andes act as a barrier (rain
shadow effect), preventing the advection of water vapor
from Amazonia to the continental interior (Houston &
Hartley, 2003). Due to this long-standing hyper-aridity,
some surfaces of the Atacama Desert have not been
significantly eroded for millions of years.

In the following, we focus on the central depression
where our study area is located. The central depression is
an approximately 50 km-wide longitudinal continental
basin located West of the Main Cordillera. Its average
elevation is around 1000m in the west and between 2000
and 3000m in the east. The central depression includes
Paleogene–Neogene alluvial, fluvial, and evaporitic
sediments, primarily from the Precordillera and Western
Cordillera, scattered with thick volcanic ignimbrites
(Carretier et al., 2018). The central depression is
characterized by low chemical weathering and lacks any
fluvial system. It hosts the most productive areas in terms
of meteorite recovery, compared to other morphological
units (Pinto et al., 2024). The Catalina DCA, in the heart
of the central depression, is characterized by a hyper-arid
climate with an average annual air temperature range of
�16°C and an average annual cumulative precipitation of
�5 mm year�1, recorded between 2001 and 2021 (Pinto
et al., 2024).

The CSC area encompasses one main geological
formation (Espinoza et al., 2011): the Augusta Victoria
Formation (Campanian–Maastrichtian) that includes
biotite- and sanidine-bearing rhyolitic pyroclastic rocks.

2 C. Sadaka et al.
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Outside the searched zone, other formations surround
the CSC, of which basaltic and andesitic–basaltic
amygdaloidal lavas from the La Negra Formation (middle
Jurassic–upper Jurassic), as well as monzodiorites,
quartz-bearing monzodiorites, and pyroxene monzonites
that are part of the late lower cretaceous Cerro del Pingo
plutonic group, and finally, alluvial deposits from upper
Miocene–pliocene comprised of poorly stratified gravels
with intercalations of coarse sand and silt, some of which
contain nitrates (Espinoza et al., 2011).

The CSC area features flat plains with gentle slopes.
The surfaces are largely composed of a few centimeters of
non-consolidated materials (mostly gravels of igneous
rocks) overlying a caliche layer consisting of anhydrite,
nitrate, and iodine-rich salts (Tapia et al., 2018). The
search area described in this work is a single continuous
zone, centered at 25°040S latitude and 69°550W longitude,
with an altitude range between 1903 and 2054 m above
sea level (average altitude of 2046 m), and an average
slope of 2° (Figure 1). Despite the presence of numerous
volcanic rocks at the surface, the gentle topography and
light-colored surface (Figure 2a) make the investigated
area very favorable for meteorite recovery.

METHODS

Meteorite Recovery

In this study, the collection of meteorites in the
Catalina DCA was performed on foot, focusing on a
continuous zone on the western side of the DCA.
Searches consisted of walking in straight lines at a
distance of 8 m from each other, effectively scanning a
4-m area on each side of each searcher. Great care was
taken to inspect the surface in a systematic way. For each
meteorite found, the GPS coordinates and the distance
from the walking line were noted. These samples were
collected during five dedicated search campaigns
organized by CEREGE (Aix-en-Provence, France) in
collaboration with MNHN (Museum national d’Histoire
naturelle de Paris, France), the Universidad Catolica del
Norte (Antofagasta, Chile), and the Universidad Austral
(Valdivia, Chile) in 2017, 2019, 2022, 2023, and 2024. An
additional 101 samples were collected by Rodrigo
Martı́nez from Museo del Meteorito (San Pedro de
Atacama, Chile). We classified all meteorites with a mass
above 20 g, for a total of 457 meteorites. We also

FIGURE 1. Satellite image of the investigated area. The CSC area is outlined in red. Altitude contours are in meters. The insert
shows a map of the three main geological units in Northern Chile, with the study area marked by a black square. Google Earth
Image.
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classified 65 meteorites weighing less than 20 g, selected
based on their unusual aspect or magnetic susceptibility.
They include four mesosiderites (Catalina 621, Catalina
629, Catalina 927, Catalina 928), one LL7 (Catalina 462),
one L3 (Catalina 570), and one winonaite (Catalina 700).
All meteorites classified during this study are listed in the
MBDB under the official names Catalina 004, 034,
045–050, 075, 092, 107, 108, 146, 162, 163, 167, 188, 201,
226, 229, 245, 246, 338, 339, 341–343, 399, 409, 410, 423,
424, 426–443, 445–450, 452–460, 462–483, 485–494,
496–498, 500–531, 534–568, 570–573, 575–669, 671–698,
700, 703–731, 734–744, 746–770, 772–793, 797–799,
801–821, 823–934, 948, and 954–958. In the following,
except for the mass distribution that takes into account
all the recovered 1599 meteorites, only the collection
of meteorites >20 g is discussed. Macroscopically, the
recovered meteorite samples display a wide range of
shapes and preservation states, ranging from rounded or
smooth-edged specimens to irregular, shapeless
fragments, with some exhibiting a flattened morphology
(Figure 2d). Most samples are characterized by a
brownish color, and fewer than 10% retained a preserved
fusion crust. The meteorites were only slightly buried,
and several are covered with a white caliche deposit in
their buried part. Many samples consist of several

fragments. For meteorites above 20 g, the average
number of fragments is 2.9, usually found over a few m2.
While chemical weathering is low in the Atacama
Desert, meteorites experience fragmentation driven by the
formation of iron oxyhydroxides and oxides, and
thermoclasty favored by a strong daily temperature cycle
inducing high-temperature gradients in the rocks (McKay
et al., 2009). Subsequent abrasion by wind and sand
processes lead to the gradual disappearance of meteorites.
These observations are described in detail in Pinto
et al. (2024).

Classification

Meteorite classification was based on petrography,
magnetic properties, and mineral composition.
Microscopic petrographic examinations performed with a
Leica DM polarizing microscope or a Keyence VHX-
7000 digital microscope were conducted on polished
sections to examine the mineralogy and texture. Mineral
elemental composition was determined by electron probe
microanalyses performed at the CAMPARIS facility in
Sorbonne Université, Paris, using a Cameca SX Five
electron beam (�1 μm in diameter), an accelerating
voltage of 15 kV, and a beam current of 10 nA.

FIGURE 2. (a) Typical surface of the studied zone in the Catalina DCA with a gravel-covered surface. (b) Catalina 827 (LL5,
293 g) in situ. (c) Catalina 905 (L6, 21 g) in situ. (d) Photograph of several Catalina meteorites from the CSC.
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The measurement of magnetic susceptibility is a
robust, rapid, and nondestructive meteorite classification
method, especially for ordinary chondrites (Folco
et al., 2006; Rochette et al., 2003). Magnetic susceptibility
was measured on whole meteorites at CEREGE using a
KLY2 susceptibility meter from Agico equipped with
a large coil (65 cm3). Samples that did not fit in the coil
were measured using an SM30 contact probe from ZH
Instruments following the calibration of Gattacceca
et al. (2004). The smallest samples (<2 g) were measured
with an MFK instrument from Agico or an SM150
instrument from ZH instruments.

Pairing

Meteoroids often undergo fragmentation during their
atmospheric entry, resulting in the fall of multiple stones.
Consequently, multiple fragments from the same meteorite
are often found scattered within a geographical area called
strewn field. Moreover, individual stones may fragment on
the Earth’s surface due to alteration processes. In dense
collection areas, pairing these fragments is challenging and
time-consuming regarding data acquisition. However,
pairing assessment remains extremely important in any
study involving a large meteorite collection, as it can reduce
statistical bias and prevent duplicate laboratory analyses
(Scott, 1984). Pairing is crucial mostly for equilibrated
ordinary chondrites, which are the most abundant types of
meteorites.

In our case, of 457 meteorites >20 g, 440 are ordinary
chondrites, leading to a staggering 96,580 different
possible pairs, making it unrealistic to check each pair of
meteorites individually. For these reasons, we tackle the
pairing problem using a probability approach with a
model similar to that developed by Benoit et al. (2000)
and Hutzler et al. (2016). This model can be used for a
quick pairing assessment of a large number of meteorites.
We modified the model to suit our collection and search
area. The mathematical model is coded in Python and
available online on GitHub (https://github.com/
csadaka2/ordinary_chondrites_pairing).

Among the main criteria used in the literature for
ordinary chondrites pairing (Benoit et al., 2000; Schlüter
et al., 2002), our pairing code incorporates the petrographic
type (Van Schmus & Wood, 1967), the weathering
grade (Wlotzka, 1993), the fayalite content of olivine, the
ferrosilite content of low-Ca pyroxene, the magnetic
susceptibility, and the distance between stones. We
consider that two meteorites from different groups cannot
be paired, so we separated H, L, and LL chondrites. We
also assume that unequilibrated ordinary chondrites of
type 3 cannot be paired with equilibrated chondrites.

The pairing code was used only for ordinary
chondrites, since in our collection, other groups are rare

enough for their pairing to be assessed by checking all
possible pairs based on the above-mentioned criteria and
petrographic observations. The number of type 3
ordinary chondrites is low enough that whenever pairing
was suggested by the pairing code, we checked the
possible pairs individually using additional criteria:
percentage mean deviation of the fayalite content of
olivine, average chondrule size, and other petrographic
features (presence of shock veins, melt pockets,
polycrystalline troilite, texture of inter-chondrule matrix).

The pairing code calculates a factor P that reflects the
likelihood of two meteorites being paired, using
the following equation:

P= Πipi
wið Þ1=∑wi

Here, pi is the probability of pairing for two meteorites
for the given criterion i, and wi is the weight assigned for
each criterion i. Given that some criteria are more
robust than others, a different weight was assigned to each
(Table 1). Magnetic susceptibility, petrographic type,
fayalite content of olivine, and ferrosilite content of low-Ca
pyroxene were given a weight of 2, while distance and
weathering grade were given a weight of 1. Missing criteria
were assigned a weight of zero for mathematical
homogeneity. P is not a probability stricto sensu; hence, we
use the term factor for mathematical correctness. To
invalidate the pairing between two meteorites, it only takes
one single criterion being invalid. For this, the weighted
geometric mean, where each value is raised to the power of
its assigned weight, is a suitable approach for combining
probabilities from different criteria when each criterion has
a different level of importance. If any of the criteria
suggests a very low probability (close to zero), it will
significantly impact the overall pairing factor P, potentially
invalidating the pairing. Additionally, each criterion was
assigned a probability function. For the weathering
grade, petrographic type, and inter-meteorite distance, we
applied a discrete function. Magnetic susceptibility, fayalite
content, and ferrosilite content probability functions follow
a Gaussian distribution, with their standard deviations
as listed in Table 1. Therefore, for these properties, the
factor pi can be computed as the probability that two
measurements of a given property for two meteorites (xA
and xB) are from the Gaussian distribution with a standard
deviation σ and a mean value of (xA+ xB)/2:

p= e� xA�xB
2σ

� �2

Ordinary chondrite groups have specific ranges of
magnetic susceptibility (Rochette et al., 2003, 2012). We
chose the parameter σ of the magnetic susceptibility in
the pairing code based on the intra-meteorite standard

Systematic meteorite collection in the Catalina Dense Collection area 5
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deviation of magnetic susceptibility measured in OC falls
and finds (Table S1). We use a conservative SD of 0.10
for all ordinary chondrite groups.

To have an estimate of the standard deviations for
the fayalite content of olivine and the ferrosilite content
of low-Ca pyroxene within a given equilibrated ordinary
chondrite, we used data from several paired meteorites
from strewn fields: the Los Vientos 014 L6 strewn field
from the Atacama Desert, the Kumtag L5 strewn
field from China (Zeng et al., 2018), and the Jiddat al
Harasis 073 L6 strewn field (Gnos et al., 2009). We
calculated mean values of the intra-strewn field standard
deviation of 0.63 for the fayalite content of olivine and
0.61 for the ferrosilite content of low-Ca pyroxene
(Table S2). We use only data from types 5 and 6 ordinary
chondrites that represent over 99% of equilibrated
ordinary chondrites in the CSC. Standard deviations for
the silicate composition of type 4 ordinary chondrites
may be higher, especially for low-Ca pyroxene, but are
not relevant for this study.

The pairing code returns a symmetrical matrix
displaying the pairing factors. These estimates remain
qualitative as pairing can never be confirmed with absolute
certainty in very dense collection areas, even by checking
individual pairs under a microscope. Additional criteria
could be used for a more accurate diagnostic of this
pairing code: shock stage, presence or absence of specific
petrographic features (polycrystallinity of troilite, presence
of shock veins, presence of melt pockets, etc.).

STATISTICS OF THE CSC

Spatial Distribution

A total of 1599 meteorites, amounting to a total of
52.5 kg, were recovered over 6.80 km2. The spatial
distribution of the CSC meteorites is shown in Figure 3.
Meteorites are found throughout the searched area with
no obvious preferential concentration areas or size
sorting. The average distance between a meteorite and its
closest neighbor is 27 m (Figure 4) and 61 m when
considering only meteorites >20 g. These values reflect
the extremely high density of meteorites in this area. A
small number of meteorites (39) were found immediately
outside of our systematic search area by other meteorite
hunters (Figure 3). The resulting apparent
meteorite density, calculated for the area in Figure 3 that
we did not investigate ourselves, is 2.0 meteorites per
km2, two orders of magnitude lower than the density in
the area that we searched in a systematic way (235
meteorites per km2), illustrating the efficiency of our
collection method. Moreover, the average mass of these
39 meteorites is 50 g, higher than the average mass of 33 g
in the CSC (see below), evidencing the incomplete
recovery biased toward larger meteorites.

The distribution of magnetic susceptibility (Figure 3),
which roughly reflects the distribution of ordinary
chondrite groups (Rochette et al., 2003), shows a
concentration of meteorites with low susceptibility

TABLE 1. Characteristics of the parameters used in the pairing model for the Catalina systematic collection.

Criterion Distribution Parameters Weight

Magnetic susceptibility Gaussian 0.10 2
Fayalite content Gaussian 0.63 2

Ferrosilite content Gaussian 0.61 2
Weathering grade Discrete p= 1 if Δ= 0

p= 0.75 if Δ= 1

p= 0.5 if Δ= 2
p= 0.1 if Δ> 2

1

Petrographic type Discrete p= 1 if Δ= 0 or 0.5

p= 0.75 if Δ= 1
p= 0 if Δ> 1

2

Distance (m) Discrete p= 1 if d< 200
p= 0.9 if 200< d< 300

p= 0.8 if 300< d< 400
p= 0.7 if 400< d< 500
p= 0.6 if 500< d< 700

p= 0.5 if 700< d< 900
p= 0.4 if 900< d< 1000
p= 0.3 if 1000< d< 1500

p= 0.2 if 1500< d< 2000
p= 0.1 if 2000< d< 3000
p= 0.05 if d> 3000

1

6 C. Sadaka et al.
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(logχ <4.2) in the northwestern part of the searched area.
This is indicative of a cluster of paired LL chondrites in
that area. All 457 meteorites >20 g have been classified and
their spatial distribution is shown in Figure 5.

A concentration of LL5 meteorites is visible in the
northwestern part of the area, confirming the existence of
an LL5 strewn field in that area. This strewn field contains
262 LL5 samples (including 70 above 20 g), for a total
mass of 5.703 kg with no obvious mass-dependent spatial
distribution. No significant concentration mechanisms are
present that could alter the distribution of meteorites. The
gentle slopes (2° on average) prevent meteorite movements,
and the small-scale heterogeneity in slope direction across
the study area ensures that any movement would result
only in localized and minor redistribution. In this study, we
solely focused on meteorites weighing more than 20 g,
which are not susceptible to wind-driven movement on flat,
gravel-covered surfaces.

Pairing Detection Using Other Methods

We also evaluated pairing using a cluster analysis
algorithm, originally developed for the identification of

crater clusters on planetary surfaces (Automatic Secondary
Crater Identification algorithm—ASCI, Lagain et al.,
2021), inspired by a protein cluster detection algorithm
(Andronov et al., 2016). This tool compares the spatial
distribution of the recovered meteorite population in the
searched area with a set of randomly distributed meteorite
population with a similar number of meteorites over the
same area. It then identifies meteorites in clusters with a
criteria distance based on their closest neighbors, that is,
meteorites are flagged if their presence is unlikely the result
of a random stochastic process (meteoritic fall) but rather
from a fragmentation process (atmospheric or on the
ground). Thus, they are considered paired from a statistical
point of view.

This algorithm was applied to the three groups of
ordinary chondrites >20 g described here. Among the 81
LL chondrites, 114 L chondrites, and 245 H chondrites,
48 (59%), 38 (33%), and 59 (24%), respectively, were
found to be clustered (Figure 6). The LL chondrite
cluster in the NW part of our study area is well identified
by the algorithm. Three main other H chondrite clusters
and two main L chondrite clusters are also identified and
could originate from individual meteorite fall events.

FIGURE 3. Map of the investigated area with the position of the meteorites (n= 1599). Meteorites are represented with different
sizes reflecting their mass and different colors depending on their magnetic susceptibility values (logχ in 10�9 m3 kg�1).

Systematic meteorite collection in the Catalina Dense Collection area 7
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Assuming that each cluster represents a single meteorite
fall, we obtain 34 LL chondrites, 78 L chondrites, and
189 H chondrites.

Independently, the distance between each meteorite
and its closest neighbor was computed within each group
(LL, L, and H). A simulation of the same meteorite
population randomly distributed across the searched area
was conducted and iterated 10,000 times. The average
distribution and standard deviation over the 10,000
simulations were computed and compared to the
observed distribution (Figure 7). This method highlights
the high degree of clustering for LL meteorites: The
observed distribution is skewed toward small distances,
with 35% of meteorites falling beyond 1σ of the
simulated random distribution. H and L chondrites also
show clustering but to a lesser extent, with 16% and 5%
of meteorites beyond 1σ of the simulated random
distribution, respectively.

Mass Distribution

Meteorite masses range from 0.31 to 2.183 kg, with
93% weighing less than 100 g and 71% under 20 g, a
median mass of 8.9 g, and an average mass of 33 g. The
total recovered mass is 52.5 kg. Only one meteorite >2 kg
was found, making the CSC depleted in high masses
compared to other collections (Table 2). The large

proportion of smaller stones highlights the efficiency of a
slow-paced systematic collection that yields smaller
specimens compared to searches by car. Moreover, the
investigated area has a flat topography and a light-colored
surface, enabling the recovery of small meteorites. The
cumulative mass distribution of the CSC, shown on a
log-number versus log-mass plot, is linear above 135 g with
a slope of �1.47 over the 135 g to 1 kg range (Figure 8).
Below 135 g, the distribution flattens gradually, likely
evidencing the lower efficiency for the recovery of small
meteorites. In fact, below a given threshold mass, a
flattening can also be observed in the mass distributions of
meteorite falls, meteorites from Antarctica and Oman, and
from the extensively studied neighboring El Médano
systematic collection (Figure 8). It is noteworthy that this
threshold mass is variable across the collections: 135 g for
CSC and El Médano systematic collection, 1 kg for Oman
meteorites, 5 kg for Antarctica meteorites, and 50 kg for
meteorite falls. We propose that this threshold mass serves
as a proxy for the overall preservation and recovery
efficiency of meteorites in a given collection.

Weathering Grade

The most common weathering grade of meteorites in
the CSC is W2 (51%) followed by W1 (37%). We also
note the low amount of W3 (10%) and scarcity of W4

FIGURE 4. Histogram of the distribution of distances to the nearest neighbor of each meteorite (n= 1599, 10 m bins). The
vertical line indicates the mean of 27 m.

8 C. Sadaka et al.
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and above. Since our collection and classification were
done systematically, we eliminate the potential bias by
hunters or meteorite classifiers for fresh meteorites. We
compared the weathering grade distributions in the CSC,
the Omani collection, and the Sahara meteorite collection
(Figure 9). Despite the non-systematic collection of these
samples, their classification was systematic, reducing the
bias from the non-declaration of highly altered ordinary
chondrites. The meteorites in the CSC are less weathered
on average than in other hot deserts. Therefore, this
confirms that, despite older surface ages, meteorites from
the central depression of the Atacama Desert are better
preserved than in hot deserts thanks to the prevailing
hyper-aridity (Pinto et al., 2024). The near absence of
meteorites with a weathering grade above W3 suggests
that rather than chemical processes, physical processes
such as fragmentation and abrasion by wind, sand, and
dust, are the primary drivers of meteorite removal from
the surface of the studied area.

Group and Type Abundances

The CSC is composed of 96.3% of ordinary
chondrites, with 53.6% H, 25.0% L, and 17.7% LL before

pairing (Table 3). Compared to falls, Antarctic meteorites,
and other collections in which meteorites have been
systematically declared, the CSC is characterized by an
overabundance of H and LL chondrites (Table 4).
Non-OC meteorites account for 3.7% of the CSC,
including 15 mesosiderites, one eucrite, and one iron
meteorite (for meteorites >20 g, before pairing). Similar to
the other reference collections (modern falls, Antarctic,
Oman), the most abundant types in the CSC are H5 and
L6 chondrites, with 149 and 92 samples >20 g, respectively,
accounting for 60.8% of H chondrites, and 80.7% of L
chondrites, before pairing.

Pairing of equilibrated ordinary chondrites was
estimated using the pairing model described above.
Figure 10 displays the distribution obtained for the pairing
factor P among LL, L, and H chondrites of the CSC. We
calculated the mean pairing likelihood factor P for each
group (Table 3). The number of meteorites after pairing
was estimated by simply multiplying the total number of
meteorites in a given group by the corresponding mean
value of P. The obtained numbers of 22 LL chondrites, 61
L chondrites, and 156 H chondrites are comparable to the
results given by the clustering algorithm (34 LL chondrites,
78 L chondrites, and 189 H chondrites).

FIGURE 5. Map of the classified meteorites >20 g. The number of meteorites in each group is shown in square brackets.

Systematic meteorite collection in the Catalina Dense Collection area 9
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The small number of unequilibrated ordinary
chondrites in the CSC (six L3 chondrites and four H3
chondrites) allowed pairing assessment pair by pair,
resulting in the tentative pairing of Catalina 815 and
Catalina 817 (L3) and Catalina 818 and Catalina 819 (H3).
Fifteen mesosiderites >20 g were found in the CSC. Since
mesosiderites represent only 0.56% of modern falls
(MBDB), pairing is very likely and was assessed pair by

pair using petrographic criteria. Catalina 611 (mesosiderite-
A3) differs from other mesosiderites in the CSC by a
different texture with exsolution lamellae in pyroxene,
different pyroxene composition (Fs39Wo3), and higher
magnetic susceptibility (logχ=5.70), suggesting that it
represents a different meteorite fall. Catalina 399
(mesosiderites-B2) also differs in texture and composition
from the other mesosiderites in the CSC and is not likely

FIGURE 6. Clusters of ordinary chondrites. All meteorites >20 g are shown here, and those recognized as being too close to
each other by ASCI are shown in color. Ellipses highlight potential meteorite strewn fields.

FIGURE 7. Distribution of the observed distance between each meteorite and its closest neighbor within each group (LL, L, and
H). Also shown is the simulated random distribution of the same meteorite population across the searched area, iterated 10,000
times. The average distribution and standard deviation over the 10,000 simulations are displayed.

10 C. Sadaka et al.
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paired with them. For the remaining mesosiderites, the
following potential pairing groups can be suggested:
Catalina 108 and Catalina 581; Catalina 004, Catalina 581,

Catalina 589, Catalina 590, Catalina 591, Catalina 610,
Catalina 612, Catalina 820, and Catalina 821. Further
measurements such as bulk chemistry, terrestrial age, and
cosmic ray exposure age can be of use to confirm the
pairing of these mesosiderites. The H/L ratio is 2.15 before
pairing and 2.56 after pairing, both of which are
significantly higher than the H/L ratio of modern falls
(0.88), Antarctic meteorites (1.04), and Omani meteorites
(1.35). It is also higher than the H/L ratio of 1.22 for
meteorites from other extensively searched Chilean DCAs
(Calama, Sierra Gorda, and Chug Chug). It is, however,
remarkably similar to the 2.13 H/L ratio of the neighboring
El Médano collection (Table 4). Although Kouvatsis and
Hofmann (2020) suggested that the H/L ratio is mass
dependent and decreases with increasing masses, this
observation is not relevant for the CSC. Indeed, in their
study, the H/L ratios are constant over the mass range
10 g–1 kg, a range that includes 99% of the meteorites

TABLE 2. Ordinary chondrites mass distribution (g) from the CSC, Antarctica, Omani finds, and modern falls.

CSC OCs Antarctic OC findsa Omani OC findsa OC fallsa

Mode 20.0 5.2 62.0 2000
Median 8.75 11.1 185 2580

Mean 31.8 117 1375 22,513
Standard deviation 95.9 2170 12,790 144,331
Minimum 0.31 0.06 0.1 0.1

Maximum 2183 407,000 550,000 4,000,000
Number of meteorites 1577 42,166 4148 966
aData extracted from the Meteoritical Bulletin Database in December 2024.

FIGURE 8. Mass distribution of the CSC meteorites (orange crosses, n= 1599) on a log–log scale. The linear fit for the mass
range from 135 g to 1 kg (dashed line; slope=�1.47; R2= 0.998) is displayed. Also included are the mass distributions of
meteorite falls (red squares), as well as meteorites from Antarctica (green spheres) and Oman (purple triangles) (data from
MBDB), and meteorites from the El Médano systematic collection (blue dots) (Hutzler et al., 2016). Dashed lines represent the
linear fits for each collection over a specific mass range: Antarctica: mass range, 5–100 kg; slope=�1.43; R2= 0.995, falls: mass
range, 50–900 kg; slope=�1.08; R2= 0.983, Oman: mass range, 1–100 kg; slope=�0.984; R2= 0.998, and El Médano: mass
range, 135 g to 1 kg; slope=�1.08; R2= 0.987.

FIGURE 9. Distribution of weathering grade of ordinary
chondrites from the CSC (this study), Omani finds, and
Sahara finds (Meteoritical Bulletin Database as of December
2024).

Systematic meteorite collection in the Catalina Dense Collection area 11
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classified in the CSC. Moreover, although a detailed
discussion is beyond the scope of our study, an updated
data set extracted from the MBDB as of December 2024

does not show any dependence of the H/L ratio with mass
over the 20 g–10 kg range, neither for falls nor for
meteorites from Chile, Libya, and Oman. The

TABLE 3. Relative abundances by groups and types for meteorites >20 g from the CSC.

Classification Number Abundance (%) Mean Pa
Number after
pairing

Abundance after
pairing (%)

H 245 53.6 0.369 156 63.2

H3 4 1.63 3 1.92
H4 2 0.81 2 1.28
H5 149 60.8 94 60.3

H6 73 29.8 46 29.5
H5-6 15 6.12 9 5.77
H3-5 1 0.41 1 0.64

H3-6 1 0.41 1 0.64
L 114 25.0 0.480 61 24.7
L3 6 5.26 5 8.20
L4 1 0.88 1 1.64

L5 14 12.3 7 11.5
L6 92 80.7 47 77.1
L5-6 1 0.88 1 1.64

LL 81 17.7 0.732 22 8.91
LL3 0 0.00 0 0.00
LL4 0 0.00 0 0.00

LL5 73 90.1 19 86.4
LL6 7 8.64 2 9.1
LL5-6 1 1.23 1 4.6
Mesosiderite 15 3.28 6 2.43

Iron 1 0.22 1 0.40
HED 1 0.22 1 0.40
Total number 457 247

H/L ratio 2.15 2.56

Note: For the petrologic type, abundance is within the group.
aMean P was calculated separately for H, L, and LL chondrites.

TABLE 4. Relative abundances of meteorite groups and types in the CSC before and after pairing, El Médano
(Chile), Calama area (Chile), Oman, Antarctica, and falls.

Abundance (%)

Type CSC El Médanoa Calamab Omanb Antarcticb Fallsb

H 53.6 63.2 62.9 52.4 49.9 40.7 32.1
H5 60.8 60.3 46.3 63.1 39.9 40.8 49.3
H6 29.8 29.5 21.6 16.8 22.9 30.0 24.1

L 25.0 24.7 29.6 42.8 37.1 39.1 36.7
L5 12.3 11.5 6.3 32.0 26.1 39.5 22.5
L6 80.7 77.1 74.6 60.7 56.0 49.4 65.0
LL 17.7 8.91 4.70 2.42 4.53 12.8 8.90

HED 0.22 0.40 0.00 0.31 1.54 1.85 5.59
CC 0.00 0.00 1.90 1.16 1.30 2.98 4.31
Iron 0.22 0.40 0.00 0.18 0.02 0.45 3.91

H/L 2.15 2.56 2.13 1.22 1.35 1.04 0.88
N total 457 247 213 1117 4545 45,509 1252

Note: For the petrologic type, abundance is within the group.
aHutzler et al. (2016).
bData from the MBDB (as of December 2024). Calama meteorites encompass all meteorites from the Calama, Sierra Gorda, and Chug Chug

DCA.

12 C. Sadaka et al.
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overabundance of LL chondrites compared to all other
collections (Table 4) is due to the large number of LL5, and
persists after pairing, suggesting that our pairing estimate
for these meteorites is slightly too conservative. The deficit
of HED achondrites in the CSC compared to Oman,
Antarctic, and falls collections (Table 4) can be explained
by the difficulty in identifying these metal-poor meteorites
on the ground when their fusion crust has been abraded
because of the presence of numerous terrestrial igneous
rocks at the surface. A similar deficit was observed in the El
Médano collection (Hutzler et al., 2016). The absence of
carbonaceous chondrites in the CSC can be attributed to
their fragility and friability, which make them more
susceptible to abrasion by wind and sand, the primary
driver of meteorite disappearance in the Atacama Desert.
This vulnerability reduces their life expectancy at the
surface compared to other meteorites, resulting in their
lower abundance in old meteorite collections. Finally, the
relative scarcity of iron meteorites in the CSC, compared to
other world collections could be attributed to their high
specific gravity, which causes them to sink and eventually
be buried beneath the surface over time (see, e.g., figure 1h
in Pinto et al., 2024). Alternatively, it is possible that they
were recovered by native peoples in prehistoric and
protohistoric times, a practice already documented in other
regions of the world (Sparavigna, 2024).

Meteorite Density

The meteorite recovery density is 235 meteorites per
km2 (7.73 kg of meteorites per km2). The recovery density
is higher than in any other hot desert, including the
neighboring El Médano DCA which yielded 142
meteorites per km2 and a mass density of 16.38 kg per
km2 (Hutzler et al., 2016). The mass distribution of the
CSC (Figure 8) shows that the population of meteorites
<20 g is biased by incomplete recovery. Therefore, we

only consider the 457 meteorites >20 g in the following
discussion. The recovery density of meteorites >20 g is 67
per km2. This is lower than in the El Médano DCA which
has 100 meteorites >20 g per km2.

For an accurate estimation of the true meteorite
density on the ground, some corrections must be made to
account for various recovery biases. The first one involves
metal-poor achondrites (mostly HEDs), which are more
difficult to spot in the field (see above), iron meteorites,
and carbonaceous chondrites. Only one eucrite, one
iron meteorite, and no CCs were found among the
457 meteorites >20 g, making up only 0.44% of
the CSC, whereas modern falls include 13.82% of HED
achondrites, iron meteorites, and carbonaceous
chondrites (Table 4). We applied a +13.38% correction
factor to take into account this deficit. The second bias
involves meteorites missed during systematic research.
For each meteorite, we noted the distance between the
walking line and the meteorite. Ideally, the meteorites
should be found with identical abundances at all
distances from the walking lines that are separated by
8 m. However, we note a deficit of meteorites with
increasing distance from the line, especially between 2.5
and 4m from the walking line. In detail, 85% of the
meteorites >20 g were found within 2.5 m of the walking
line, and only 15% were found in the 2.5–4 m distance
interval. If we assume that all meteorites >20 g within
2.5 m of the walking line were recovered, the deficit in the
2.5–4 m interval can be taken into account by applying a
+36.0% correction factor to the total number of
recovered meteorites >20 g. The third bias is due to the
variable efficiency of individual meteorite searchers. A
correction was applied for searchers whose number of
recovered meteorites was 2σ below the average number.
Based on yearly recovery statistics, a correction factor of
+26% is calculated to take this effect into account.
Overall, we estimated that 94.3% of the meteorites >20 g

FIGURE 10. Distribution of the pairing likelihood factor P for LL, L, and H chondrites in the CSC zone for meteorites >20 g,
estimated using the pairing code.

Systematic meteorite collection in the Catalina Dense Collection area 13
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were not recovered during fieldwork despite careful
search. The corrected meteorite density on the ground is
131 meteorites >20 g per km2. After pairing, this density
goes down to 71 meteorites >20 g per km2.

The obtained densities, whatever the mass range and
the pairing hypotheses considered, are much higher than
in any other hot desert: 0.1 meteorites per km2 after
pairing in Dar al Gani, Libya, 1 meteorite per km2 in the
DCAs of the Sahara (Aboulahris et al., 2019; Schlüter
et al., 2002), 2.8 meteorites per km2 in Saudi Arabia by
systematic foot search, 1.1 meteorites per km2 in Oman
through systematic car search, and 7.3 meteorites per km2

through systematic foot search (Hofmann et al., 2018;
Hofmann & Gnos, 2024). However, in specific blowout
areas of the Saudi Arabian desert, a density of 150
meteorites per km2 was found (based on only 21
meteorites found over an area of 0.14 km2; Hofmann &
Gnos, 2024). The meteorite density in the CSC is matched
only by the El Médano area that has estimated densities
of 181 meteorites >20 g per km2 before pairing and of
123 meteorites >20 g per km2 after pairing, with both
densities corrected for the same recovery biases
considered for the CSC.

CONCLUSION

Through systematic on-foot collection, we recovered
a total of 1599 meteorites over a continuous zone of
6.80 km2 in the Catalina DCA. The meteorite recovery
density of 235 meteorites per km2 (67 meteorites per km2

for stones >20 g) is the highest ever recorded in hot
deserts, even surpassing the neighboring El Médano
DCA collection. This confirms that the central depression
of the Atacama Desert is by far the densest meteorite
collection area in hot deserts.

We classified the 457 meteorites above 20 g. After
correcting the recovery density for various recovery
biases, we estimated a true meteorite density on the
ground of 131 meteorites per km2 for meteorites >20 g
before pairing. We used different approaches to assess the
pairing of ordinary chondrites; either involving a
clustering algorithm, the distance to the nearest neighbor,
or a probabilistic approach utilizing a mathematical
model. These methods gave comparable results in terms
of number of meteorites after pairing. Using the
probabilistic approach, we assessed an average pairing
likelihood, yielding a meteorite density on the ground of
71 fall events per km2 after pairing. In the absence
of meteorite concentration mechanisms, we interpret this
high density as an indication of an old meteorite
population, likely several hundreds of kyr by comparison
with the El Médano DCA where an �700 ka average
terrestrial age has been measured (Drouard et al., 2019).
This long meteorite accumulation duration is linked to

the long-term hyper-aridity and associated surface
stability over time scales of several Myr. Despite this long
accumulation period, meteorites from the CSC are less
weathered on average than in other hot deserts. An old
age for the CSC meteorites would also explain the
absence of carbonaceous chondrites that are more prone
to erosion than other meteorites.

The H/L ratio in the CSC is higher than in meteorites
from other hot deserts, Antarctica, and falls, but similar
to the El Médano collection. This is an indication that the
composition of the meteorite flux may have varied over
the last Myr. Future work involving measurement of the
terrestrial ages of the Catalina meteorite collection will
help constrain these possible variations.
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SUPPORTING INFORMATION

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

Table S1. Intra-meteorite variability of magnetic
susceptibility.

Table S2. Intra-strewnfield variability of silicate
composition in equilibrated ordinary chondrites.
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