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Abstract–Modeling of a prehistoric fall can be successful if a strewn field is very well
documented and coordinates, masses, and shapes of all individual stones are recorded. In
combination with meteoroid mass and wind model constraints, a detailed scenario of the
atmospheric passage is obtained for the ~20 9 6 km-sized JaH 073 L6 strewn field in
Oman. The wide mass ranges from 52.2 kg to <1 g together with the large number of ~3500
stones offer the statistical basis to reconstruct the trajectory and the fragmentation
sequence. The size of the meteoroid, constrained by noble gas analyses, corresponds to an
initial mass of about 12 t at atmospheric entry using an L-chondrite bulk density of 3400–
3500 kg m�3. Assuming typical ablation behavior, these data are compatible with an entry
velocity of 20 � 3 km s�1. The best model fit is achieved for a serial fragmentation scenario
starting at an altitude of ~34 km and showing a main fragmentation at 26 km. A resolved
event seems to have occurred at 22 km, followed by a more diffuse fragmentation at 19 km.
The vertical trajectory angle is calculated at 43 � 2° and the azimuth at 329 � 1°. The
position of numerous outlying meteorites in the strewn field can only be reproduced by
repeated fragmentation with cumulated transverse velocities from explosive events. The
wind model adopted from modern data fits surprisingly well and indicates summer monsoon
with strong easterly winds during the fall event, consistent with paleoclimatic data.

INTRODUCTION

There is quite a number of strewn field producing
meteorite falls for which accurate tracking data on
atmospheric passage are available and where material
was recovered on the ground. In addition to the 13 falls
as compiled in Popova et al. (2011), several more
recent falls including the most spectacular event of
Chelyabinsk in 2013 (e.g., Borovi�cka et al., 2013; Buhl
& Wimmer, 2013; Emel’Yananko et al., 2014; Popova
et al., 2013; Trigo-Rodr�ıguez et al., 2021) could be
evaluated.

The continued work of the Czech part of the
European Fireball Network and more recent installations
in North America, Australia, and Europe, for example,
the Global Fireball Observatory (Devillepoix et al., 2020)
and the global FRIPON camera network (Colas
et al., 2020), have helped to increase the number of falls
recovered with the aid of all-sky fireball cameras to over 40.

The tracking data, obtained with video devices and by
meteorite tracking networks (e.g., Ceplecha, 1961;
Devillepoix et al., 2022; Halliday, 1971; Jenniskens
et al., 2019; Oberst et al., 1998; Spurn�y et al., 2009), show
that more than 90% of the meteoroids undergo
atmospheric fragmentation (e.g., Ceplecha et al., 1993).
Although meteorite tracking observations have
considerably increased the number of fresh meteorite
recoveries on the ground, only few, for example, Bunburra
Rockhole (Bland et al., 2009; Spurn�y et al., 2012) and
Almahata Sitta (Jenniskens et al., 2009), fell in relatively
flat desert regions, where a nearly 100% recovery of
fragments on the ground is feasible. Complete recovery is
impossible in rugged and/or vegetation-covered terrains.

These cases prove that different modeling
algorithms using data extracted from meteorite tracking
(speed, deceleration, light flares, or sound registrations),
in combination with an atmospheric density gradient
model and high-altitude wind data, can successfully
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predict a probability field for meteorites on the ground.
The position of an individual meteorite within the
probability field, however, depends on additional effects
that are in most cases not accessible by visual tracking
data. First, there is the potentially high transverse
velocity component resulting from sometimes strong
explosions upon fragmentation. Second, there is the
wind drift during the dark flight in the lower
atmosphere after the meteorite is sufficiently decelerated
to stop emission of light by collision with atmospheric
molecules. The exposure to the wind may last for a few
minutes and cause strong displacement; it is dependent
on mass and especially the shape of the fragment.
Irregular shapes can cause deflections in all directions
including uplift. Thus, each meteorite recovered on the
ground with well-documented data helps to improve the
knowledge on aerodynamic drag and shape factors and
to shed light on the fragmentation mechanism.

There exist many historic and prehistoric strewn
fields, for example, L’Aigle (Biot, 1803), Allende (Clarke
et al., 1970), Camel Donga (Cleverly et al., 1986), Campo
del Cielo (Wright et al., 2006), Jilin (Jilin Consortium
Study, 1985), Holbrook (Foote, 1912), Mbale (Jenniskens
et al., 1994), Millbillillie (Moore et al., 1999), M�ocs
(Koch, 1882), Mundrabilla (De Laeter, 1972; De Laeter
& Cleverly, 1983), Murchison (Fuchs et al., 1973),
Norton County (LaPaz, 1965), Park Forest (Simon
et al., 2004), Sikhote Alin (Krinov, 1966) and strewn
fields in Antarctica (e.g., Welten et al., 2011), consisting
of hundreds to thousands of individual stones. The
number of finds is often well known; in many cases, the
mass of individual stones is known too, but in most
cases, the exact find location and especially the shape of
stones is not reported. Thus, important data permitting
detailed modeling of historic and prehistoric falls are
missing.

In contrast, recent meteorite search activities in hot
deserts produced excellent data sets of large undisturbed
prehistoric strewn fields. These include, for example, the
Gold Basin L4 strewn field in the United States (Kring
et al., 2001); the DaG CO3 strewn field in Libya
(Schl€uter et al., 2002); and the ordinary chondrite
strewn fields SaU 001 (L4/5; Grossman, 2000), JaH 073
(L6; Gnos et al., 2009; Huber et al., 2008), and JaH 091
(L5; Gnos et al., 2006) in the Sultanate of Oman. In all
these cases, mass, coordinates, and even shape factors
of most individual stones are known or accessible.

While the prediction of meteorite fall areas from
luminous trajectory data is a well-established practice
nowadays, the reconstruction of meteors from strewn
field data is little explored.

In this study, we use a modeling approach
considering the geographic location, and in selected
cases also the shape of the stones in order to obtain a

more detailed scenario of the prehistoric atmospheric
passage of the JaH 073 fireball.

The JaH 073 Strewn Field

The Jiddat al Harasis (JaH) 073 L6 (S4W2-4) strewn
field was discovered on January 17, 2002 in the Sultanate
of Oman and covers an area of 20 9 6 km (Gnos
et al., 2009) (Fig. 1). The almost 3500 single stones
recovered range in mass from 52.2 kg down to <1 g (total
collected mass about 600 kg; see Data S1 in supporting
information). The strewn field is NNW–SSE oriented,
indicating an atmospheric entry from SE at intermediate
angle relative to the surface. The strewn field shows a
deflection to the west at its lower mass end. Two gentle
depressions containing deposits of sand, clay, and silt
cover small sections of the strewn field (Gnos et al., 2009).
Although complete collection could not be achieved in
these sections, we estimate that most large (>1 kg) and
approximately 60%–80% of smaller stones have been
collected, corresponding to >90% of the total mass.
However, when studying the distribution of stones in the
JaH 073 strewn field, large empty areas are recognizable
in between stringers of stones on the western side of the
curved strewn field axis (Fig. 1). Intense additional
searching at the small mass end has shown that still some
of these irregularities may be related to incomplete
sampling. Although the strewn field as a whole appears to
be mass sorted, the mass group diagram shown in Fig. 2
shows clearly a strong overlap of mass groups. Moreover,
Gnos et al. (2009) mentioned a 741 g stone (0201-1130)
located north of the largest mass of 52.2 kg. This stone
has a slightly platy shape (11 9 9.5 9 4.5 cm; Fig. 3).
Additional search campaigns based on the first modeling
results revealed three additional stones (0902-84, 39.1 g;
0902-85, 169.6 g; 0902-86, 5800 g) in the vicinity of the
proposed fall line to the North of the strewn field (Figs. 1
and 2). Two of them (0902-85 and 0902-86) separated by
some 118 m are parts of one stone as confirmed by shape
matching.

Of course, one cannot rule out that some stones could
have been displaced by humans. However, with the
exception of a pile made in place from a large, fragmented
meteorite as a driving indicator for Bedouins, we have not
found evidence of human activity. Bedouins only crossed
these areas after strong rains, but they mainly stayed in
dunes where vegetation is more abundant after rain.
Displacement by wind can also be ruled out. This is
evident from weathered meteorites on slopes, where the
fragments are found dispersed within a few meters. We
also exposed cut and weighted peridotites in an area of
strong wind for several years. The stones showed
measurable weight losses due to wind ablation, but they
remained in position. In some areas, wind ablation is

JaH 073 strewn field 2217
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strong and meteorites and limestones develop striations
on the upper side indicating the predominant direction of
the wind. In such cases, a turned object is easily
recognizable.

JaH 073 samples gave a 14C fall age of
18.1 � 2.7 ka (Sliz et al., 2022). The meteorite seems
not to be saturated in 10Be, which resulted in the

underestimated age of 14.4 ka reported earlier by Gnos
et al. (2009). Huber et al. (2008) measured the
concentrations and isotopic compositions of He, Ne,
and Ar in 11 different strewn field fragments ranging
from <100 g to >50 kg, including seven samples from
known locations (drill cores) within the main mass.
They also measured the concentrations of cosmogenic

Fig. 1. JaH 073 strewn field. Note the curved center line defined by mass group center points. It will serve as the “parallel” axis
of an adjusted coordinate system with zero point at the main mass introduced for the further analysis. A and B indicate
locations of selected outliers. (A) 0201-1130 (741 g); (B) 0902-84 (39.1 g), 0902-85 (169.6 g), and 0902-86 (5800 g). (Color figure
can be viewed at wileyonlinelibrary.com.)

2218 K. Wimmer et al.

 19455100, 2022, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

aps.13924 by Schw
eizerische A

kadem
ie D

er, W
iley O

nline L
ibrary on [16/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

wileyonlinelibrary.com


10Be, 26Al, 36Cl, and 41Ca in 10 samples. The
cosmogenic nuclide data showed that, like other large
chondrites studied, JaH 073 experienced a complex
exposure history. Integrating all data, they obtained a
consistent history with a first-stage exposure of ~65 Ma
within ~20 cm of the surface of the L-chondrite parent
body, followed by ejection of a 1.5–2 m large object,
which was then delivered to Earth within about 0.5 and
0.7 Ma. This information will be used in this study to
constrain the initial mass of the meteoroid.

METHODS

Modeling Approach

A fall reconstruction for 100% of the individual
stones is impossible based on the two-dimensional
strewn field pattern, but simplified scenarios can be
derived depending on the number of resolvable
substructures of the strewn field. Not all model
parameters are independent, thus causing ambiguities in
all scenarios (e.g., meteoroid mass loss and velocity are
strongly correlated). However, in this particular case,
the size of the meteoroid estimated from cosmic nuclide
data together with the well-known total meteorite mass
on the ground provides additional constraints. The
modeling approach is therefore to start with the
simplest single-fragmentation model and to iteratively
progress to more complex scenarios. Therefore, we
extend the standard single-body algorithm (Ceplecha
et al., 1998) and use experimentally found drag and
shape factors (Wimmer, 2009).

Fig. 2. Mass groups in adjusted coordinates; note the large overlap in parallel direction and the biased distribution in transverse
direction. (Color figure can be viewed at wileyonlinelibrary.com.)

Fig. 3. Meteorite 0201-1130 (741 g). Note the disk-like shape.
(Color figure can be viewed at wileyonlinelibrary.com.)

JaH 073 strewn field 2219
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Analysis of Meteorite Mass Distribution and Estimate of

Initial Meteoroid Mass

For the analysis of the mass distribution, we
introduce an adjusted coordinate system with a curved
axis through the strewn field, which is defined by the
mass group center points, and a “transverse” direction
always normal to it (Fig. 1). This system is thought to
ease the separate study of mass mixing in the two
orthogonal directions (Fig. 2) and is the basis for the
subsequent diagrams (Figs. 4 and 5).

As mentioned in Gnos et al. (2009), the JaH 073
strewn field has some geographic features such as sandy
depressions leading to incomplete sampling. The
logarithmic mass distribution along the strewn field
axis (Fig. 4) shows the respective gaps and allows
interpolative correction. Some small discontinuities may,
beyond statistics, reflect unfavorable search conditions
in minor areas. The smooth envelope curve in Fig. 5
tries to include all these deficits, resulting in an
extrapolated total mass of 700 kg, which may be taken
as the maximum of a one-sided probability distribution
with decreasing probabilities toward lower mass values.
The “true” value may be somewhere in between 640 and
700 kg. For the further analysis, we adopt a
conservative estimate of 650 kg.

The detailed analysis of cosmogenic nuclides in JaH
073 by Huber et al. (2008) constrains the initial
meteoroid diameter to 1.5–2 m. In combination with
unaltered chondrite bulk density data of ~3.5 g cm�3

(e.g., Britt & Consolmagno, 2003), this corresponds to
an initial mass of about 12,000 kg. The uncertainty,
however, is considerable due to the unknown shape of
the meteoroid; it may be as large as a factor 2.

Atmospheric Entry Velocity

The strewn field does not yield straightforward
information on the fall dynamics. In order to get a
rough constraint for the entry velocity, we use the mass
loss during the atmospheric passage.

The meteoroid ablation increases theoretically with
the third power of the velocity (Ceplecha et al., 1998)
with an apparent ablation coefficient of 0.014 s2 km�2

taken as typical for ordinary chondrites. Starting from a
range of 6–24 t mass at atmospheric entry and ending
with 650 � 50 kg on the ground, we derive an entry
velocity in the range of 17–23 km s�1 (20 � 3 km s�1;
Fig. 6). In the further scenario development, we adopt a
rounded model value of 20 km s�1. Apparent ablation
higher than normal due to more violent fragmentation
might lead to velocities closer to the lower end of the

Fig. 4. Logarithmic mass distribution along the strewn field; note the gaps caused by geographic features; for modeling, the lost
masses are estimated by interpolation. (Color figure can be viewed at wileyonlinelibrary.com.)

2220 K. Wimmer et al.
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range with little impact, however, on the geometric
model parameters (see discussion).

Wind Model

As the JaH 073 fall happened some 18.1 ka ago (Sliz
et al., 2022), there is no direct information about the wind
situation during fall time. The overall climatic situation at

the end of the last ice age, however, was already similar to
the present one, except some displacement of the
Intertropical Convergence Zone (ITCZ) due to the more
extended ice coverage of the northern hemisphere
(Fleitmann &Matter, 2009; Preusser et al., 2002).

Nowadays the ITCZ crosses at its most northern
position the Arabian Peninsula so that part of Oman’s
south is exposed to monsoon during summer and to

Fig. 5. Estimate of the total meteorite mass by interpolation and extrapolation, bridging the gaps caused by incomplete sampling. A
conservative estimate of 650 � 50 kg is adopted for the scenario. (Color figure can be viewed at wileyonlinelibrary.com.)

Fig. 6. Final total meteorite mass resulting from different initial meteoroid masses and atmospheric entry velocity (with apparent
ablation coefficient 0.014 s2 km�2 for ordinary chondrites). An increased ablation coefficient, to account for stronger
fragmentation, results in a shift toward lower velocities with minor influence on the geometry of the strewn field (see discussion).
(Color figure can be viewed at wileyonlinelibrary.com.)

JaH 073 strewn field 2221
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Passat during winter time (Fig. 7). These two very
distinct weather situations are reflected in Fig. 8 where
the high-altitude wind directions at Muscat are shown
for 12 months.

An outstanding feature therein is the prevailing
wind direction from east (90°) during the summer
months. That is what we are looking for, as the
curvature of the strewn field, with its deflection to the
west at the lower mass end, indicates a wind drift effect
from the east. Consequently, as a hypothesis, we adopt
a summer monsoon situation for our wind model.

All wind data were taken from the NOAA/ESRL
Radiosonde Database Archive (http://www.esrl.noaa.gov/
raobs/), now available at http://weather.uwyo.edu/upperair/
sounding.html. The Jiddat al Harasis area is roughly
halfway between the sounding stations Muscat (#41256)
and Salalah (#41316) at distances of 500 km and 350 km,
respectively, suggesting an interpolative approach. The
sounding data are limited to an altitude of 25 km; at higher
altitude, we use extrapolated values, the uncertainties of
which, however, have negligible influence. The resulting
wind direction model represents consistently the data from
both stations (Fig. 9a and 9b). The wind speed, however, is
partly higher at Salalah than at Muscat. Data from both
stations, merged into one diagram, exhibit a spread of
about �30% in between 9 and 17 km altitude (Fig. 10). To
account for this uncertainty, we introduce an additional
parameter into the wind model.

Fragmentation Models

A model strewn field produced by a single
fragmentation (Fig. 11a) follows a center line with the
smaller masses generally staying behind the larger ones
due to atmospheric friction. The deceleration is, however,
strongly dependent on the drag and shape factors of the
fragments thus causing some mass mixing along the line.
The curvature of the line may be anything from straight
through hockey stick to horseshoe, depending on the
wind profile between the fragmentation point and the
ground.

Due to considerable transverse velocities from the
explosive fragmentation process, the landing points of
the fragments will additionally scatter to the left and
right of the center line.

With more than one fragmentation, the resulting
model strewn field will be an overlap of subfields with
similar shapes and converging toward the high mass
end. The mass mixing will be therefore stronger both
along and across the strewn field. A still rather simple
case of this type is a serial fragmentation model
(Fig. 11b) where fragments are split off a main body in
a series of explosions in decreasing altitudes.

If the meteoroid material is fragile enough, for
example, fractured due to heavy shock in space, some
fragments may break apart randomly and without
explosive fragmentation events (e.g., Tagish Lake,
Brown et al., 2002; Innisfree, Halliday et al., 1981;
Almahata Sitta, Jenniskens et al., 2009), sometimes
down to low altitudes and even during dark flight. That
is what we expect from JaH 073 as it contains a
network of subparallel shock veins. During drilling of
the main mass, the drill cores fell apart at these shock
veins (Huber et al., 2008).

With multiple fragmentations, the mass mixing
through the strewn field increases still more and the
complexity makes a full reconstruction impossible. A
multifragmentation model (Fig. 11c) with double or
triple fragmentations out of a fragmentation series may,
however, serve to explain some special features of a
strewn field like outliers.

Upon fragmentation, supposedly via electromagnetic
forces (Spurn�y & Ceplecha, 2008), a part of the kinetic
energy associated with the velocity along the trajectory is
converted into transverse components. Conservation of
momentum favors a release of fragments in opposite
directions. In the case of dominating directions other than
horizontal or vertical, this may cause an asymmetry of the
lateral strewn field extension relative to the center line.
Considering the simplest case of a breakup into two
halves, one half may be released to the right downward
under, for example, 45°, while the other one will head
upward to the left. The latter will thus land further ahead

Fig. 7. Wind situation in Oman during summer monsoon and
winter Passat (see also Fleitmann et al., 2007). The red and
bluish zones mark the Intertropical Convergence Zone. (Color
figure can be viewed at wileyonlinelibrary.com.)

2222 K. Wimmer et al.
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and left of the strewn field center line than the former on
the right side. In combination with multifragmentation,
this effect may explain the obvious asymmetry of the JaH
073 strewn field. We tested this hypothesis by modeling
selected examples of outliers.

RESULTS AND DISCUSSION

Application of a single fragmentation as proposed
by Gnos et al. (2009) yields an already reasonable
description of the main parameters of the trajectory
(Table 1). The best center line fit is achieved for a
fragmentation altitude of about 26 km, which marks the
main part of the fragmentation sequence (Fig. 12a). The
match of mass group center points with the theoretical
masses is good in areas with a close to complete
meteorite recovery record. It shows some minor
deviations in the vicinity of voids in the strewn field due
to geographic features. This is most obvious at the very
low mass end.

The single fragmentation model cannot, however,
reproduce satisfactorily the transverse mass mixing
and especially the width of the strewn field. The
model is improved significantly if we allow for a serial
fragmentation (Fig. 12b). Most of the strewn field
width is explained by four major fragmentations in 34,
26, 22, and 19 km altitude. The geometrical trajectory
parameters with the vertical angle at 43 � 2° and the
azimuth at 329 � 1° do not change beyond the
uncertainties (Table 1). The reason is the good
statistical database with almost 3500 recovered

meteorites from a wide mass range. This holds even
with the large uncertainties of the dynamical model
parameters as mentioned above due to the evident
lack of prehistoric observations. Adjusting the model
fit to an entry velocity at the low end of the specified
range would increase the fragmentation height by ~2%
only.

A closer look to the unexplained rest of the strewn
field suggests that there were more fragmentations, also
above 34 km and especially below 19 km. However,
they are not resolved.

An example for a late fragmentation is the disk-like
meteorite 0201-1130 (741 g; Fig. 3) found 1.1 km ahead
of the largest mass (stone A in Fig. 1). To understand
its extreme location, we have to additionally assume
that it was spinning around the normal to the disk
(Fig. 3) and moving with the narrow edge ahead (like a
flat pebble stone dancing over a water surface); both the
exposed cross section and the drag coefficient would
then be just right to land it where it was found.

Alternatively, this fragment might have been
explained as a split off from a very large undiscovered
meteorite of more than 100 kg. The respective area for
such a mass was constrained and scrutinized in the field.
Nothing was found and, as the probability window for
such a mass was small anyway, this scenario was
discarded.

In the course of the additional searches, three more
outlying meteorites were found to the north: 0902-84
(39.1 g), 0902-85 (169.6 g), and 0902-86 (5800 g) (stones
B in Fig. 1). Careful checks showed that these stones

Fig. 8. High altitude wind directions during a period of 12 months at Muscat reflecting two distinct weather situations during
summer Monsoon (reddish colors) and winter Passat (bluish colors). Data obtained from the NOAA/ESRL Radiosonde
Database Archive, now available at the University of Wyoming (http://weather.uwyo.edu/upperair/sounding.html). (Color figure
can be viewed at wileyonlinelibrary.com.)

JaH 073 strewn field 2223
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were part of the strewn field. However, we cannot rule
out that the stones were displaced by humans. The
5.8 kg piece could be explained as a product of the
secondary fragmentation of a bigger fragment which
may have been released violently upward from the main
body. The 170 g piece is understood as a very late split
off from the 5.8 kg only, which was confirmed later by
a check of the matching shapes.

Similarly, the outliers in western direction can be
understood by repeated fragmentations adding up the
transverse velocity contributions in the same direction
that causes the asymmetry as described above. These
cases show that only a multifragmentation scenario can
explain details of the strewn field.

Considering the large number of fragments, it is not
a surprise that they were produced by multifragmen-
tation. Such a fragmentation behavior is indicative for a
shocked interior of the meteoroid like with other L6-
chondrite falls, for example, Villalbeto in 2004. A still
more extreme example is the fall of Chelyabinsk in 2013
with its excessive fragmentation. Despite the fact that
the mass of the JaH 073 meteoroid was smaller by more
than two orders of magnitude, people living in early
Oman 18.1 ka ago must have been witness to a similar
spectacular firework.

The successful modeling of the complex strewn field
proves that the adopted wind model based on modern
data fits surprisingly well. The wind direction is perfectly

Fig. 9. Wind direction model versus altitude data from Oman sounding stations Muscat (a) and Salalah (b) during summer.
(Color figure can be viewed at wileyonlinelibrary.com.)
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consistent with an average situation in present late July;
the wind speed optimum is always within the lower half of
the range shown in Fig. 10, being representative for the
monsoon in Muscat rather than in Salalah. Therefore, we

conclude that the intertropical convergence zone at the
end of the last ice age was close to where it is nowadays.
To our knowledge, this is the first climate information
derived from a meteorite strewn field.

Fig. 10. Wind speed model versus altitude data from sounding stations Muscat and Salalah. Note the increased spread between
9000 and 17,000 m altitude. The best model fit is reached within the lower part of the range, representing Muscat rather than
Salalah. (Color figure can be viewed at wileyonlinelibrary.com.)

Fig. 11. Fragmentation models with increasing complexity: (a) single fragmentation; (b) serial fragmentation; (c)
multifragmentation.

JaH 073 strewn field 2225
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CONCLUSIONS

It is kind of a tradition to describe meteorite strewn
fields as “strewn ellipse.”

From the discussion above, it is clear that strewn fields
may assume many different shapes from perfectly straight
to strongly curved depending on wind speed and direction
at different altitudes during the fall. Moreover, they may be
composed of “sub-fields” depending on the fragmentation
sequence, complicating further the overall shape.

In general, a strewn field is widened especially at
the high mass end by the transverse speed from
fragmentation; at the low mass end, the uncertainty of
the wind data increases the width of the expectation area
prior to meteorite recovery. Thus, even a straight strewn
field may look like a bone rather than an ellipse.
Altogether, strewn fields or the respective meteorite
expectation areas will virtually never be elliptic.
Therefore, it is strongly recommended to avoid the use
of the term “strewn ellipse.”

Table 1. Main parameters of the trajectory and the flight model.

Parameter Value Range Comment

Initial altitude 90 km Assumption, typical range (e.g., Popova et al., 2011)
Initial velocity 20 km s�1 17–23 km s�1 Constrained from mass loss (this work)

Initial mass 12,000 kg 6000–24,000 kg Constrained from cosmogenic nuclides (Huber et al., 2008)
Trajectory azimuth 329°//330° �1°//�2° Multi-/single fragmentation model
Trajectory vertical angle 43°//45° �2°//�3° Multi-/single fragmentation model

Fragmentation altitude 26 km 34–19 km Serial fragmentation around 26 km
Final altitude 12 km 11–13 km Largest meteorite mass
Length of luminous trajectory 115 km 110–120 km Based on model assumptions

Meteor duration 7 s 6.5–7.5 s Based on model assumptions
Dark flight duration 65 s 50–80 s Largest meteorite mass
Final mass 650 kg 600–700 kg Extrapolation from recovered meteorites

Fig. 12. Strewn field with center lines (red) for fragmentations and final part of the luminous trajectory with fragmentation
points (yellow). a) Single fragmentation at 26 km altitude: mass group centers (white circles) versus modeled masses (red points
along the strewn line). b) Serial fragmentation with four events between 34 and 19 km altitude (three of four fragmentation
points visible): mass group centers (white circles) versus model results (red elongated ellipses combining the modeled masses from
the four fragmentations). (Color figure can be viewed at wileyonlinelibrary.com.)
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It is just the diversity of shapes which makes the
analysis of strewn fields attractive and offers the
opportunity to acquire interesting information to

• reconstruct data of unobserved falls,
• study fragmentation behavior with implications on
material homogeneity,

• shed light on fragmentation mechanism, and
• derive complementary data on climatic, geologic, or
other fields.

As a prerequisite for such studies, we encourage the
detailed documentation of every single meteorite
including outliers, which often play a crucial role in
testing the validity and the limits of strewn field modeling.
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