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ABSTRACT
A very bright fireball called Béjar (SPMN110708), with a maximum brightness of −18, was
observed over much of Spain as well as parts of Portugal and France on 2008 July 11 at
21:17:39 UTC. Fortuitously, it flew over many of the instruments that are part of the Spanish
Meteor and Fireball Network so that accurate measurements of its properties were recorded.
We describe these observations and make deductions from them regarding the nature and
origin of the body that gave rise to this fireball. The bolide first became visible at a height of
98.3 km, attained its maximum brightness at a height of 26 km and finished at a height of 21.5
km. These values are very much in line with other well-known fireballs producing meteorites.
Standard calculations based on the meteoroids’ ability to survive in the atmosphere suggest
a strength for the remnant that survived to this height of about 14 MPa, similar to those for
meteorite-dropping bolides. So far, this fireball looks typical and one might well expect to find
meteorites on the ground in due course. The heliocentric orbit of the meteoroid determined
from the observations had a perihelion essentially at the Earth’s orbit and an eccentricity
of 0.775, so that the orbit extends far beyond Jupiter, nearly reaching Saturn’s heliocentric
distance and is a typical orbit for a member of the Jupiter family of comets. This is unlike other
bright fireballs, where aphelion is within the asteroidal belt and clearly points to an asteroidal
origin. The orbit is also very similar to the mean orbit of the Omicron Draconid meteor shower,
which is an additional pointer to this fireball being of cometary origin. If the parent was indeed
a comet, this has implications for the internal structure of comets in that significant-sized
non-icy inclusions must exist there. This is not surprising, but this is probably the first time
that direct evidence has been found showing that this is the case. Further, such chunks can only
be released through the catastrophic breakup of the nucleus. Remarkably, a candidate for the
parent of the Omicron Draconid meteor shower is comet C/1919 Q2 (Metcalf) which suffered
a catastrophic breakup in the early decades of the last century.
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1 IN T RO D U C T I O N

A fireball is the term used to describe bright meteors. These days,
it is customary to call anything with a zenithal magnitude greater
than −3 a fireball. Daylight fireballs, with a magnitude brighter
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than about −5, are caused when an object of about a centimetre
in size under a typical asteroidal encounter velocity of 15 km s−1

ablates. As with all populations in the Solar system, the number of
meteoroids decreases with increasing size so that very bright fire-
balls are also infrequent. For example, for an effective monitored
area of sky seen at a single location (roughly 1 million km2), fire-
balls that are brighter than the Moon (magnitude −12 say) occur
roughly annually (Halliday, Griffin & Blackwell 1996), while in
3 yr of running up to the end of 1967, one fireball of magnitude
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−18 was observed by the Prairie network (McCrosky & Ceplecha
1968). That magnitude is about 250 times brighter than the well-
known meteorite-dropping fireballs of Pribram, Innisfree and Lost
City, and represents impact events rarely recorded. In order that an
orbit is obtained, it is necessary for the fireball to be observed from
multiple stations and, until recently, such stations were few and far
between. An example of a bright fireball not being measured is well
illustrated by the recent event that took place over Sudan on 2008
October 7. A fireball was produced by the impact of an asteroid
(2008 TC3, discovered by the University of Arizona Mt. Lemmon
survey) with the Earth’s atmosphere. This event was remarkable as
it was the first time that an impacting body had been discovered be-
fore entry into the Earth’s atmosphere. Despite accurate predictions
for the location and timing of the fireball, no ground-based ob-
servations capable of allowing orbit determinations were obtained.
Data on the first three fireballs with measured orbits that produced
meteorite falls, Pribram, Innisfree and Lost City, were obtained by
means of multistation photographic networks, but, until recently,
orbit determination for the few bright fireballs measured was only
achieved in casual videotapes (Brown et al. 1994, 2004; Borovička
et al. 2003; Trigo-Rodrı́guez et al. 2006). Fireball networks are cur-
rently being set up that embrace new detection techniques such as
video and CCD imaging that do allow an accurate heliocentric orbit
to be determined and thus give an insight into the likely parentage of
these fireballs. As the brighter fireballs give rise to meteorites reach-
ing the Earth, this also gives a clue to the possible source region
of meteorites (Nesvorný et al. 2002; Porubčan, Williams & Kornoš
2004; Trigo-Rodrı́guez et al. 2007). So far, accurate orbits for only
nine meteorite-dropping fireballs have been obtained, including the
three early ones, Pribram, Innisfree and Lost City (for a review,
see Trigo-Rodrı́guez et al. 2006), though Wylie (1948) attempted to
obtain orbits for three meteorite falls, Tilden, Paragould and Archie,
based on eyewitness accounts. All of them had their aphelia in the
main asteroid belt. While it is undoubtedly true that most meteorites
originate from asteroids, there is currently a consensus that believes
that all meteorites present in museum collections, except for those
coming from the Moon or Mars, originate from asteroids despite
the fact there is no information regarding the orbit of most of them.
Here, we report on the observation of a very bright fireball that ap-
peared on Friday 2008 July 11 at 21:17:38.9±0.1 s UTC over central
Spain. Observations of this allowed the Spanish Meteor and Fireball
Network to obtain reliable measurements of its properties. We also
discuss the implications of these derived properties and discuss its
origin. This paper consists of three sections. Section 2 explains the
instruments and techniques used for obtaining the trajectories, and
orbits of the imaged meteors and the fireball. Section 3 discusses the
peculiar properties of the meteoroid progenitor of the SPMN110708
bolide, introducing the similitude of its orbit with the Omicron Dra-
conid stream, and finally deriving the main implications that the
cometary origin of this meteoroid would have in our understanding
of meteorites currently derived from comets. Section 4 includes the
main conclusions of the present work.

Table 1. Location of the stations of the Spanish Meteor and Fireball Network collecting 2007
and 2008 data presented in this paper. The location of the casual picture is also listed as #4.

# Station (province, country) Longitude (W) Latitude (N) Altitude (m)

1 Sevilla (Sevilla, Spain) 05◦58′50′ ′ 37◦20′46′ ′ 28
2 La Mayora (Málaga, Spain) 04◦02′40′ ′ 36◦45′35′ ′ 60
3 El Arenosillo (Huelva, Spain) 07◦00′00′ ′ 36◦55′00′ ′ N 30
4 Torrelodones (Madrid, Spain) 03◦53′04′ ′ 40◦35′25′ ′ 874

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

The Spanish Meteor and Fireball Network continuously monitors
the sky for fireballs (Trigo-Rodrı́guez et al. 2004a). As part of this
routine monitoring, unexpected meteor activity radiating from the
constellation of Draco was detected on the night of 2008 July 3–4
when three bright meteors were measured and their orbits obtained.
More meteors were observed emanating from this radiant, but un-
fortunately they were not recorded from double stations and so no
orbit could be derived. We will discuss the details later, but these
three meteors belong to the Omicron Draconid meteor shower. The
principal topic of this paper took place one week later. On 2008 July
11, at 21:17:38.9s±0.1 s UTC a very bright fireball (SPMN110708)
appeared over central Spain, and was also widely observed from
Portugal, and marginally from the South of France. By chance,
a professional photographer obtained an amazing image of this
fireball with a 15-s exposure. This casual picture was taken from
Torrelodones (Madrid). Fortunately, the event was also recorded by
three video cameras of our fireball network located in Andalusia
(details of the observing locations are given in Table 1). The re-
constructed trajectory (Table 2) shows that this fireball passed over
the Béjar region in the south of Salamanca province, from which
the event has been named. Its luminous trajectory started at an al-
titude of 98.3 km, about 1.6 km east of Monterrubio de la Sierra
(Salamanca), and terminated at an altitude of about 22 km, about
2.5 km south-east of Sotoserrano (Salamanca, Spain). The angle of
the atmospheric trajectory to the Earth’s surface was 59.◦2. There
were four consecutive flares observed at heights of 40.5, 38.2, 33.2
and 26.8 km. These were probably caused by successive fragmen-
tations of the incoming meteoroid. The last flare was the brightest,
reaching an absolute magnitude of roughly −18. This produced an
unforgettable spectacle for the eyewitnesses who saw the country-
side illuminated as if it were broad daylight (Fig. 1). All witnesses
reported a green colour for the flares, and most of them also men-
tioned audible thunder and successive explosions that were heard
at a distance of more than 200 km away. The last flare was the
brightest, reaching an absolute magnitude of −18 ± 1 (see the
magnificence of that flare in Fig. 2).

Observations of the Béjar superbolide were made by using high-
sensitivity 1/2 arcsec black and white CCD video cameras (Watec,
Japan) and 1/3 arcmin progressive-scan CMOS sensors attached to
modified wide-field lenses covering a 120◦ × 80◦ field of view.
The three additional Omicron Draconids, mentioned earlier, were
also recorded using the above-mentioned Watec cameras and the
low-scan-rate all-sky CCD cameras. Coordinate measurements on
the images were obtained for comparison stars and meteors by us-
ing our recently implemented AMALTHEA software package (Trigo-
Rodrı́guez et al. 2007). The astrometry was performed using our
NETWORK software (Trigo-Rodrı́guez et al. 2004b), which computes
the equatorial coordinates and determines the apparent and geocen-
tric radiant. From the sequential measurements of the video frames
and the trajectory length, the velocity of the meteoroids along the
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Table 2. Basic trajectory and orbital data for the SPMN110708 ‘Béjar’ fireball. Errors are standard deviations propagated from the
astrometric uncertainty.

SPMN110708 ‘BÉJAR’
2008 July 11, T= 21:17:38.9 UTC (beginning time)

Atmospheric trajectory data
Beginning Max. light Terminal

Velocity (km s−1) 29.6 ± 0.3 24.7 ± 0.5 (8 ± 2)
Height (km) 98.3 ± 0.7 26.9 ± 0.5 21.5 ± 0.5
Longitude (◦W) 5.674 ± 0.002 5.974 ± 0.001 5.996 ± 0.005
Latitude (◦N) 40.751 ± 0.002 40.446 ± 0.001 40.424 ± 0.005
Absolute magnitude −5 ± 1 −18 ± 1 −10 ± 1
Total length (km) 83.1 ± 0.1
Slope (◦) 56.9 ± 0.1
Duration (s) 2.8 s (video-imaged part)
SPMN stations: El Arenosillo, La Mayora, and Sevilla

(+ casual from Torrelodones)

Radiant data (J2000.0)
Observed Geocentric Heliocentric

Right ascension (◦) 280.06 ± 0.3 277.5 ± 0.3 –
Declination (◦) 60.8 ± 0.3 62.7 ± 0.3 –
Ecliptical longitude (◦) – – 204.3 ± 0.4
Ecliptical latitude (◦) – – 43.8 ± 0.4
Initial velocity (km s−1) 29.6 ± 0.3 27.3 ± 0.3 39.4 ± 0.3

Orbital data (J2000.0)
a (au) 4.5 ± 0.4 ω(◦) 187.4 ± 0.6
e 0.775 ± 0.021 �(◦) 109.80489 ± 0.00001

q (au) 1.0128 ± 0.0006 i (◦) 43.8 ± 0.4
Q (au) 8.0 ± 0.9

Figure 1. Composite sequences of 1-s images recorded from the more distant video stations. From the BOOTES-1/ESAt-INTA El Arenosillo astronomical
station (images: a, b and c), the bolide was recorded at 300 km of distance, and from the BOOTES-2/EELM-CSIC La Mayora astronomical station (images d,
e and f), it was observed at 450 km of distance. The presence of stars allowed the astrometric calibration of the images.

path was obtained. The pre-atmospheric velocity V∞ was found
from the velocity measured from those video frames containing the
earliest parts of the meteor trajectories. In order to determine the
orbital elements from the radiant, trajectory and velocity data, we
used the MORB program of Ceplecha, Spurný & Borovička (2000).

Meteoroid masses were computed using a dynamic approach
described elsewhere (Ceplecha 1988; Halliday et al. 1996; Ceplecha
et al. 1998). The initial and final masses for the fireball were obtained
from the derived value of the deceleration of the meteoroid in the
atmosphere, considering a value of 1.1 for the drag-coefficient and
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Figure 2. The evolution of the Béjar bolide as seen from the Sevilla video camera. For simplicity, we show the frames separated 0.4 s (images a to h). The
image labelled i is the composite of all frames after background reduction.

assuming a meteoroid density of 2200 kg m−3, a value that takes
into account the probable chondritic nature of the meteoroid.

3 R ESULTS AND DISCUSSION

From the determined value of the deceleration, the estimated mass
of the Béjar meteoroid entering into the atmosphere was of about
1.8 ± 0.5 metric tons, with a diameter of about 1 m. Meteoroids
typically explode when the strength of the meteoritic fragments
is similar to the aerodynamic loading suffered during atmospheric
passage (Ceplecha et al. 1993). Most meteoroids are of cometary
origin, and catastrophic disruption is regularly observed in the last
stages of ablation, when the aerodynamic loading strength reaches
a value of 10 kPa (Trigo-Rodrı́guez & Llorca 2006, 2007). This is
because cometary particles have fluffy structures composed of tiny
mineral grains weakly bound together (Brownlee et al. 2006; Hörz
et al. 2006). Most visible meteors do this at a typical height of about
100 km or more (e.g. Elford, Steel & Taylor 1997). This meteoroid
displayed unexpected high strength as shown by the pattern of suc-
cessive fragmentation, each producing a bright flare, but obviously
leaving a surviving fragment until the next fragmentation. This is
well exemplified in Fig. 3. The presence of stars in this casual image
allowed its astrometric calibration, together with the determination
of the exact height of the experienced flares. The recorded heights
of each outburst were 40.5, 38.2, 33.2 and 26.8 km. We note that

even the first is well below normal meteor ablation height. The
aerodynamic pressures experienced by meteoroid-producing flares
at these given heights imply material strengths of 2.3, 3.2, 6.6 and
14 MPa, respectively. Those are loading pressure values about three
orders of magnitude higher than those expected for the survival of
cometary materials.

3.1 The heliocentric orbit of the meteoroid that caused
the Béjar bolide

The heliocentric orbit of the Béjar bolide was computed from the
time of the fireball. Its initial velocity and the position of its radi-
ant are given in Table 2 along with the derived orbital elements.
Of particular interest are the date, July 11, the perihelion distance,
1.01 au, the inclination, 43.◦8, the eccentricity, 0.775, and the semi-
major axis at 4.5 au. From these, the period at 9.5 yr and aphelion
distance at 8 au can be deduced. This orbit is unlike near-Earth
asteroid orbits, and indeed those of other fireballs, where aphe-
lion is within the main asteroid belt that we have mentioned, but
is typical of Jupiter family comet orbits (see Snodgrass, Lowry &
Fitzsimmons 2008). Jupiter family comets probably originate in the
trans-Neptunian region (Levison & Duncan 1997) and have been
recently suggested as a source of meteorites reaching the Earth
(Gounelle et al. 2008). This raises the possibility that the orig-
inal bolide was associated with a comet. Additional support for
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Figure 3. The Béjar bolide as photographed from Torrelodones (Madrid). (a) Full image where the Moon appears on the left, while the fireball appears in
the right corner. (b) Magnified view of the fireball, intensifying the bolide contrast to better see the flares. (c) The orbit of the Béjar bolide (SPMN110708)
compared with the mean orbit of the Omicron Draconids obtained in this work. The picture of the bolide is courtesy of Javier Pérez Vallejo.

this comes from the similarity of the orbit to that of the Omicron
Draconid meteor shower. This meteor shower is not a particularly
well-known shower and so it is useful to digress slightly to describe
it, especially as the three other meteors measured during the same
interval are probable members of this stream.

3.2 The Omicron Draconid meteor shower

Meteor activity with a radiant close to the star Omicron Draco was
first identified in the nineteenth century by Denning (1879). The
activity was, however, modest with a Zenithal Hourly Rate (ZHR)
of only 10–12. Denning (1929) also reported observations in 1929
but in neither case was an orbit given, only a radiant position (RA ∼
271◦, Dec. ∼ 60◦). However, for a considerable time after Denning’s
observations, no records of any activity exist. Whether this is
due to a lack of observers at the pertinent time (early July and
thus close to the longest day and also close to the activity pe-
riod of the delta Aquarids and observers may have preferred to
study those) or an intrinsic lack of activity from the Omicron Dra-
conids is not clear. The next record appears to be by Cook et al.
(1973), reporting on the work of the Harvard Meteor Project in
the 1950s. In this paper, they also suggested that the formation of
the stream was associated with the disintegration of the nucleus

of comet C/1919 Q2 Metcalf. Unfortunately, they assumed the de-
fault parabolic orbit for both, but gave a perihelion distance of
1.01 au and an inclination of 43◦. The stream is included in the
working list of meteor showers published by Cook (1973) with
the same orbital parameters as given above. The confirmation of
the existence of the shower arrived with the 1968–69 Radio Me-
teor project. Based on the records obtained here, Sekanina (1976)
determined a proper set of orbital elements, with a perihelion dis-
tance of 1.001 au, inclination of 46.◦2 and eccentricity of 0.768.
Since then, other observations have confirmed the existence of the
stream, for example on 1987 July 4, during a visual observation
performed by seven members of the Valencia Astronomical Associ-
ation, an outburst of about 20 meteors h−1 was reported from three
different locations (Trigo-Rodrı́guez 1989). On 1996 July 15–16,
an outburst was also noted by Dutch meteor observers (Terentjeva
2003). However, good orbits were not obtained since Sekanina’s
work.

It is important to remark that the Béjar bolide was probably not
alone: four other superbolides were detected during 2008 on July
8, 10, 11 and 12 at other locations around the globe by DoD/DoE
US satellites (Revelle, personal communication). The meteor activ-
ity of the Omicron Draconid shower was mainly recorded on the
night of 2008 July 3–4, with an hourly rate of about 10 meteors h−1
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Table 3. o Draconids meteors imaged during 2008 July. Magnitude, beginning and ending height, geocentric
radiant and velocity (at infinity, geocentric and heliocentric). Equinox (2000.0).

SPMN Code Mv Hb Hmax He αg(◦) δg(◦) V∞ Vg Vh

030708 0 95.1 – 81.4 278.9 ± 0.7 58.1 ± 0.7 31.0 ± 0.3 28.8 40.0
030708b 0 94.3 – 79.2 278.6 ± 0.5 58.9 ± 0.5 30.3 ± 0.4 28.1 39.6
040708 −1 90.7 – 82.1 274.0 ± 0.8 56.6 ± 0.8 29.1 ± 0.5 27.0 39.9

Table 4. Orbital elements for o Draconids meteors imaged during the 2008 campaign. Equinox (2000.00).

SPMN Code q 1/a e i ω �

030708 1.0071 ± 0.0016 0.163 ± 0.029 0.835 ± 0.029 45.7 ± 0.5 191.7 ± 0.9 102.20600 ± 0.00002
030708b 1.0005 ± 0.0012 0.198 ± 0.032 0.801 ± 0.021 44.8 ± 0.4 192.9 ± 0.7 102.24819 ± 0.00001
040708 1.0007 ± 0.0024 0.177 ± 0.035 0.823 ± 0.034 45.3 ± 0.6 195.2 ± 1.2 102.39773 ± 0.00003
Average 1.004 0.179 0.819 44.3 193.3 102.284

Metcalf (1919V) 1.115 – 1.0 46.4 185.7 121.4

peaking on solar longitude 102.◦299. Three double-station meteors
were recorded on that night allowing the determination of their at-
mospheric trajectories and orbits (Tables 3 and 4). The mean orbit
for these gives q = 1.004, i = 45.◦5 and e = 0.829. These are actu-
ally very close, and this together with the date and radiant position
means that we are confident that these three meteors belong to the
Omicron Draconid stream. Taking a straight mean of Sekanina’s or-
bit and this orbit produces the mean orbit for the Omicron Draconids
of q = 1.0025, i = 45.◦6 and e = 0.789.

The question is whether the bright fireball also belongs to this
shower. The positions of the radiant are in agreement, and the super-
bolide is within the accepted date range for the Omicron Draconids.
The impact speed is also virtually identical at 29.6 and 30 km s−1.
More importantly, the orbital elements are in excellent agreement
as can be seen from the tables. With these values, the aphelion
distance Q is about 8.0 au (close enough to Saturn to experience
some perturbations). The distances of the two nodes are one near
the Earth and one about 8 au from the Earth. As is obvious from ω,
the nodes are close to perihelion and aphelion, hence one node is
also moderately close to Saturn. With the same values of q and e,
the semimajor axis a lies between 4.5 and 5 au giving the stream an
orbital period of between about 9.5 and 11 yr, though this should
not be treated as too exact a figure. It is interesting that recorded
observations of the Omicron Draconids also show roughly this pe-
riodicity, with observations of activity in 1889, 1929, 1956, 1968,
1987, 1996 and 2007. An interesting topic for future work is if
the occurrence of the meteors a week earlier than the Béjar bolide
would be the consequence of mass segregation within the C/Metcalf
meteoroid stream.

3.3 The parent of the stream: on the nature and diversity
of cometary fireballs

Both the orbit and the similarity of this orbit to the Omicron Dra-
conid meteor shower strongly suggest that the parent body is a
comet. However, most work on the ejection of meteoroids from
comets (e.g. Ma, Williams & Chen 2002; Williams 2004) shows
that it is impossible for the normal outgassing process to eject mete-
oroids with dimension of the order of 1 m. Hence, if the Béjar fireball
originated from a comet, some other release mechanism is called
for. Recently, a number of authors (Jenniskens 2004; Williams et al.

2004; Jenniskens & Vaubaillon 2008) have suggested that the frag-
mentation of a comet nucleus is responsible for the formation of
many streams. C/1919 Q2 Metcalf did indeed fragment and did have
an orbit that matches that of the stream. However, it did fragment
after the first recorded sighting of the Omicron Draconids, if Den-
ning is to be believed. There are three possibilities: (i) Denning did
not really observe the stream in 1879, but only a fortuitous grouping
of sporadic meteors; (ii) Denning observed a stream formed by the
normal outgassing process from comet Metcalf before it split; and
(iii) comet Metcalf is not the parent of the stream. If we disregard
the first Denning observation and assume a split of comet Metcalf in
1919, then the remaining observations do coincide with the rough
period we suggest. There is no real way of distinguishing between
these, and in some respects it is irrelevant, the case is made that
the superbolide is related to a meteor stream and that a cometary
origin through disintegration of the nucleus is the most likely ex-
planation. Identifying the disintegrated comet would be useful, but
not essential.

If the Béjar meteoroid, as we have demonstrated above, had a
cometary origin, it has important implications for the inner struc-
ture of the interior of cometary nuclei. Among the models developed
to explain some of the features revealed in 1P/Halley images taken
during Giotto and Vega spacecraft flybys is this by Gombosi &
Houpis (1986). This model is usually known as the icy-glue model
and introduces the idea of refractory boulders with similar compo-
sitions to carbonaceous chondrites, cemented by highly porous ice-
rich materials that would act as a ‘glue’. The model has not received
wide support due to the apparent ‘lack’ of evidence for a population
of ‘refractory boulders’ from disrupted comets (Weissman & Lowry
2008). We think that the observations of bright bolides can provide
useful evidence in this regard. Many meteoroid streams crossing
the orbit of the Earth produce bright fireballs (typically up to the
full-Moon brightness), but such meteoroids are much smaller than
the tens of metres boulders observed during disruption of comet
C/1999 S4 (LINEAR) (see e.g. Weaver et al. 2001). In that case,
a few weeks after the splitting event these boulders could not be
detected, so they disappeared, either by further fragmentation or by
becoming undetectable due to exhaustion of cometary activity. This
second option would produce metre-sized remnants like this one
represented by Béjar. Consequently, we contend that most phenom-
ena can be explained using two widely accepted arguments.

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 394, 569–576



Origin and nature of Béjar bolide 575

(1) Many meteoroid streams are produced by sublimation of
cometary nuclei near perihelion that release particles by gas drag
from active regions as predicted by Whipple (1951). Even when
the process we describe under (2) below is the dominant source of
meteoroids, some meteoroids released by the above process will be
present.

(2) Some meteoroid streams are formed by a different process,
namely the near total destruction of the nucleus. The best known
example is comet 2D/ Biela and the Andromedid meteor shower
(Babadzhanov et al. 1991). This was also shown to be the case for
the Quadrantids (see Jenniskens 2004; Williams et al. 2004), but
Jenniskens & Vaubaillon (2008) give a list of eight other streams,
including the κ Cygnids with this origin. It is important to dis-
tinguish between the two processes. The first relies on gas drag
to remove particles, and this, as we said earlier, imposes a limit
on the size of meteoroids. Meteoroids are also ejected into the
stream at every perihelion passage. In the second mechanism, much
larger bodies, originally in the deep interior of the nucleus, are
released and these can be of substantial size. For example, in the
case of the Quadrantids, one of the fragments is recognized as NEO
2003 EH1 with a diameter of about 2 km, but many other smaller
fragments, as yet undetected, must exist. Meteoroids reaching the
Earth as part of cometary dust trails or evolved periodic streams
are subjected to solar heating and collisions with interplanetary
dust (Trigo-Rodrı́guez et al. 2005). Consequently, these processes
are apparently able to disrupt efficiently large cometary meteoroids
over the time-scales that we expect for intercepting young me-
teoroid streams (Jenniskens 1997). In fact, progressive decaying
of cometary boulders is also supported by high-resolution Hub-
ble Space Telescope images of D/1999 S4 LINEAR. Weaver et al.
(2001) estimated that the fragments imaged after the catastrophic
disruption of this comet had typical radii of 25 and 60 m. We think
that perhaps some of the boulders that are observed in cometary dis-
ruptions are finally decaying into smaller, probably unobservable,
metre-sized meteoroids like Béjar. If we are correct, at least some
comets would produce high-strength materials, and meteorite sur-
vival from these (quite rare events) would be guaranteed if impact
geometry is favourable. The presence of high-strength materials
from collisionally evolved comets would also be consistent with a
recent review of the collisional rates suffered by cometary families
(Bottke et al. 2008). Collisional evolution can strongly modify the
internal structure of comets (Orosei et al. 2001; Coradini et al. 2008).
In fact, the presence of materials with heterogeneous strength prop-
erties would be tested by the CONSERT experiments on the Rosetta
spacecraft during its visit to comet 67P/Churyumov-Gerasimenko
(Kofman et al. 2007).

Consequently, in view of the above-mentioned evidence, we sug-
gest that the fragmentation of the parent comet is the likely ori-
gin of this heterogeneous stream, a mechanism recently identified
to deliver large cometary meteoroids to the Earth (Jenniskens &
Vaubaillon 2007).

4 C O N C L U S I O N S

The main conclusions of the present work are as follows.

(i) The Omicron Draconid stream is a heterogeneous source of
meteors probably produced by its peculiar origin. The mean derived
orbit of this stream suggests that its origin was the fragmentation of
comet C/1919 Q2 Metcalf, although the orbit of this comet was not
determined with accuracy.

(ii) All the above-mentioned evidence indicates that the Béjar
superbolide (SPMN110708) is linked with the Omicron Draconid
stream, and was produced by a fragment of a cometary nucleus
arising from the disruption of the nucleus at the time when the
Omicron Draconid stream was also formed.

(iii) In view of the present results, the formation of a cometary
meteoroid stream populated by dense meteoroids capable of pro-
ducing meteorite-dropping bolides seems to be feasible. These high-
strength boulders would be released during the fragmentation of a
cometary nucleus as opposed to the grains ejected by normal out-
gassing. There is an important difference between the two mecha-
nisms. In the former, material from deep inside the original cometary
nucleus forms part of the stream as opposed to the fragile grains
released during outgassing.

(iv) We conclude that the Béjar progenitor meteoroid was suf-
ficiently large and of high enough tensile strength to produce me-
teorites. If so, for the first time meteorites can be tied to the frag-
mentation of a comet nucleus. If we are correct, despite being rare
events, there is room to say that a few meteorites present in terrestrial
collections would have an origin in comets.

To test our ideas, we suggest a global campaign to measure the
strength and composition of the meteoroids reaching the Earth from
comet 73P/Schwassmann-Wachmann 3. This comet disrupted pro-
gressively between 1995 and 2006, and future encounters with these
catastrophe-generated dust trails are expected for the next few years
(Jenniskens 2006). In particular, we predict that disrupted comets
would be a source of meteorite-dropping events, and also a source
of hazard for artificial satellites under high meteoric fluxes. Fi-
nally, given the forthcoming visit of the Rosetta spacecraft to comet
67P/Churyumov-Gerasimenko, we emphasize the importance of the
CONSERT experiment using deep penetrating radar to search for
heterogeneous materials in the deep interior of the nucleus.
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