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ABSTRACT

On 2021 November 12, a Taurid fireball with an absolute magnitude of —13 was recorded over Spain. This work presents
the analysis of this impressive bolide, which penetrated the atmosphere till a remarkable low final height of about 25.1 km
above the ground level. A non-zero mass was calculated at the ending point of the luminous trajectory, which means that
this event would have produced a meteorite that fell on the ground. Despite the mass of the fragment being small, of
around 6.5 g, this would confirm the possibility of Taurid meteorite survival, a debate that was initiated some years ago.

The emission spectrum of this fireball is also discussed.
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1. INTRODUCTION

Different names are assigned to different parts of the Taurid me-
teoroid complex, which in addition are divided into North and
South branches (P. B. Babadzhanov & I. V. Obrubov 1991; P.
Jenniskens 2006, 2023): the Piscids, the Arietids, the Taurids, and
the x-Orionids. It has been proposed that this complex includes
a swarm of meteoroids trapped in the 7:2 resonance with Jupiter,
which could account for enhanced activity of bright Taurid fire-
balls in certain years (D. J. Asher & S. V. M. Clube 1993). The
predictions based on this hypothesis were able to anticipate an
activity increase of Taurid bolides in 2015, and a new branch of
the Taurids was identified during the monitoring of this stream
that year (P. Spurny et al. 2017; H. A. R. Devillepoix et al. 2019).

It has been established that this meteoroid complex is associ-
ated with Comet 2P/Encke (F. L. Whipple 1940). Several authors
have proposed that this comet, along with a large number of
near-Earth objects (NEOs), constitutes a remnant of the cascade
fragmentation of a giant comet approximately 40 km in diameter.
This disintegration process may have occurred around 20 000 yr
ago and is also believed to have given rise to the Taurid meteoroid
complex. (V. Clube & W. Napier 1982; D. J. Asher 1991; D. I. Steel
et al. 1991; D. J. Asher et al. 1993; D. I. Steel & D. J. Asher 1996).
However, several authors have argued that the parent comet was
much smaller (e.g. P. Jenniskens 2006).

The capability of meteoroids from major meteor showers to
produce meteorites has been a longstanding topic of debate. It
is well established that even metre-sized, friable cometary mete-
oroids are typically destroyed at high altitudes in the atmosphere
(e.g. Z. Ceplecha 1988). However, materials with high tensile
strength have also been identified within cometary streams, as
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well as in sporadic meteoroids associated with Halley-type comet
and Jupiter-family comet orbits (N. A. Konovalova 2003). These
more robust meteoroids can produce deep-penetrating bolides
(see e.g. J. M. Madiedo et al. 2014), although their high pre-
atmospheric velocities significantly reduce the likelihood of me-
teorite survival (Z. Ceplecha et al. 1998).

Meteorite survival is therefore more plausible for stronger par-
ticles originating from low-velocity streams: the lower the pre-
atmospheric velocity and the greater the material strength, the
higher the probability of surviving atmospheric entry. Addition-
ally, shallow entry angles further increase this likelihood. Within
this framework, the Taurid stream has been suggested as a po-
tential source of meteorites (P. Brown et al. 2013; J. M. Madiedo
et al. 2014). The stream is known to contain large meteoroids —
up to metre-sized (G. W. Wetherill 1974) - and exhibits relatively
moderate entry velocities in the atmosphere (~28 km s~1). More-
over, some Taurid meteoroids have been found to possess excep-
tionally high mechanical strength (N. A. Konovalova 2003), fur-
ther enhancing their potential to produce meteorites. It is worth
mentioning that both Sutter’s Mill and Maribo CM carbonaceous
chondrites are examples of recovered meteorites associated with
fireballs with entry speeds of ~28 km s~! (H. Haack et al. 2012;
P. Jenniskens et al. 2012).

This hypothesis was investigated by P. Brown et al. (2013)
through the analysis of a deep-penetrating Taurid bolide observed
over Canada in 2010, for which a terminal mass below 10 g was
estimated. Based on this event, they proposed a limiting veloc-
ity for meteorite survival of approximately 29 km s~!. However,
evidence was presented supporting the ability of Geminid me-
teoroids (despite their higher entry velocity of ~35 km s~!) to
generate meteorite-dropping events (J. M. Madiedo et al. 2013).
This result suggests that the velocity threshold proposed by P.
Brown et al. (2013) may have been underestimated, implying
that the potential for Taurid meteoroids to survive atmospheric
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Table 1. Geographical coordinates of the SWEMN meteor-observing sta-
tions that participated in this work.

Station Longitude

# Station name (W) Latitude (N) Alt. (m)

1 La Hita 3°11'00” 39°34'06” 674
El Guijo 4°01'53” 40°36'27" 907

entry and produce meteorites could be greater than previously
assumed.

The systematic monitoring of bright meteors during the Taurid
activity period is essential for identifying those events that may
be potential meteorite-producing candidates. This monitoring is
being performed in Spain by means of high sensitivity cameras in
the framework of the SMART project (J. M. Madiedo 2014), which
also employs a set of spectrographs to investigate the chemical
composition of the associated meteoroids. The SMART survey
started operation in 2006 and is currently being conducted by the
Southwestern Europe Meteor Network (SWEMN; J. M. Madiedo
etal. 2021). This work analyses a deep-penetrating Taurid fireball
observed on 2021 November 12. This is, in fact, the Taurid meteor
event with the lowest terminal point recorded by the SMART
survey to date. Besides, a non-zero terminal mass was inferred
from the analysis of its atmospheric path, which would confirm
the ability of the Taurids to produce meteorites. The emission
spectrum of this event is also analysed and discussed.

2. INSTRUMENTATION AND METHODS

The fireball discussed in this work was recorded from two meteor-
observing stations operated by the SMART survey in Spain. Their
geographical positions are listed in Table 1. These meteor stations
employed a set of low-lux CCD video cameras manufactured by
Watec Corporation (models 902H2 and 902H2 Ultimate). The
field of view of these devices ranges from 62 x 50° to 14 x 11°.
A detailed description about these systems and their operation is
given in previous papers (see, for instance, J. M. Madiedo 2014,
2017). In order to obtain information about the chemical nature
of meteoroids ablating in our atmosphere, some of these CCD
cameras are configured as video spectrographs (J. M. Madiedo
2015a, b). For this purpose, holographic diffraction gratings (500
or 1000 lines mm™!, depending on the device) are attached to
their objective lens.

As in previous works, the technique described in J. M. Madiedo
(2015a, b) has been followed for data reduction. Thus, the po-
sition of the meteor was measured by hand in the video frames
acquired by the CCD cameras. In this way, the plate (%, y) coor-
dinates of the fireball along its apparent path from each meteor
station were obtained. These values were then converted into
equatorial coordinates by the SAMIA software (J. M. Madiedo et
al. 2021) by using the position of reference stars appearing in the
images. This software employs the method of the intersection of
planes to calculate the coordinates of the apparent radiant and
also to infer the atmospheric path of the fireball (Z. Ceplecha
1987). The heliocentric orbit followed by the parent meteoroid
before its encounter with our planet was obtained by following
the standard technique described in Z. Ceplecha (1987).

The emission spectrum of the fireball was captured by means
of a CCD video spectrograph operating at La Hita astronomical
observatory (observing station number 1 in Table 1). This spec-
trum was analysed with the CHIMET software, which follows
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Figure 1. Sum-pixel image of the SWEMN20211112_003 448 meteor
event recorded from El Guijo observatory.

the standard procedure described in J. M. Madiedo (2017). In
this way, the interlaced video file containing this signal was first
deinterlaced. Next, each resulting deinterlaced video frame was
sky-background-subtracted and flat-fielded. Since the high lumi-
nosity of the fireball gave rise to saturation in the frames corre-
sponding to the phase of maximum brightness of the event, we
only considered those video frames where the spectral lines were
not saturated, and assumed that these would represent the bulk
composition of the parent meteoroid. The spectrum was then
calibrated in wavelengths by identifying typical lines found in
meteor spectra, such as those of neutral Na, Mg, and Ca. Finally,
the calibrated spectrum was corrected by taking into account the
instrumental efficiency of the recording device. To obtain infor-
mation about the chemical nature of the meteoroid, the contri-
butions of MgI-2, Nal-I, and Fe I-15 multiplets were measured
in the fireball spectrum, frame by frame. Then, the contributions
in each video frame were added to obtain the integrated intensity
of the above-mentioned multiplets along the atmospheric path of
the bolide.

3. OBSERVATIONS

On 2021 November 12, at 0"34™48.0 & 0°1 UT, three video cam-
eras operating in the framework of the SMART project recorded
a bright fireball (Fig. 1). Two of these cameras were located at
the position labelled as 1 (La Hita) in Table 1, and the third
device was located at El Guijo (position 2 in Table 1). The
bolide was included in the SWEMN data base under the code
SWEMN20211112_003448. The peak luminosity of this event cor-
responded to an absolute magnitude of —13.0 £ 0.5, and the
bolide lasted around 3.2 s. The analysis of its atmospheric path
revealed that the luminous phase began at an altitude of 96.7 +
0.4 km above sea level, and ended at a remarkable low height
of 25.1 + 0.5 km. In total, the distance travelled by the fireball
in the atmosphere was around 77 km. As shown in Fig. 2, this
trajectory was located over the province of Salamanca (north of
Spain). Our analysis reveals that the progenitor meteoroid hit
the Earth’s atmosphere with a velocity V,, = 27.9 + 0.3 km s7},
with the apparent radiant of the meteor located at the coordinates
o = 56.81 £ 0.08°, § = 16.12 £ 0.07°. The calculation of the
geocentric radiant (J2000) yields oz = 55.39 & 0.08°, §; = 14.93 +
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Figure 2. Projection on the ground of the atmospheric path of the
SWEMN20211112_003 448 fireball.

0.07°. These trajectory and radiant parameters are summarized
in Table 2. The parameters that define the heliocentric orbit of
the meteoroid before its encounter with our planet are listed in
Table 3, where a is the semimajor axis, e the orbital eccentric-
ity, i the orbit inclination, @ the argument of perihelion, Q2 the
longitude of the ascending node, and q the perihelion distance.
To confirm the association of the meteoroid with the Southern
Taurid stream we have employed the Southworth & Hawkins
Dgy dissimilarity function (R. B. Southworth & G. S. Hawkins
1963). Thus, the Dsy value obtained by comparing the orbit of
this stream (P. Jenniskens et al. 2016) with the orbit of the me-
teoroid yields Dsy = 0.05, which is lower than the 0.15 cut-off
value usually taken to establish a valid association (B. A. Lindblad
1971a, b). Nevertheless, some NEOs evolving from the v6 secu-
lar resonance may exhibit orbital parameters similar to those of
the Southern Taurids. This resonance is caused by the s-Taurid
stream, and it can be a likely source of LL or L meteorites (P.
Jenniskens & H. A. R. Devillepoix 2025). By comparing the orbit
of the s-Taurid stream (P. Jenniskens et al. 2016) with the orbit of
the meteoroid, the Dsy dissimilarity function yields Dsg = 0.13,
which is also below the above-mentioned cut-off value, but larger
than the value obtained for the Southern Taurids. However, the
calculated position of the geocentric radiant of the s-Taurids,
once corrected by taking into account the radiant drift, yields
ag = 61.20°, 8, = 16.21°, which differs significantly from the
calculated geocentric radiant of the bolide. For this reason it
was considered that this meteor probably did not belong to the
s-Taurids.
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Figure 3. Emission spectrum of the SWEMN20211112_003 448 bolide.
In this plot, intensity is expressed in arbitrary units.

The calibrated emission spectrum of the bolide is shown in
Fig. 3. The main contributions have been labelled in this plot by
following the multiplets notation given by C. E. Moore (1945). As
usual in meteor spectra, most lines correspond to the emission
associated to neutral Fe atoms. As can be noticed, the most sig-
nificant lines from Fe I are those of Fe I-5(373.7 nm), Fe I-4 (382.4
and 392.2 nm), Fe I-43 (404.5 nm), Fe I-41 (438.3 nm), and Fe I-15
(526.9 and 542.9 nm). The contribution from Mg I-3 at 382.9 nm
is blended with that of Fe I-4 at 382.4 nm. The emissions from
the Mg I-2 triplet at 516.7 nm and the Na I-1 doublet at 588.9 nm
are also very remarkable, and the line of Ca I-2 (422.6 nm) was
also identified. The resulting values for the Na/Mg and the Fe/Mg
intensity ratios are Na/Mg = 1.21 and Fe/Mg = 0.89, respectively.
According to fig. 5 in J. Borovicka et al. (2005), this Na/Mg ratio
fits fairly well the result expected for chondritic meteoroids when
the meteor velocity is of about 28 km s™1.

4. DISCUSSION

4.1. Photometric analysis

Fig. 43 shows the light curve obtained by measuring the luminos-
ity of the fireball along its atmospheric trajectory. These photo-
metric data were employed to derive the ablated meteoroid mass,
by means of the classical mass-luminosity relationship:

ty

m, =2 / I,/ (vv?) dt. 1)

te

Table 2. Trajectory and radiant data (J2000) of the SWEMN20211112_003 448 fireball. H, and He: beginning and ending heights. oy and :
right ascension and declination of the geocentric radiant. Vo, and V;: observed pre-atmospheric and geocentric velocities.

Hy, (km) H, (km) ag (°) 55 () Voo (km s™1) Vg (kms™1)
96.7 £ 0.4 25.1£0.5 55.39 +0.08 14.93 £ 0.07 279+0.3 25.6 £0.3
Table 3. Orbital parameters (J2000) of the progenitor meteoroid of the SWEMN20211112_003 448 fireball.
a(au) e i(®) q (au) o (%) Q)
2.24 £ 0.08 0.799 + 0.008 4.34 +0.08 0.449 £+ 0.003 103.2 £ 0.1 49.51718 £ 107
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Figure 4. Light curve of the SWEMN20211112_003 448 fireball.

Here m, is the meteoroid mass ablated during the luminous
phase of the event, from its beginning time ¢, till its ending time ..
The luminosity of the meteor is Iy, which is related to the absolute
magnitude M of the meteor by means of the following equation:

M = —2.5log(I,/I), @)

where I, is the luminosity of a zero-magnitude star. For the
calculation of the luminous efficiency (t), the equations given
by Z. Ceplecha & R. E. McCrosky (1976) were employed. From
this analysis, the ablated mass yields m, = 16 & 2 kg. By as-
suming a bulk density of 1.6 g cm~3 for Taurid meteoroids (P.
B. Babadzhanov & G. I. Kokhirova 2009; P. Jenniskens 2023)
and spherical shape, this mass would correspond to a meteoroid
diameter of 27 & 1 cm.

As can be noticed in Fig. 4, the maximum brightness of the
event was reached 1.9 s after the beginning of its luminous phase.
But 1 s before that stage it experienced a sudden increase in
brightness, reaching an absolute magnitude of —8.0 £ 0.5. This
remarkable increase in luminosity occurred as a consequence of
the sudden disruption of the meteoroid when this particle was
located at an altitude of 66.2 £ 0.5 km. By analysing the condi-
tions at this point, the toughness of the particle can be evaluated,
since this breakup takes place when the aerodynamic pressure
exceeds the tensile strength of the meteoroid. The value of this
aerodynamic pressure S is provided by the following equation (V.
A. Bronshten 1981):

S = Patm * Vz. (3)

Here v and p,, are the velocity of the meteoroid and the den-
sity of air at the disruption point, respectively. The US Standard
Atmosphere Model (U.S. Standard Atmosphere 1976) has been
employed to obtain this air density.

In this way, it was obtained that the disruption of the meteoroid
occurred under a dynamic pressure of 0.10 & 0.01 MPa. Previous
studies have revealed that Taurid meteoroids exhibit large vari-
ations in strength. For instance, according to N. A. Konovalova
(2003) particles from this stream were found to exhibit fragmenta-
tion under aerodynamic pressures ranging from 0.05 to 0.18 MPa,
while P. Matlovic et al. (2017) analysed Taurid events that exhib-
ited a range comprised between 0.02 and 0.10 MPa. According
to this, the meteoroid that gave rise to the fireball analysed here
would belong to a population of tougher members in the stream.
This could account for its extraordinary capability to penetrate
the atmosphere till the calculated final altitude of 25.1 &+ 0.5 km.
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Figure 5. Expected relative intensity (solid line), as a function of meteor
velocity (in km s~1), of the Na I-1, Mg I-2, and Fe I-15 multiplets for
chondritic meteoroids (J. Borovicka et al. 2005). The cross shows the
experimental relative intensity obtained for the fireball discussed here.

4.2. Emission spectrum

Information related to the likely nature of the progenitor mete-
oroid can be derived from the analysis of the relative intensity of
the emission lines associated with multiplets Na I-1, Mg I-2, and
Fe I-15 (J. Borovicka et al. 2005). To confirm the likely chondritic
nature of the parent meteoroid of the SWEMN20211112_003 448
event, the Na I-1, Mg I-2, and Fe I-15 relative intensities were
plotted in a ternary diagram (Fig. 5). The solid line in this diagram
corresponds to the relative intensity expected for chondritic me-
teoroids as a function of meteor velocity (J. Borovicka et al. 2005).
As can be seen, the value derived from the analysis of the fireball
spectrum fits fairly well the theoretical relative intensity corre-
sponding to chondritic meteoroids moving at velocity of about
28 km s~!. This result agrees with previous results obtained from
the emission spectrum of other Taurid fireballs (J. M. Madiedo
et al. 2014; P. Matlovic¢ et al. 2017). So, in addition to the low
value found for the Southworth-Hawkins dissimilarity function
(Dsg = 0.05), spectral evidence also supports the association of
this meteoroid with the Taurid complex.

4.3. Dark flight and meteorite survival

Since the altitude of the terminal point of the luminous trajectory
of the bolide was low and the tensile strength of the progenitor
meteoroid was high, it was considered that the meteor event
discussed here was a potential meteorite producer. The particle
mass at this terminal point (mg) was calculated by employing the
following relationship (Z. Ceplecha et al. 1983):

i <<dv/dr>Ep§{3 ' @

Here the parameters Vg and (dv/dt)g are the velocity and the
deceleration of the meteoroid at the terminal point of the lu-
minous path of the event, respectively. These parameters were
obtained from the analysis of the atmospheric trajectory of the
fireball, and yield vg = 3.9 = 1.1 km s~! and (dv/df)g = —9 +3km
s~2. The bulk density of the meteoroid is p,, which was assumed
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Figure 6. Strewn field showing the position calculated for different
masses. North is up.

tobe py = 1.6 gcm 3 (P. B. Babadzhanov & G. I. Kokhirova 2009).
pE is the air density at the ending point of the fireball, which was
estimated by means of the US standard atmosphere model (U.S.
Standard Atmosphere 1976). With these values the terminal mass
calculated from equation (4) is mg = 6.5%32? g.

To calculate the dark flight of the surviving mass it has been
considered that this mass was not fragmented and that this
single particle was spherical in shape. This dark phase of the
atmospheric trajectory was modelled by employing the SAMIA
software, which follows the standard procedure described by Z.
Ceplecha (1987). To account for the influence of atmospheric
conditions on these calculations the atmospheric data provided
by AEMET (the Spanish meteorological agency) were employed.
These calculations show that the meteorite fell at the geograph-
ical coordinates 4121097N, 523117W. This position corresponds
to an agricultural area located in the north-eastern part of the
province of Salamanca (northern Spain). Fig. 6 shows the cal-
culated strewn field. In this map, the position mark of the 6 g
fragment corresponds to the above-mentioned geographical coor-
dinates. Despite the small nominal value obtained for the surviv-
ing mass, an expedition was organized to the landing area, where
experts in meteorite recovery participated in collaboration with
the SWEMN network. But unfortunately it was found that most of
part of the predicted area had just been plowed, and the meteorite
was not found.

5. CONCLUSIONS

This work presents the analysis of a magnitude —13 fireball
recorded over Spain on 2021 November 12. According to the radi-
ant position and the orbital parameters derived from the analysis
of the event, the meteoroid belonged to the southern branch of
the Taurid stream. The path in the atmosphere of this bright
meteor was also calculated. It was found that the luminous phase
of the event ended at a height of about 25.1 km. The low altitude
of this terminal point can be explained because of the high tensile
strength found for the meteoroid: around 0.1 MPa. The emission
spectrum of the meteor indicates that the progenitor meteoroid
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was chondritic, which is consistent with the results obtained in
previous studies. Besides, the analysis of the terminal point of
the luminous path revealed that this particle was not completely
ablated in the atmosphere. Thus, about 6.5 g survived and fell
on the ground. This supports the hypothesis that the Taurids
may give rise to meteorite-producing fireballs under favourable
conditions. In this case, the landing area was calculated and an
expedition was organized to try to recover the surviving mass, but
no meteorites were found.
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