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Abstract–A fireball camera system installed in 2022 by the Oman Meteorite Monitoring
Project (OMMP) as part of the Global Fireball Observatory (GFO) recorded a 3.2 s fireball
on March 8, 2022 at 8:15 p.m. UTC. A meteoroid of 4� 2 kg entered the atmosphere at
14.0 km/s. Its trajectory, with a slope of 68.4°, started at 67.6 km and ended at 30.2 km
where the meteoroid traveled at 7.36 km/s. Approximately 50 g survived atmospheric entry.
On February 7, 2023, two meteorites of 13.85 g and 8.21 g were recovered at the predicted
site. Gamma spectrometry confirmed their young terrestrial age via short-lived cosmogenic
radionuclides 54Mn and 22Na. Al-Khadhaf is thus the first camera-observed meteorite fall
from Oman. Petrography and mineral composition classify it as an ordinary H5–6 S2W1
chondrite. Its pre-impact orbit (a= 1.72 AU, e= 0.45, i= 4.36°) is consistent with
asteroid-belt delivery, with both inner-belt and Koronis-family sources remaining plausible.
The cosmic ray exposure age of 8.57� 1.2Ma coincides with an exposure-age peak observed
among H chondrites. Al-Khadhaf adds to the record of camera-observed falls, linking
meteorite compositions to their solar system context via orbit calculations.

INTRODUCTION

Earth is constantly impacted by material from
space. When a large enough mass encounters Earth’s
atmosphere, its rapid deceleration and ablation cause
the emission of light, a phenomenon called a meteor or

“shooting star.” Large meteors known as fireballs
occasionally produce meteorites that can be found on
the ground. Camera systems dedicated to observing
fireballs allow for the targeted search of meteorites that
were freshly delivered to Earth. Such fireball
observation systems also provide insight into the
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frequency of meteors and enable the calculation of
delivery orbits of meteoroids. They thus help to
establish links between meteorite compositions and an
orbit around the Sun (Jenniskens, 2014). In recent
years, the number of camera-observed meteorites has
steadily increased due to widespread development of
fireball observation systems (e.g., Bland, 2004; Boaca
et al., 2022; Borovička, Spurný, Shrbený, Štork, et al.,
2022; Ceplecha et al., 1987; Colas et al., 2020; Gardiol
et al., 2020; Gritsevich et al., 2014; Halliday et al., 1978,
1996; Howie, Paxman, Bland, Towner, Cupak, et al.,
2017; Kokhirova et al., 2015; Li et al., 2024; Oberst
et al., 1998; Spurný et al., 2006; Trigo-Rodrı́guez et al.,
2006; Vida et al., 2021; Weryk et al., 2008; Wetherill &
ReVelle, 1981; Wiśniewski et al., 2017). Currently, there
exist >75 camera-observed falls with a modeled orbit
(see Hlobik and Tóth (2024) and Jenniskens and
Devillepoix (2025) for reviews).

When considering both the human- and
camera-observed falls recovered to date, the statistics are
skewed toward recovering mainly the large events and
masses compared to the assumed/modeled impact
frequencies (Bland et al., 1996; Shober et al., 2025). Large
fireballs are more widely noticed, and the related
meteorites are more easily found. To recover small
meteorites, the search conditions are improved by, for
example, flat, uniform terrain devoid of dark terrestrial
rocks, clear weather, and lack of vegetation. Large
stretches of the desert areas on the Arabian Peninsula
meet those criteria. More than 20 years of meteorite
searching in Oman (Hofmann and Gnos, 2024) have
shown that the desert of the interior of Oman provides
surfaces to retrieve even small meteorites and thus is a
suitable location for the installation of a fireball
observation system.

In 2022, four fireball camera systems were deployed
in Oman as part of the Global Fireball Observatory
(GFO) (Devillepoix et al., 2020), creating the Oman
Meteorite Monitoring Project (OMMP). In 2024, two
additional cameras were installed, expanding the system
to six cameras. The camera locations are shown in
Figure 1. The network of OMMP covers a surface of
approximately 210,000 km2.

Here, we report the first recovered (paired)
meteorites from a fireball recorded by two cameras of
the OMMP network. The meteorites were found on
February 7, 2023, about 1 year after the fall, and show
slight weathering. We present gamma-ray cosmogenic
nuclide data that indicate these meteorites fell at around
the time of the observed fireball. We describe their
composition and texture, examine the meteoroid’s
history before entering the atmosphere using noble gas
and 14C isotopic data, and discuss its possible source
region in the asteroid belt.

METHODS

The GFO Fireball Camera System

The Desert Fireball Network (DFN) of Curtin
University, Australia developed and provided the camera
systems (Bland, 2004; Bland et al., 2012; Howie, Paxman,
Bland, Towner, Cupak, et al., 2017; Howie, Paxman,
Bland, Towner, Sansom, & Devillepoix, 2017; Sansom
et al., 2020; Towner et al., 2020). The DFNEXT camera
system is designed for desert climates, using low-power
electronics and heat-resistant components to ensure
reliable operation in the hot conditions of Australia and
Oman. The construction relies mainly on off-the-shelf
parts, facilitating maintenance and repair. Each camera
system contains a Nikon D810 DSLR, equipped with a
Samyang 8mm f/3.5 UMC Fish-eye CS II lens, which
takes 27 s long-exposure images from sunset to sunrise. A
LC-Tec X-FOS liquid crystal shutter splits fireball streaks
into short and long segments of 0.1 s each using a de
Bruijn sequence for exact timing. The camera is
controlled by an embedded PC and microcontroller. GPS
provides location data, and a mobile router with SIM
connects it to the network. Images are stored on the PC
SSD and archived daily to HDDs. During daytime
processing, the on-site PC identifies potential fireball
events. Bright or fast-moving streaks are flagged and sent
to a central server in Australia. There, events are
corroborated across multiple observatories, and false
positives such as satellites, aircraft, or stray lights are
removed. Positive detections trigger retrieval of fireball
and calibration images, which are uploaded to the
network’s detection server. In parallel to photographic
capturing of images, a video camera enclosed in the
system supports detection of fragmentations and daytime
fireballs. Detailed descriptions of the system are provided
by Howie, Paxman, Bland, Towner, Cupak, et al. (2017)
and Devillepoix et al. (2020).

Astrometric Calibration and Trajectory Calculations

The coordinates of the fireball shutter segments are
manually picked with a custom software tool. Meteoroid
positions are calibrated using the starfield in each image
by comparing visible stars to a catalog (Sansom et al.,
2020). The trajectory is then calibrated with these (star)
pixels in combination with the camera calibration data
and each observatory’s altitude and coordinates.
Trajectory and dark flight calculations are performed
independently by different collaborators primarily to
increase confidence in the predicted fall area during the
meteorite search. Using two independent approaches
ensures that potential systematic biases in one method
would not compromise the recovery effort. Coauthor
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Beat Booz calculates a mean trajectory from the track
point coordinates using Ceplecha (1987) and performs
ablation calculations using the single-mass model of
Turchak and Gritsevich (2014). The DFN team performs
preliminary triangulation of the observable fireball
trajectory with a straight-line least-squares method
(Borovička, 1990) refined with a Kalman filter and
smoother to determine meteoroid position, mass, and
velocity along the path (Sansom et al., 2015). The
Kalman filter solution provides the meteoroid velocity as
a continuous function of time and altitude along the
observed trajectory. These velocity data, together with
the atmospheric density profile, were used to compute the
dynamic (ram) pressure p= ρν2 along the trajectory. For
consistency with recent treatments, the Spreiter number
was implicitly assumed to be unity (Dowling &

Bradley, 2023). Whether a meteorite survived is assessed
using the α–β criterion using the dimensionless ballistic
(α) and mass loss (β) parameters (Gritsevich, 2009;
Lyytinen & Gritsevich, 2016). The bulk ablation
coefficient σb (in kg/MJ) was determined based on the
definition in Gritsevich (2008):

σb =
2β

1�μð ÞV2
e

(1)

where μ corresponds to the dimensionless rotational
shape factor and Ve is the entry velocity of the
meteoroid in km/s. The meteoroid’s pre-atmospheric
orbit is calculated from the trajectory using the
integration method described in Jansen-Sturgeon
et al. (2019).

FIGURE 1. Camera locations of the OMMP as of 2025. The year in which each camera was installed is given in brackets.
(Color figure can be viewed at wileyonlinelibrary.com)
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Photometry and Light Curve

Photometry is not routinely performed by the GFO.
Here, aperture photometry is performed on each shutter
break by measuring the sum pixel intensity in the green
channel after local background subtraction. The result is
normalized to the effective exposure time for each break
and corrected to take atmospheric extinction into account
following Vida et al. (2021). In the same manner,
aperture photometry is performed on the high-SNR stars
present in the calibration image. The intensities are
normalized to the stars’ effective exposure, corrected for
atmospheric extinction, and combined with the star
catalog V-band magnitude values; this gives us the
zero-point of the system. The zero point is applied to
derive apparent out-of-atmosphere magnitudes. After the
triangulation step, once the observation range is known,
the apparent magnitudes are converted to absolute
magnitudes (normalized to 100 km distance).

The signal of the flux relative to the noise, the
uncertainty in the zero point magnitude calibration, and
distance uncertainty are accounted for when determining
the uncertainty in absolute magnitude. Photometric mass
is calculated by integrating under the light curve
following Equation (2):

m=
Z

2

τ vð Þv2 I tð Þdt (2)

where τ is the luminous efficiency and v is the velocity
(m/s) (Ceplecha et al., 1998). I tð Þ is the total luminosity
(10�7W), which can be calculated from the absolute
magnitude in the visible wavelength range MV (here we
used the green channel of the CCD) with the conversion
between total luminosity I and magnitude-based
luminosity IV assuming an ablation temperature of
4000K (Equation 3).

IV = 10�0:4MV (3)

I=IV = 1:95� 1010

As in Borovička, Spurný, and Shrbený (2022), we use
the velocity dependent luminous efficiency equation from
ReVelle and Ceplecha (2001) using the parameters
derived for type I meteors (ordinary chondrite material)
(Equation 4).

ln τð Þ= 0:465�10:307 ln vð Þ þ 9:781 ln vð Þ2�3:0414 ln vð Þ3

þ 0:3213 ln vð Þ4
(4)

for v< 25:372 km/s, where τ is the luminous efficiency
in percent and v is the velocity in km/s. Knowing the
luminous efficiency can vary between fireballs (see
Drolshagen et al. (2021) and references within), we let
τ vð Þ vary by a factor of 2 from that of Equation (4), to
give an uncertainty of the photometric mass.

Dark Flight Modeling

The position, velocity, and mass of the meteoroid at
the end of the luminous trajectory are used as initial
conditions for modeling the subsequent dark flight phase,
during which atmospheric winds exert a dominant
control on the flight path. Because only two locations in
Oman (Salalah and Muscat) provide routine atmospheric
soundings, time- and location-specific atmospheric
conditions are reconstructed using numerical weather
modeling. Atmospheric conditions are modeled
numerically using the Weather Research and Forecasting
(WRF) model version 4.4 with dynamic solver ARW
(Advanced Research WRF) (Skamarock et al., 2019)
using global snapshots available at the National Centers
For Environmental Prediction (NCEP/NOAA, 2000) as
forcing data. Three simulations start at different times
before the meteorite fall (on March 8, 2022 at 6:00 a.m.,
12:00 p.m., and 6:00 p.m.) and compute wind speed,
direction, pressure, temperature, and relative humidity up
to 30 km. The model employs four nested domains with
horizontal grid sizes of 27, 9, 3, and 1 km, respectively, an
outer domain size of 72 × 72 grid cells, (�1944
× 1944 km2), and 34 vertical levels. Planetary boundary
layer physics are treated using the YSU scheme and
bl_pbl_physics= 1 for all domain levels.

Dark flight trajectories are explored by the DFN
team using a constrained Monte Carlo approach (Towner
et al., 2022). First, astrometric uncertainties are sampled
by calculating 120 trajectory solutions in which the
measured astrometry is varied within its uncertainties,
yielding an uncertainty ellipse at the terminal point of the
luminous trajectory with standard deviations of
approximately 300 m (east–west) and 80 m (north–south).
These variations provide the positional uncertainty input
to the dark flight modeling. To assess the sensitivity of
the predicted fall area to physical assumptions, a series of
dark flight simulations are performed by varying
meteoroid mass, shape, and rotation state, and by
comparing different drag formulations. The influence of
atmospheric uncertainty is assessed by comparing fall
lines obtained using the three independent WRF wind
simulations. The combined results are then used to
manually define operational 1σ and 2σ search regions to
guide the recovery campaign. Differences between wind
models lead to lateral shifts of up to �150 m for
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hypothetical �10 g fragments, which is small compared
to the overall extent of the predicted strewn field.
Co-author Beat Booz calculates two dark flight variants
to guide the meteorite search: one using drag coefficients
from Carter et al. (2011) with variations in mass, shape,
and rotation, and another using Ceplecha (1987) with
unconstrained mass to predict a single impact point.

Systematic Searching of Meteorites

Seven people systematically search the area
surrounding the calculated fall locations on foot, walking
parallel at a distance of 10 m from each other. One person
navigates along predefined GPS tracks, and flags mark the
walked track approximately every 100m; flags are
collected on the return passage.

Meteorite Analysis

Magnetic susceptibility is measured with an SM30
magnetic susceptibility meter (ZH Instruments, Brno, Czech
Republic). The instrument determines the apparent mass-
specific susceptibility by comparing the frequency shift
obtained in contact with the sample to a blank measurement
in air. Values are reported as the decimal logarithm of mass-
specific susceptibility, log(χ) in 10�9 m3/kg, following the
convention of Gattacceca et al. (2004). The correction for
sample volume was applied according to the same
procedure. For meteorite 23_0010, three measurements were
taken, and 23_0011 was measured four times.

The 3-D shape and volume of the meteorites are
determined by X-ray tomography using a SkyScan 1273
micro-CT instrument at the Institute of Geological
Sciences of the University of Bern, operated at 130 keV
and 115 μA. A Cu filter (2 mm) is inserted between the
source and the sample to reduce beam hardening.
Alignment and flat field corrections are applied before
acquisition. Raw attenuation images are obtained by
rotating the object over 360° with a step-size of 0.25°.
Raw images are made by averaging 10 successive
acquisitions, each of them using an exposure time of
1040 ms. The total scan duration is approximately 6 h.
Reconstruction of 1564 slice images is performed using
the program NRecon version 1.7.5.1. Corrections for
misalignment, ring artifacts, and beam hardening are
applied. The final voxel size on the reconstructed image is
20 μm, allowing the interpretation of any feature larger
than �100 μm. Further image analysis is performed using
the Dragonfly software, Version 2021.1 for Windows
(Comet Technologies Canada Inc). The bulk volume and
surface area of each specimen were computed from the
segmented 3-D reconstructions in Dragonfly. The voxel
size of 20 μm ensures a geometric precision better than
�1% for samples of this size. Considering segmentation

and thresholding uncertainties, the overall uncertainty of
the derived surfaces and volumes is estimated to be within
3–5%. Bulk densities and porosities were then calculated
from the measured masses and CT-derived volumes.

Radioisotopes were measured nondestructively using
gamma-spectrometry at the low-background GeMSE
(Germanium Material and Meteorite Screening
Experiment) facility, located in the Vue-des-Alpes highway
tunnel near Neuchâtel, Switzerland (Ramı́rez et al., 2022;
Rosén et al., 2021; Sivers et al., 2016). The 270m
sedimentary rock overburden reduces the cosmogenic
muon flux. GeMSE employs a coaxial p-type high-purity
germanium crystal housed in an ultralow-background
copper cryostat cooled with liquid nitrogen. The sample
cavity is shielded from ambient radioactivity by layers of
oxygen-free copper and low-activity lead and is purged
using boil-off nitrogen to remove radon. Two large
plastic scintillator panels monitor muons. Using the
anti-coincidence technique, time intervals corresponding to
muon detections are excluded from the measurement. The
facility’s low background enables detection of
radioisotopes at levels of a few tens of μBq/kg. Data
evaluation was performed by counting peak areas after
subtraction of background counts. Because the
spectrometer does not detect every decay due to particle
interactions and geometry, detector efficiency is simulated
using the Monte Carlo toolkit GEANT4 (Agostinelli et al.,
2003; Allison et al., 2006, 2016), incorporating a 3-D
model of the detector and of the meteorite derived from
X-ray tomography (Ramı́rez et al., 2022), using average
density and bulk composition of H chondrites (Wasson &
Kallemeyn, 1988). The standard uncertainty for the
calculated activities considers the propagated uncertainties
of the peak area calculation, efficiency simulation, decay
correction, and the error of the half-life.

Cosmogenic 14C activity concentration measurements
for Al-Khadhaf stone 23_0011 follow Tauseef et al.
(2025). The 14CO2 gas extraction and measurement
techniques follow the standard procedure of the meteorite
14C lab at the Physics Institute, University of Bern
(Mészáros et al., 2018).

Noble gas measurements are performed at the Noble
Gas Lab at Physics Institute, University of Bern. Two
powdered samples of approximately 50mg of Al-Khadhaf
(stone 23_0011) are measured for He, Ne, and Ar isotope
intensities, from which concentrations and ratios are
inferred. Details of the measurement procedure can be
found, for example, in Leya et al. (2013) and Tauseef
et al. (2024).

Macroscopic images are obtained with a Nikon
D800E and focus stacking in Helicon Focus. Microscopy
is performed with Leica MZ6 and DM4500P microscopes.
Slice and thin-section images use Olympus BX51 and
Keyence VHX-J20 digital microscopes.

526 A. Zappatini et al.
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Backscatter (BSE) and secondary electron (SE)
images of polished thin sections are acquired with a
ZEISS EVO 50 SEM at the Institute of Geological
Sciences of the University of Bern. Semiquantitative
elemental analyses are performed by EDX (20 kV, 950
pA, 9–10 mm working distance) using EDAX TEAM
with ZAF correction for atomic number (Z), absorption
(A), and fluorescence excitation (F) effects.

Wavelength-dispersive electron microprobe
(EPMA) measurements are performed using a JEOL
JXA 8200 at the Institute of Geological Sciences of the
University of Bern. Counting times are 10 s on
background, 20 s on peak, using 15 kV acceleration
voltage and 20 nA beam current. Dwell time is 90 ms.
Standards include albite (Na), forsterite (Mg),
anorthite (Al, Ca), orthoclase (Si, K), rutile (Ti), spinel

FIGURE 2. Satellite image showing the location of the two observation cameras (triangles) and the fireball trajectory. Magnified
and cropped all-sky camera images of the fireball event are shown as insets. The fireball images are of the same pixel scale.
Dashes encoded in the trajectories arise from the liquid crystal shutter and provide both absolute and relative timing along the
trajectory. Satellite imagery: Landsat/Copernicus (2024). (Color figure can be viewed at wileyonlinelibrary.com)

TABLE 1. Trajectory parameters of the observed fireball.

Trajectory parameters DFN beginning DFN end Booz beginning Booz end

Time 20:14:54.750 20:14:57.950 20:14:54.750 20:14:57.950
Latitude (WGS84; °N) 18.50619 18.41877 18.50627 18.41883
Longitude (WGS84; °E) 53.28121 53.38346 53.27983 53.38389

Altitude (km) 67.591 30.245 67.625 30.238
Velocity (km/s) 14.00 7.36 13.95 7.77
Angle from local horizontal (°) 69.5 68.4 68.5 68.4
Calculated mass (kg) 4� 2a 0.05� 0.01b 1.04 0.035� 0.015

Ballistic coefficient αb 23.63 25.76
Mass loss parameter βb 1.36 1.265
Ablation coefficient σ (kg/MJ)c 0.0055 n.d.

Abbreviation: n.d. = not determined.
aCalculated from the light curve.
bCalculated from the dynamic α, β fit (Gritsevich, 2009; Sansom, Gritsevich, et al., 2019).
cDetermined following methods of Ceplecha (1975).
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(Cr), pyrolusite (Mn), magnetite (Fe), and native nickel
(Ni).

RESULTS

Meteoroid Trajectory and Orbit

Two of the then four fireball cameras in Oman
(Muqshin and Nimr) observed a fireball on March 8,

2022 8:14:55 p.m. UTC from distances of 210 and
265 km, respectively. The geometry of the fireball relative
to the cameras is shown in Figure 2, along with the
corresponding fireball photos. In total, the cameras
recorded 32 intervals of the de Bruijn encoded shutter
sequence, corresponding to an observable duration of
3.2 s. Normally, part of the fireball would have been lost
during the 3 s break between long-exposure images that is
required for saving the data. However, one camera

FIGURE 3. Overview of the fireball’s atmospheric passage, showing atmospheric density, meteoroid velocity, dynamic (ram)
pressure, and light curve as a function of altitude above ground level (DFN calculations). (Color figure can be viewed at
wileyonlinelibrary.com)

FIGURE 4. Light curve of the fireball with potential flares (luminosity surges) marked with arrows. The flares could indicate
fragmentation of the meteoroid during atmospheric entry. (Color figure can be viewed at wileyonlinelibrary.com)

528 A. Zappatini et al.
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(Nimr) was operating on incorrect GPS time information,
which caused its recording to be shifted relative to
Muqshin. This timing offset meant that the two cameras
captured complementary parts of the fireball, together
covering the full event. The fireball parameters are
summarized in Table 1. The ballistic (α) and mass loss (β)
parameters calculated for this fireball indicate that the
event likely produced a meteorite (Gritsevich et al., 2012;
Sansom, Jansen-Sturgeon, et al., 2019).

The evolution of the meteoroid’s physical parameters
along the trajectory is shown in Figure 3. The meteoroid
decelerated progressively from an initial velocity of
14.0 km/s to 7.36 km/s at the last observed point.
Combined with the atmospheric density profile, this
yields a maximum dynamic pressure of 1.17MPa,
reached shortly before the end of the luminous trajectory.

The light curve of the fireball, shown in Figure 4, did
not saturate the sensors—a rare case for a

meteorite-dropping event. This provided an unusually
high-quality record of the fireball’s brightness, from
which we estimate a photometric mass of around
4� 2 kg. Given the light curve’s quality, the main source
of uncertainty lies in the luminous efficiency and the
assumptions therein (e.g., Subasinghe et al. (2017) and
Drolshagen et al. (2021)). Using the average density of
the finally found meteorites (3.35 g/cm3), the photometric
mass of 4� 2 kg corresponds to a sphere with a diameter
of �10–15 cm. We also used the mass estimation method
of Johnston and Stern (2024), which links the ablation of
an intact meteoroid directly to its diameter, disregarding
other meteoroid properties. Al-Khadhaf’s initial size was
at the low end of the given range to use this method
(diameter> 10 cm) and gave a much larger estimated
diameter of 25 cm.

Monte Carlo orbit regression places the meteoroid in
a heliocentric orbit interior to the main asteroid belt, with

FIGURE 5. Delivery orbit of Al-Khadhaf (DFN calculations). The orbit of Al-Khadhaf is consistent with delivery from the
asteroid belt. (Color figure can be viewed at wileyonlinelibrary.com)
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a semi-major axis of 1.72AU. The pre-atmospheric orbit
is shown in Figure 5, with orbital parameters listed in
Table 2. Two independent trajectory and orbit solutions
are reported in Tables 1 and 2, derived separately by the
DFN team and by B. Booz using slightly different
assumptions regarding timing, reference frames, and initial
velocity. These solutions are not intended to represent
competing final results, but rather to document the
independent analyses that were carried out during the
meteorite recovery effort. Both solutions were based on
the same astrometric observations and produced
consistent dark flight predictions, which increased
confidence in the predicted fall area.

Dark Flight and Wind Modeling

The final observed point of the trajectory is at
18.418766°N, 53.383456° E, at an altitude of 30.245 km
(above the WGS84 ellipsoid). At this stage, the meteoroid
traveled at 7.36 km/s with a slope of 68.44° relative to the
local horizontal. These values were used to initialize the
dark flight calculations. All three atmospheric weather
models produced broadly similar results, except for
fragments below 10 g, where differences in the predicted
locations of �150 m can be observed. Figure 6 shows a
1D vertical section of one of the weather models, defined
by the location of the calculated end point of the bright
flight. The data tables of all the models are available as
supplementary material. The WRF models indicate mild
easterly winds at high altitudes (<15 m/s at 20–30 km)
and stronger northerly winds at lower altitudes (�30 m/s
at 5–20 km) (Figure 6). At high levels, winds oppose the
fall direction and shorten the target area. Closer to the

ground, northerly winds bend the fall lines southward,
most notably for low masses (Figure 7).

End-mass modeling suggested that a small meteorite
survived atmospheric entry. The alpha–beta dynamical
fit (Sansom, Gritsevich, et al., 2019) was consistent with
a 50–250 g meteorite surviving at the last observed point
(assuming 3.5 g/cm3 density, allowing for shapes ranging
from sphere to brick). The Kalman filter (Sansom et al.,
2015) gave a consistent estimate of �50 g (assuming
3.5 g/cm3 density and spherical shape). The cameras
were not close enough and sensitive enough to observe
the end of the bright flight. Hence, the dark flight code
modeled the mass lost due to the unobserved ablation,
taking the final estimate at the start of true dark flight
to �30–200 g, assuming no further fragmentation had
happened.

Dark flight modeling by the DFN team assuming a
spherical meteorite shape places the 50 g mass at
18.369082°N, 53.435664° E. A parallel calculation using
the WRF weather model (Booz) predicted a landing point
�100 m away, at 18.370078°N, 53.435321° E. The close
match between these independent calculations is shown in
Figure 7. When instead using balloon data from Salalah,
the 50 g mass was projected to fall �700 m further west.
The modeled fall area lies northwest of Shisr, at the
border of the Rub’ Al Khali dunes. It is a gravel plain
with patches of sand, scattered small dunes, and sparse
vegetation.

Meteorite Recovery

The 2σ target area for the meteorite search shown in
Figure 7 corresponds to 0.6 km2. In 2 days, about 1.3 km2

were thoroughly searched systematically by seven people.
On February 7, 2023, two meteorites were recovered
395 m apart, one close to the calculated fall line and the
other about 390 m away, near the edge of the modeled
strewn field (Figure 7). The larger piece (field number
23_0010) was found on a sandy flat with few visual
distractions (Figure 8). The second (field number
23_0011) was recovered on sand between small dunes
with scattered Calotropis procera, Citrullus colocynthis,
and Calligonum shrubs. Coordinates for both specimens
are listed in Table 3. The find location lies 12.2 km
southwest of a small desert camp named Al-Khadhaf. Al-
Khadhaf is Arabic for “camels starting to accelerate and
run when reaching an open flat area after passing
mountains or dunes.”

Physical Properties, Petrography, and Mineralogy

The two specimens weigh 13.851 g and 8.214 g,
respectively, resulting in a total mass of 22.065 g.
Magnetic susceptibilities, as well as volumes, surface

TABLE 2. Orbital parameters expressed in the
heliocentric ecliptic frame (J2000) and associated 1σ
formal uncertainties.

Orbital parameters DFN Booz

Epoch (TDB) 2022-03-08 2022-03-08
Semi-major axis a (AU) 1.722� 0.021 1.743
Eccentricity e 0.451� 0.007 0.457

Inclination i (°) 4.36� 0.06 4.00
Argument of perihelion ω (°) 212.25� 0.17 211.19
Longitude of the ascending

node Ω (°)
347.974� 0.002 347.936

Perihelion distance q (AU) 0.945� 0.001 0.948
Aphelion distance Q (AU) 2.499� 0.043 2.539

Corrected radiant (RA) α (°) 138.79� 0.13 136.85
Corrected radiant (Dec) δg (°) 34.74� 0.05 31.96
Geocentric speed Vg (km/s) 8.69� 0.14 8.61

Tisserand parameter
(wrt. Jupiter)

4.05� 0.04 4.01

530 A. Zappatini et al.
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areas, and bulk densities inferred from X-ray
tomography, are listed in Table 3.

The larger fragment (23_0010) is pyramid-shaped,
while the smaller (23_0011) has an elongated, slightly
curved form (Figure 8). The fusion crust is dark gray-
black, crosscut by fine cracks, and partially covers
broken surfaces where chondrules and unaltered silicates
are visible. Rust occurs around metal and sulfide grains
on these surfaces. Cut sections reveal a brecciated
texture containing both mineral and rock fragments
(Figure 9).

Both samples are crosscut by shock veins composed
mainly of opaque phases and fine-grained clasts. Metal
and sulfides are partly altered to iron (hydr)oxides,
especially along cracks that follow the veins. Chondrules
and fragments are sparse but reach 0.2–0.5 mm in size.
Chondrule types include barred olivine, radial pyroxene,
and porphyritic pyroxene and olivine. The mineralogy is
dominated by olivine, pyroxene, plagioclase, and
abundant metal and sulfide. Chromite, merrillite, and
ilmenite occur in trace amounts. The recrystallized matrix
contains mineral clasts of variable grain size. Feldspar
ranges from 5 to 50 μm in diameter, and a large clast

(3 × 5 mm) in the bigger sample contains coarse
plagioclase (>50 μm) (Figure 10). The fusion crust shows
vesicles and a mesh of fine sulfide veins. Undulose
extinction as a shock indicator is widespread, but no
planar fractures were observed.

Average mineral compositions of both specimens and
the coarse clast, determined by EPMA, are given in
Table 4. Detailed analyses are available as supplementary
material. The compositions are homogeneous with small
standard deviations, whether the meteorites are
considered individually or as a combined data set.

Gamma Spectrometry

The short-lived cosmogenic radionuclides 54Mn
(t½= 0.86 a) and 22Na (t½= 2.60 a), expected in
meteorites that fell within the past year, were detected in
both samples (Figure 11). The activity of the long-lived
cosmogenic nuclide 26Al constrains the pre-atmospheric
diameter of the meteoroid to <8 cm using the modeled
production rates of Leya et al. (2021). 40K was also
analyzed to complement the compositional data.
Activities of all relevant radionuclides are summarized in

FIGURE 6. Wind profiles showing wind direction and wind speed at the time of the meteor, as modeled by WRF. Prevailing
easterly winds at high altitudes and northerly winds at lower altitudes affected the flight of the meteorites. (Color figure can be
viewed at wileyonlinelibrary.com)
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Table 5. To allow comparability between the two samples
despite not measuring them simultaneously, activities are
reported for the time of the fall.

Calculating terrestrial ages from short-lived
radionuclides is difficult because their initial activities are
hard to constrain. Besides depending on the pre-
atmospheric size of the meteoroid and the shielding depth
of the sample, production rates also vary with the solar
cycle. During phases of high solar activity, the solar wind
reduces the flux of galactic cosmic rays, which suppresses
the production of nuclides formed mainly by high-energy
galactic particles. This leads to an anticorrelation
between sunspots and production rates (Evans et al.,
1982). This effect is often corrected for by normalizing
the short-lived radionuclides to 26Al. In Al-Khadhaf,
however, 26Al activity is particularly low, resulting in
high 22Na /26Al and 54Mn/26Al ratios compared to other
meteorite falls from similar phases of the 11-year solar
cycle (Figure 12).

Carbon-14 and Terrestrial Age

The 14C production rate of Al-Khadhaf reported by
Tauseef et al. (2024) is 23.2� 0.4 dpm/kg. Figure 13 plots
the expected 14C production rates against the shielding
depth indicator (22Ne/21Ne)cos for 11 H chondrite falls
including Al-Khadhaf. Al-Khadhaf falls close to the best-
fit line. These observations point to a terrestrial age of
<300 years and are consistent with a recent fall.

Noble Gases and Cosmic Ray Exposure Age

The measured noble gas isotopic concentrations and
ratios are shown in Tables 6 and 7. Data from the aliquot
Al-Khadhaf–1 as reported by Tauseef et al. (2025) is also
included for completeness. The Ne isotopic ratios
(20Ne/22Ne= 0.844, 0.829, 0.910 and 21Ne/22Ne= 0.801,
0.812, 0.798) indicate cosmogenic Ne with no or only
minor trapped contributions. In a 20Ne/22Ne versus

FIGURE 7. Satellite image of the target area showing the modeled fall lines and strewn field derived by the DFN and by Booz,
together with the search tracks (thin blue lines) and the find locations of the two meteorites. The shaded area corresponds to the
operational 2σ search region defined by the DFN team. Satellite imagery: Landsat/Copernicus (2024). (Color figure can be
viewed at wileyonlinelibrary.com)
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21Ne/22Ne plot (Figure 14), all aliquots plot in the field of
cosmogenic gases. Also shown is data for ordinary
chondrites from Mahajan (2022) and Tauseef et al. (2024,
2025). Cosmogenic Ne determined by two-component
deconvolution using air (20Ne/22Ne= 9.8, 21Ne/22Ne=

0.02878) and cosmogenic gases (20Ne/22Ne= 0.81) as
endmembers yields (22Ne/21Ne)cos of 1.244, 1.230, and
1.243, indicating a likely pre-atmospheric size of <10 cm in
diameter, as inferred following Leya and Masarik (2009)
and Tauseef et al. (2024).

Measured Ar isotopic ratios are also consistent across
aliquots. The measurement of the aliquot Al-Khadhaf–1
was not successful and thus only data for Al-Khadhaf–2
and 3 are reported. These two aliquots yield 38Ar/36Ar
ratios of 1.10 and 1.13, and 40Ar/36Ar ratios of 7459 and
8862. Deconvolution of cosmogenic and trapped
contributions following Wieler (2002) yields 38Arcos
concentrations of 3.7 × 10�9 and 4.5 × 10�9 cm3 STP/g,
respectively.

The so-called “Bern plot”, which displays the
(3He/21Ne)cos against the (22Ne/21Ne)cos (Figure 15) can
be used as an indicator of thermal 3He loss (Eberhardt
et al., 1966; Nishiizumi et al., 1980). The (3He/21Ne)cos
(8.13, 7.67, and 6.57) and (22Ne/21Ne)cos (1.244, 1.230,
and 1.243) place all three aliquots of Al-Khadhaf within
the 15% variation envelope of the empirical correlation.

Based on the cosmogenic components, individual
CRE ages were determined for all aliquots (Table 7). The
3Hecos ages (T3) are 7.35� 0.8, 6.23� 1.0, and
6.69� 0.9Ma for Al-Khadhaf–1, 2, and 3, respectively.
Corresponding 21Necos ages (T21) are 8.53� 0.9,
7.50� 0.8, and 9.62� 1.7Ma. For 38Arcos, ages could be
calculated for Al-Khadhaf–2 and 3 only, yielding
8.95� 2.1 and 10.9� 2.1Ma. The average ages calculated
over all measured nuclides for the three aliquots (Tavg)
are 7.89� 0.6, 7.28� 0.6, and 8.17� 0.7Ma for Al-
Khadhaf–1, 2, and 3, respectively. Based on the 21Ne
ages, which are generally regarded as the most reliable,
the average CRE age of Al-Khadhaf is 8.57� 1.2Ma.

DISCUSSION

Mineral compositions, textures, and magnetic
properties are consistent with an equilibrated, brecciated
H-group ordinary chondrite. The comparatively low
fayalite (Fa) and ferrosilite (Fs) contents (Table 4) are

FIGURE 8. Images at the top and bottom show the
landscapes of the two find locations of 23_0010 (top) and
23_0011 (bottom) and field and studio photos of the two
recovered meteorites (Studio photos by Thomas Schüpbach).
Note that the larger stone is an oriented meteorite. (Color
figure can be viewed at wileyonlinelibrary.com)

TABLE 3. Summarized properties of the two recovered
meteorite samples.

23_0010 23_0011

Find Latitude (WGS84; °N) 18.36857 18.36682
Find Longitude (WGS84; °E) 53.43335 53.43015

Mass (g) 13.851 8.214
Volume (cm3) 4.17� 0.21 2.44� 0.12
Bulk density (g/cm3) 3.32� 0.16 3.37� 0.17
Surface area (cm2) 19.0� 1.0 15.3� 0.8

Magnetic susceptibility log χ
(10�9 m3/kg)

5.24� 0.01 5.21� 0.03

Al-Khadhaf: The first camera-observed (H5–6) meteorite fall from Oman 533
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characteristic of H chondrites. The crystalline matrix,
visible chondrule delineation, and matrix plagioclase grain
sizes of 2–50 μm indicate a dominant petrologic type 5,
whereas a clast containing coarser plagioclase (>50 μm)
but identical mineral chemistry corresponds to type 6
material (Figure 10). Undulose extinction of silicates
without mosaicism or planar fractures indicates a
moderate shock stage (S2). Slight alteration of metal and
sulfide phases points to a low weathering degree (W1). As
the meteorite exhibits the archetypical features of ordinary
chondrites, oxygen isotope analyses were deemed
unnecessary. Overall, the meteorite is classified as a
brecciated H5–6 (S2, W1) ordinary chondrite.

The presence of fusion crust on broken surfaces
indicates secondary fragmentation of the meteoroid late in
flight. The matching appearance, texture, mineral

compositions, and short-lived radionuclide activities of
both recovered fragments confirm that they belong to the
same fall event. The mineralogy of the clast closely matches
that of the host material, implying that both parts stem
from a similar parent body. The petrographic grade of 5–6
is further supported by the absence of trapped Ne, typical
of higher grade ordinary chondrites that have lost such
components during metamorphism (Dalcher et al., 2013;
Wieler, 2002). Localized shock veins indicate one or several
moderate impact events affecting the meteoroid that
partially melted sulfides and produced limited grain-size
reduction of adjacent silicates. Whether the clast is truly
derived from the same parent body and was incorporated
during the initial formation of the meteoroid or whether it
is the result of a later collision between meteoroids of
similar composition remains uncertain.

FIGURE 9. Images of cut slabs (left) and thin sections (right, plane-polarized light) of both pieces of Al-Khadhaf. The sawn
surface shows bright metal/sulfide grains, chondrules, angular clasts, and darker silicate matrix. Incipient rust appears as reddish
hues around the metal/sulfide grains. (Color figure can be viewed at wileyonlinelibrary.com)
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Association with Observed Fall

The presence of the short-lived cosmogenic
radionuclides 54Mn (t½= 0.86 a) and 22Na (t½= 2.60 a)
confirms that Al-Khadhaf is a recent fall and that both
meteorites (23_0010 and 23_0011) are paired.
Considering that Al-Khadhaf fell during the rising phase
of solar cycle 25, the 26Al-normalized activities of 54Mn
and 22Na for Al-Khadhaf are somewhat higher than
expected. This is attributed to the relatively low 26Al
activity in the samples which is discussed further below.
The plot of 26Al-normalized 54Mn and 22Na activities of
other meteorite falls with published gamma-spectrometry
data along the solar cycles (Figure 12) reveals a subtle
anticorrelation with sunspot number, which is most
apparent for solar cycle 24.

Although only two cameras recorded the fireball
from distances of >200 km, trajectory calculations
accurately predicted the main landing area. Independent
calculations by the DFN team and B. Booz, based on
the same astrometric data but differing slightly in
trajectory geometry, initial velocities and reference
systems, produced consistent dark flight predictions.
The resulting differences in radiant coordinates and
orbital elements therefore reflect methodological choices
rather than incompatible solutions, and both were
sufficient to guide a successful recovery. Both
predictions based on WRF weather data placed the
meteorite closest to the actual find locations, while the

weather balloon-based models predicted slightly more
displaced fall lines.

The two recovered masses were consistent with the
lower estimate of the modeled final mass. The final
fragmentation likely occurred shortly before the onset of
dark flight, as indicated by the presence of thin fusion
crusts on the broken surfaces. This interpretation is
supported by the trajectory-derived dynamic pressure
profile, which reaches a maximum of 1.17MPa shortly
before the end of the luminous flight (Figure 3).

The maximum dynamic pressure of 1.17MPa can be
compared to published measurements of the mechanical
strength of ordinary chondritic material. Laboratory
measurements on ordinary chondrite samples indicate
quasi-static compressive strengths of tens to hundreds of
MPa, with tensile strengths generally an order of
magnitude lower (Kimberley & Ramesh, 2011; Pohl &
Britt, 2020; Popova et al., 2011). However, atmospheric
fragmentation is observed to occur at much lower
dynamic pressures, typically in the range of �0.9–5MPa
for confirmed ordinary chondrite fireballs (Borovička
et al., 2020), reflecting preexisting fractures and loading
conditions not captured by static tests. In this context,
the dynamic pressure experienced by Al-Khadhaf before
the end of the luminous flight lies within the range
expected for the onset of breakup in ordinary chondritic
meteoroids. A local enhancement in brightness occurs
near the altitude of maximum dynamic pressure (Figs 3
and 4), suggesting a possible fragmentation event.

FIGURE 10. Backscatter electron image of the interface between clast and matrix in 23_0010. A sulfide vein-rich zone marks the
boundary between the coarser grained clast and the finer grained matrix. px= pyroxene, ol= olivine, fsp= feldspar. (Color figure
can be viewed at wileyonlinelibrary.com)
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The dynamical parameters inferred for the
meteoroid’s path through the atmosphere depend on the
assumed atmospheric density profile along the luminous
trajectory. Simplified atmospheric descriptions (e.g.,
exponential or standard atmospheres) can lead to
noticeable differences in the ballistic coefficient α, which
directly controls the altitude at which deceleration
becomes apparent and thus affects dynamic mass
estimates. In contrast, the mass loss parameter β is much
less sensitive to the choice of atmospheric model, as it
depends primarily on the initial velocity and ablation
behavior (Lyytinen & Gritsevich, 2016). Using time- and
location-specific atmospheric profiles derived from models
such as NRLMSISE-2000/2002 (Picone et al., 2002) or
WRF (Skamarock et al., 2008) can therefore refine
absolute mass estimates but is not expected to significantly
alter the inferred ablation efficiency or the conclusion that
Al-Khadhaf was a meteorite-dropping fireball.

The smaller meteorite fragment was found 9m
outside of the 2σ target area. The reason for this is
unclear. Perhaps shock–shock interactions between the
fragments led to a flight vector change as described for
2008 TC3 by Jenniskens et al. (2022) and for
Winchcombe by McMullan et al. (2024). Alternatively,

non-modeled subtleties in the atmospheric winds could
have unexpectedly altered the flight path. The inferred
survival of only a few percent of the initial mass is typical
for meteorite-dropping fireballs and comparable to other
small camera-observed falls such as Murrili and Arpu
Kuilpu (Sansom et al., 2020; Shober et al., 2022).

Pre-atmospheric Size

The initial mass estimate of Al-Khadhaf using the
method of Johnston and Stern (2024) is of much poorer
quality than that obtained for the New York State
fireball (McFadden et al., 2024) using the same approach:
in that case, the model-derived mass agreed with the
photometric one to within 23%, whereas for Al-Khadhaf,
no such agreement is achieved. In contrast, the
photometric initial mass of 4� 2 kg calculated together
with the recovered total mass of 22.065 g is consistent
with the ablation behavior inferred from dynamical
modeling. To better constrain the pre-atmospheric size,
we compare three independent approaches:

1. Light-curve integration:
Integration of the unsaturated fireball light curve
using luminous-efficiency prescriptions of Revelle and
Ceplecha (2001) yields an entry mass of 4� 2 kg,
corresponding to a diameter of about 10–15 cm.

2. Cosmogenic radionuclides (26Al, 14C):
The low 26Al activities (24.0� 1.8 and
23.8� 2.2 dpm/kg) imply, when compared with
production rate models (Leya et al., 2021), a maximum
diameter of 8 cm. This is qualitatively supported by the
low 14C activity concentration reported by Tauseef
et al. (2025).

3. Cosmogenic noble gases (22Ne/21Ne)cos:
The shielding-sensitive (22Ne/21Ne)cos ratio is
consistent with diameters >10 cm when compared
with the production rates of Leya and Masarik (2009).

FIGURE 11. Gamma spectra of both samples. Sample 23_0010 was measured for 33 days (April 27– May 30, 2023) and 23_0011
for 21 days (April 4–27, 2023). The clear peaks of the short-lived cosmogenic radionuclides 54Mn and 22Na in both spectra
confirm the recent fall of the meteorites. (Color figure can be viewed at wileyonlinelibrary.com)

TABLE 5. Activities of cosmogenic radionuclides and
primordial 40K measured by gamma spectrometry, given
for the time of the fall. The given bulk K content was
calculated via 40K activity.

Isotope Half-life
23_0010
(dpm/kg)

23_0011
(dpm/kg)

54Mn 0.86 a 70.2� 1.3 70.0� 1.9
22Na 2.60 a 83.8� 4.2 80.0� 5.3
26Al 7.17 × 105 a 24.0� 1.8 23.8� 2.2
40K 1.248 × 109 a 1499� 79 1466� 82

K (mg/kg) 806 777

Al-Khadhaf: The first camera-observed (H5–6) meteorite fall from Oman 537
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FIGURE 12. 54Mn/22Na and 22Na /26Al ratios reported for meteorite falls along the sunspot number during solar cycles 19–25 (data
from the U.S. National Oceanic and Atmospheric Administration). The cosmogenic nuclide data is from Antonin, Boumdeid (Buhl
et al., 2014), Braunschweig (Bartoschewitz et al., 2017), Creston (Jenniskens et al., 2019), Ehole (Honda & Arnold, 1964), Harleton
(Honda & Arnold, 1964), Hammadah al Hamra 346 (Tymiński et al., 2023), Huaxi (Rosén et al., 2020), Jesenice (Bischoff
et al., 2011), Kamargaon (Ray et al., 2017), Jilin (Honda et al., 1982), Kobe (Komura et al., 2002), Košice (Alexeev et al., 2015;
Povinec et al., 2015), Lost City (Cressy, 1971; Wrigley, 1971), Mifflin (Kita et al., 2013), Sabrum (Ghosh et al., 2002), Soøtmany
(Laubenstein et al., 2012), Torino (Bhandari et al., 1989), Ucera (Cressy, 1971), and Xining (Rosén et al., 2020). (Color figure can be
viewed at wileyonlinelibrary.com)

FIGURE 13. Carbon-14 production rate and cosmogenic 22Ne/21Ne of Al-Khadhaf compared to other H chondrites. Data from
Tauseef et al. (2025). Al-Khadhaf has a low 14C production rate and high (22Ne/21Ne)cos, both indicators for a small pre-
atmospheric radius of the meteoroid. (Color figure can be viewed at wileyonlinelibrary.com)
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These methods do not converge on a single
value but collectively bracket a pre-atmospheric
diameter of �5–15 cm. The spread reflects the
different sensitivities and assumptions of each
technique (e.g., luminous efficiency, shielding

geometry and production rate, potential deviations
from spherical shape). To illustrate how these
independent constraints relate to one another,
Figure 16 summarizes the diameter and shielding
ranges inferred from the light curve, cosmogenic

TABLE 6. Measured He, Ne, and Ar isotope concentrations (×10�8 cm3 STP/g) and ratios in Al-Khadhaf.

Sample ID 4He 4He/3He 20Ne 20Ne/22Ne 21Ne/22Ne 36Ar 36Ar/38Ar 40Ar/36Ar

Al-Khadhaf–1a 1414� 133 127� 10 1.43� 0.08 0.844� 0.032 0.801� 0.016 n.d. n.d. n.d.
Al-Khadhaf–2 1514� 068 159� 18 1.68� 0.09 0.829� 0.020 0.812� 0.019 0.451� 0.108 1.10� 0.3 8862� 2230

Al-Khadhaf–3 1672� 076 165� 15 1.58� 0.20 0.910� 0.019 0.798� 0.020 0.568� 0.120 1.13� 0.3 7459� 1684

Abbreviation: n.d. = not determined.
aAl-Khadhaf–1 data taken from Tauseef et al. (2025). The He, Ne, and Ar isotope concentrations in Al-Khadhaf–2 and Al-Khadhaf–3 aliquots

were measured in this study.

TABLE 7. Cosmogenic 3He, 21Ne, and 38Ar concentrations (×10�8 cm3 STP/g), and CRE ages (in Ma) for Al-
Khadhaf. Tavg are weighted averages using uncertainties as weights.

Sample ID 3Hecos
21Necos

38Arcos
3He/21Necos

22Ne/21Necos T3 T21 T38 Tavg.

Al-Khadhaf–1a 11.2� 0.9 1.36� 0.1 n.d. 8.13� 0.9 1.244� 0.02 7.35� 0.8 8.53� 0.9 n.d. 7.89� 0.6

Al-Khadhaf–2 9.5� 1.1 1.24� 0.1 0.37� 0.08 7.67� 1.1 1.230� 0.01 6.23� 1.0 7.50� 0.8 8.95� 2.1 7.28� 0.6
Al-Khadhaf–3 10.2� 1.0 1.54� 0.2 0.45� 0.09 6.57� 1.4 1.243� 0.04 6.69� 0.9 9.62� 1.7 10.9� 2.3 8.17� 0.7

Abbreviation: n.d. = not determined.
aAl-Khadhaf–1 data taken from Tauseef et al. (2025).

FIGURE 14. The 20Ne/22Ne and 21Ne/22Ne ratios of Al-Khadhaf (aliquots 1–3) indicate a dominant cosmogenic component.
Data from Mahajan (2022) and Tauseef et al. (2024, 2025). (Color figure can be viewed at wileyonlinelibrary.com)
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radionuclides, and cosmogenic noble gases. Because
the measured cosmogenic activities fall near the
lower end of available production-rate curves, a
broad range of sample depths, from the surface to
roughly half the diameter, remains consistent with
the data. As a result, it is difficult to constrain the
shielding geometry more tightly.

For context, the Cavezzo fall (Bizzarri et al., 2023;
Gardiol et al., 2020) had an entry mass of 3.5� 0.8 kg
and a pre-atmospheric diameter of �13 cm, making it one
of the smallest meteoroids recovered on the ground
following instrumental observation. Al-Khadhaf’s
photometric entry mass of 4� 2 kg and pre-atmospheric
diameter (10–15 cm) places it in the same size regime.
Given the cosmogenic constraints that allow diameters
below 8 cm, Al-Khadhaf is among the smallest camera-
observed meteoroids from which meteorites have been
recovered.

Source Region in the Asteroid Belt

Knowing the cosmic ray exposure (CRE) age of Al-
Khadhaf is essential for understanding its space history.
We derived a CRE age of 8.57� 1.2Ma from the
cosmogenic noble gas data. The 3Hecos ages are somewhat
younger than the 21Necos and 38Arcos ages, which could
reflect minor thermal 3He loss. The alignment of Al-
Khadhaf with the Bern correlation, however, indicates
that any 3He loss was not significant. Ages calculated from
38Arcos are older but carry larger uncertainties. For these

reasons, we consider the 21Necos ages the most reliable and
use them to define the CRE age.

The CRE age combined with the heliocentric delivery
orbit allow us to place Al-Khadhaf in context with the
population of H chondrites and their possible source
regions. Figure 16 shows inclination versus semi-major
axis for previously observed H chondrite impact orbits,
with colors indicating CRE age peaks where available.
The pre-atmospheric orbit of Al-Khadhaf (star in
Figure 17; orbital parameters in Table 2) has a semi-
major axis of 1.72 AU and a low inclination of 4.36°,
indicating that the meteoroid moved on an Earth-
crossing orbit interior to the main asteroid belt. The CRE
age of Al-Khadhaf lies within the main exposure age
population of H chondrites (David & Leya, 2019; Graf &
Marti, 1995), plotting on the outer flank of the �7Ma
peak.

Jenniskens and Devillepoix (2025) note that this
�7Ma peak is broader than other H-chondrite
exposure-age clusters and likely represents
contributions from multiple source regions. Proposed
contributors include the Koronis family at low
inclination beyond the 5:2 resonance and the Nele
family in the central main belt. Al-Khadhaf’s CRE
age is higher than that typically associated with the
Nele family (�6Ma), making a Nele origin less likely.
The mineral chemistry of Al-Khadhaf (Fa
17.7–19.0%, Fs 15.8–17.4%) lies near the upper end
of the compositional ranges proposed for Koronis
family material (Figure 18). While this places Al-
Khadhaf at the margin of Koronis-like compositions
(Genge, 2008; Sanchez et al., 2015), it does not
exclude an origin in that family. An alternative
possibility is a source in the inner main belt, such as
the Massalia family. Dynamically, material released
from the inner belt can be efficiently delivered to
Earth via resonances such as ν6 (Nesvorný et al.,
2023). However, recent spectral work by Marsset
et al. (2024) suggest that the Massalia family is more
closely linked to L chondrites, complicating a
straightforward association with H chondrites. At the
same time, reflectance spectra provide indirect
constraints on mineralogy and may not uniquely map
onto meteoritic compositions.

Taken together, the CRE age, orbit, and mineral
chemistry of Al-Khadhaf do not uniquely identify a single
source family. Both Koronis and inner-belt sources such
as Massalia remain plausible contributors to the �7Ma
H-chondrite exposure-age population. Al-Khadhaf
therefore highlights the continued difficulty of linking
individual meteorite falls to specific asteroid families,
particularly within broad and likely multisource exposure-
age clusters.

FIGURE 15. Cosmogenic 3He/21Ne plotted against
cosmogenic 22Ne/21Ne. The empirical correlations of
Nishiizumi et al. (1980) are shown; experimental data and the
original plot are from Leya et al. (2013). Al-Khadhaf aliquots
1–3 lie within the �15% variation shown as dashed lines,
indicating that 3He loss due to thermal effects was minimal.
(Color figure can be viewed at wileyonlinelibrary.com)
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FIGURE 16. Comparison of shielding depths and pre-atmospheric diameters inferred from cosmogenic nuclides (26Al,
22Ne/21Ne) and photometry. Although the model estimates do not overlap exactly, together they constrain the pre-atmospheric
diameter of Al-Khadhaf to �5–15 cm. (Color figure can be viewed at wileyonlinelibrary.com)

FIGURE 17. Inclination and semi-major axis of Al-Khadhaf compared to other H chondrite falls. Ratios mark orbital
resonances, and color coding represents cosmic-ray exposure (CRE) ages. Al-Khadhaf’s low inclination indicates an orbit only
slightly tilted relative to the ecliptic, suggesting limited dynamical excitation before Earth encounter. Its CRE age lies within the
main population of H-chondrite exposure ages. Modified after Jenniskens and Devillepoix (2025). (Color figure can be viewed at
wileyonlinelibrary.com)
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CONCLUSIONS

The recovery of a meteorite after 1 year of operation
demonstrates the effectiveness of the Oman Meteorite
Monitoring Project and confirms that the deserts of Oman
are well suited for the recovery of small meteorite falls
observed by fireball camera networks. Al-Khadhaf adds
an ordinary H chondrite with a well-constrained
heliocentric orbit and a cosmogenic exposure age of
8.57� 1.2Ma to the growing data set of instrumentally
observed meteorite falls.

Independent trajectory, dark flight, and photometric
analyses yield consistent results and enabled the
successful recovery of the meteorites. Cosmogenic
radionuclide and noble-gas measurements, together with
light-curve analysis, constrain the pre-atmospheric size of
Al-Khadhaf to the lower end of meteorite-dropping
meteoroids, placing it among the smallest camera-
observed falls recovered to date.

The combination of CRE age and orbit places Al-
Khadhaf within the broad �7Ma exposure-age population
of H chondrites. While its delivery orbit is consistent with
an origin in the inner main belt, current mineralogical,
spectral, and dynamical constraints do not uniquely
identify a single source family. Both Koronis and inner belt
sources such as Massalia remain plausible contributors,
highlighting the continued difficulty of linking individual
meteorite falls to specific asteroid families.

Each new camera-observed meteorite provides an
incremental but important contribution toward
understanding the origin, delivery pathways, and flux of
meteorites reaching Earth.
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SUPPORTING INFORMATION

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

Data S1. Electron microprobe analyses of olivine,
pyroxene, feldspar and chromite.
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