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A B S T R A C T 

On 2021 November 12, a Taurid fireball with an absolute magnitude of −13 was r ecor ded over Spain. This work presents 
the analysis of this impressiv e bolide, which penetrat ed 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 ev ent w ould hav e produced a met eorit e 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 met eorit e survival, a debate that was initiated some years ago. 
The emission spectrum of this fireball is also discussed. 

Key w ords: met eorit es, met eors, met eoroids. 
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.  INTRODUCTION  

ifferent names are assigned to different parts of the Taurid me-
eor oid comple x, which in addition ar e divided into N orth and
outh branches (P. B. Babadzhanov & I. V. Obrubov 1991 ; P.
enniskens 2006 , 2023 ): the Piscids, the Arietids, the Taurids, and
he χ -Orionids. It has been proposed that this complex includes 
 swarm of meteoroids trapped in the 7:2 resonance with Jupiter,
hich could account for enhanced activity of bright Taurid fire- 
alls in certain years (D . J . Asher & S. V. M. Clube 1993 ). The
redictions based on this hypothesis were able to anticipate an 
ctivity increase of Taurid bolides in 2015, and a new branch of 
he Taurids was identified during the monitoring of this stream 

hat year (P. Spurny et al. 2017 ; H. A. R. Devillepoix et al. 2019 ). 
It has been established that this meteoroid complex is associ- 
ted with Comet 2P/Encke (F. L. Whipple 1940 ). Several authors
ave proposed that this comet, along with a large number of 
ear-Earth objects (NEOs), constitutes a remnant of the cascade 
ragmentation of a giant comet appr o ximately 40 km in diameter.
his disintegration process may have occurred around 20 000 yr 
go and is also believed to have given rise to the Taurid meteoroid
omplex. (V. Clube & W. Napier 1982 ; D . J . Asher 1991 ; D . I. Steel
t al. 1991 ; D. J. Asher et al. 1993 ; D. I. Steel & D. J. Asher 1996 ).
ow ev er, sev eral authors have argued that the parent comet was
uch smaller (e.g. P. Jenniskens 2006 ). 
The capability of meteoroids from major met eor show ers t o
roduce met eorit es has been a longstanding topic of debate. It
s well established that even metre-sized, friable cometary mete- 
r oids ar e typically destr oyed at high altitudes in the atmosphere
e.g. Z. Ceplecha 1988 ). How ev er, mat erials with high tensile
trength have also been identified within cometary streams, as 
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ell as in sporadic meteoroids associated with Halley-type comet 
nd Jupiter-family comet orbits (N. A. Konov alov a 2003 ). These
or e r obust meteor oids can pr oduce deep-penetrating bolides
see e.g. J. M. Madiedo et al. 2014 ), although their high pre-
tmospheric velocities significantly reduce the likelihood of me- 
 eorit e survival (Z. Ceplecha et al. 1998 ). 
Met eorit e survival is ther efor e mor e plausible for str onger par-

icles originating from low-velocity streams: the lower the pre- 
tmospheric velocity and the greater the material strength, the 
igher the probability of surviving atmospheric entry. Addition- 
lly, shallow entry angles further increase this likelihood. Within 
his framework, the Taurid stream has been suggested as a po-
ential source of meteorites (P. Brown et al. 2013 ; J. M. Madiedo
t al. 2014 ). The stream is known t o contain large met eoroids –
p to metre-sized (G. W. Wetherill 1974 ) – and exhibits relatively
oderat e entry v elocities in the atmosphere ( ∼28 km s −1 ). More-
ver, some Taurid meteoroids have been found to possess e x cep-
ionally high mechanical strength (N. A. Konov alov a 2003 ), fur-
her enhancing their potential to produce meteorites. It is worth 
entioning that both Sutter’s Mill and Maribo CM carbonaceous 
hondrites ar e e xamples of r ecover ed met eorit es associat ed with
reballs with entry speeds of ∼28 km s −1 (H. Haack et al. 2012 ;
. Jenniskens et al. 2012 ). 
This hypothesis was inv estigat ed by P. Brown et al. ( 2013 )

hrough the analysis of a deep-penetrating Taurid bolide observed 
ver Canada in 2010, for which a terminal mass below 10 g was
stimated. Based on this event, they proposed a limiting veloc- 
ty for met eorit e survival of appr o ximately 29 km s −1 . However,
vidence was presented supporting the ability of Geminid me- 
 eoroids (despit e their higher entry velocity of ∼35 km s −1 ) to
enerat e met eorit e-dropping ev ents (J. M. Madiedo et al. 2013 ).
his result suggests that the velocity threshold proposed by P. 
rown et al. ( 2013 ) may have been underestimated, implying
hat the potential for Taurid meteoroids to survive atmospheric 
 This is an Open Access article distributed under the terms of the 
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Table 1. Geographical coordinates of the SWEMN meteor-observing sta- 
tions that participated in this work. 

Station 
# Station name 

Longitude 
(W) Latitude (N) Alt. (m) 

1 La Hita 3 ◦11 ′ 00 ′′ 39 ◦34 ′ 06 ′′ 674 
2 El Guijo 4 ◦01 ′ 53 ′′ 40 ◦36 ′ 27 ′′ 907 
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Figur e 1. Sum-pix el image of the SWEMN20211112_003 448 meteor 
event r ecor ded fr om El Guijo observatory. 
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ntry and produce met eorit es could be great er than previously
ssumed. 
The syst ematic monit oring of bright met eors during the Taurid
ctivity period is essential for identifying those events that may
e potential meteorite-producing candidates. This monitoring is
eing performed in Spain by means of high sensitivity cameras in
he framework of the SMART project (J. M. Madiedo 2014 ), which
lso employs a set of spectrographs to investigate the chemical
omposition of the associated meteoroids. The SMART survey
tarted operation in 2006 and is currently being conducted by the
outhw est ern E ur ope Meteor N etwork (SWEMN; J. M. Madiedo
t al. 2021 ). This work analyses a deep-penetrating Taurid fireball
bserved on 2021 November 12. This is, in fact, the Taurid meteor
vent with the lowest terminal point r ecor ded by the SMART
urv ey t o dat e. Besides, a non-zero t erminal mass was inferred
rom the analysis of its atmospheric path, which would confirm
he ability of the Taurids to produce met eorit es. The emission
pectrum of this event is also analysed and discussed. 

.  INSTRUMENT  A  TION  AND  METHODS  

he fireball discussed in this work was r ecor ded fr om tw o met eor-
bserving stations operated by the SMART survey in Spain. Their
eographical positions are listed in Table 1 . These meteor stations
mployed a set of low-lux CCD video cameras manufactured by
atec Corporation (models 902H2 and 902H2 Ultimate). The
eld of view of these devices ranges from 62 × 50 ◦ to 14 × 11 ◦.
 detailed description about these systems and their operation is
iven in previous papers (see, for instance, J. M. Madiedo 2014 ,
017 ). In order to obtain information about the chemical nature
f meteoroids ablating in our atmosphere, some of these CCD
ameras ar e configur ed as video spectr ographs (J. M. Madiedo
015a , b ). For this purpose, hologr aphic diffr action gr atings (500
r 1000 lines mm 

−1 , depending on the device) are attached to
heir objective lens. 
As in previous works, the technique described in J. M. Madiedo

 2015a , b ) has been followed for data reduction. Thus, the po-
ition of the meteor was measured by hand in the video frames
cquired by the CCD cameras. In this way, the plate (x, y) coor-
inates of the fireball along its apparent path from each meteor
tation were obtained. These values were then converted into
quat orial coordinat es by the samia software (J. M. Madiedo et
l. 2021 ) by using the position of r efer ence stars appearing in the
mages. This software employs the method of the intersection of 
lanes to calculate the coordinates of the apparent radiant and
lso to infer the atmospheric path of the fireball (Z. Ceplecha
987 ). The heliocentric orbit followed by the parent meteoroid
efore its encounter with our planet was obtained by following
he standard technique described in Z. Ceplecha ( 1987 ). 
The emission spectrum of the fireball was captured by means
f a C CD video spectr ogr aph oper ating at La Hita astronomical
bservatory (observing station number 1 in Table 1 ). This spec-
rum was analysed with the chimet software, which follows
NRAS 548, 1–6 (2026) 
he standard procedure described in J. M. Madiedo ( 2017 ). In
his way, the interlaced video file containing this signal was first
einterlaced. N e xt, each r esulting deinterlaced video fr ame w as
k y -back gr ound-subtracted and flat-fielded. Since the high lumi-
osity of the fireball gave rise to saturation in the frames corre-
ponding to the phase of maximum brightness of the ev ent, w e
nly considered those video frames where the spectral lines were
ot saturated, and assumed that these would r epr esent the bulk
omposition of the parent meteoroid. The spectrum was then
alibrated in wavelengths by identifying typical lines found in
eteor spectra, such as those of neutral Na, Mg, and Ca. Finally,
he calibrated spectrum was corrected by taking into account the
nstrumental efficiency of the r ecor ding device. To obtain infor-
ation about the chemical nature of the meteoroid, the contri-
utions of Mg I-2, Na I-I, and Fe I-15 multiplets wer e measur ed
n the fireball spectrum, frame by frame. Then, the contributions
n each video frame were added to obtain the int egrat ed int ensity
f the above-mentioned multiplets along the atmospheric path of 
he bolide. 

.  OBSERVATIONS  

n 2021 November 12, at 0 h 34 m 48.0 ± 0 . s 1 ut , three video cam-
r as oper ating in the framework of the SMART pr oject r ecor ded
 bright fireball (Fig. 1 ). Two of these cameras were located at
he position labelled as 1 (La Hita) in Table 1 , and the third
evice was located at El Guijo (position 2 in Table 1 ). The
olide was included in the SWEMN data base under the code
WEMN20211112_003448. The peak luminosity of this event cor-
esponded to an absolute magnitude of −13.0 ± 0.5, and the
olide lasted around 3.2 s. The analysis of its atmospheric path
evealed that the luminous phase began at an altitude of 96.7 ±
.4 km above sea level, and ended at a remarkable low height
f 25.1 ± 0.5 km. In total, the distance travelled by the fireball
n the atmosphere was around 77 km. As shown in Fig. 2 , this
r ajectory w as locat ed ov er the province of Salamanca (north of 
pain). Our analysis reveals that the progenitor meteoroid hit
he Earth’s atmosphere with a velocity V ∞ 

= 27.9 ± 0.3 km s −1 ,
ith the apparent radiant of the meteor located at the coordinates
= 56.81 ± 0.08 ◦, δ = 16.12 ± 0.07 ◦. The calculation of the
eocentric radiant (J2000) yields αg = 55.39 ± 0.08 ◦, δg = 14.93 ±



Meteorite-producing Taurid fireball 3 

Figur e 2. Pr ojection on the gr ound of the atmospheric path of the 
SWEMN20211112_003 448 fireball. 
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Figure 3. Emission spectrum of the SWEMN20211112_003 448 bolide. 
In this plot, intensity is e xpr essed in arbitrary units. 
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.07 ◦. These trajectory and radiant parameters are summarized 
n Table 2 . The parameters that define the heliocentric orbit of 
he meteor oid befor e its encounter with our planet ar e listed in
able 3 , where a is the semimajor axis, e the orbital eccentric-
ty, i the orbit inclination, ω the argument of perihelion, � the
ongitude of the ascending node, and q the perihelion distance. 
o confirm the association of the meteoroid with the Southern 
aurid stream we have employed the Southworth & Hawkins 
 SH dissimilarity function (R. B. Southworth & G. S. Hawkins 
963 ). Thus, the D SH value obtained by comparing the orbit of 
his stream (P. Jenniskens et al. 2016 ) with the orbit of the me-
eoroid yields D SH = 0.05, which is lower than the 0.15 cut-off
alue usually taken to establish a valid association (B. A. Lindblad
971a , b ). Nevertheless, some NEOs evolving from the ν6 secu-
ar resonance may exhibit orbital parameters similar to those of 
he Southern Taurids. This resonance is caused by the s-Taurid 
tream, and it can be a likely source of LL or L met eorit es (P.
enniskens & H. A. R. Devillepoix 2025 ). By comparing the orbit
f the s-Taurid stream (P. Jenniskens et al. 2016 ) with the orbit of 
he meteoroid, the D SH dissimilarity function yields D SH = 0.13, 
hich is also below the above-mentioned cut-off value, but larger 
han the value obtained for the Southern Taurids. How ev er, the
alculated position of the geocentric radiant of the s-Taurids, 
nce corrected by taking into account the radiant drift, yields 
g = 61.20 ◦, δg = 16.21 ◦, which differs significantly from the
alculated geocentric radiant of the bolide. For this reason it 
as considered that this meteor probably did not belong to the

-Taurids. 

Table 2. Trajectory and radiant data (J2000) of the SWEMN20211112_00
right ascension and declination of the geocentric radiant. V ∞ 

and V g : obs

H b (km) H e (km) αg ( ◦) 

96.7 ± 0.4 25.1 ± 0.5 55.39 ± 0.08 

Table 3. Orbital parameters (J2000) of the progenitor meteoro

a (au) e i ( ◦) 

2.24 ± 0.08 0.799 ± 0.008 4.34 ± 0.08 

a

The calibrated emission spectrum of the bolide is shown in 
ig. 3 . The main contributions have been labelled in this plot by
ollowing the multiplets notation given by C. E. Moore ( 1945 ). As
sual in meteor spectra, most lines correspond to the emission 
ssociat ed t o neutral Fe at oms. As can be noticed, the most sig-
ificant lines from Fe I are those of Fe I-5 (373.7 nm), Fe I-4 (382.4
nd 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
s blended with that of Fe I-4 at 382.4 nm. The emissions from
he Mg I-2 triplet at 516.7 nm and the Na I-1 doublet at 588.9 nm
re also very remarkable, and the line of Ca I-2 (422.6 nm) was
lso identified. The resulting values for the Na/Mg and the Fe/Mg
ntensity ratios are Na/Mg = 1.21 and Fe/Mg = 0.89, respectively.
 ccor ding to fig . 5 in J. Borovi ̌cka et al. ( 2005 ), this Na/Mg ratio
ts fairly well the result expected for chondritic meteoroids when 
he meteor velocity is of about 28 km s −1 . 

.  DISCUSSION  

.1. Photometric analysis 

ig. 4 3 shows the light curve obtained by measuring the luminos-
ty of the fireball along its atmospheric trajectory. These photo- 
etric data were employed to derive the ablated meteoroid mass, 
y means of the classical mass–luminosity relationship: 

 p = 2 
t b ∫ 

t e 

I p / 
(
τv 2 

)
dt . (1) 
MNRAS 548, 1–6 (2026) 

3 448 fireball. H b and H e : beginning and ending heights. αg and δg : 
erved pre-atmospheric and geocentric velocities. 

δg ( ◦) V ∞ 

(km s −1 ) V g (km s −1 ) 

14.93 ± 0.07 27.9 ± 0.3 25.6 ± 0.3 

id of the SWEMN20211112_003 448 fireball. 

q (au) ω ( ◦) � ( ◦) 

0.449 ± 0.003 103.2 ± 0.1 49.51718 ± 10 –5 

y 2026
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Figure 4. Light curve of the SWEMN20211112_003 448 fireball. 
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chondritic meteoroids (J. Borovi ̌cka et al. 2005 ). The cross shows the 
e xperimental r elativ e int ensity obtained for the fir eball discussed her e. 

4

I  

o
t  

F  

n  

e  

p  

c  

t  

A  

s  

s  

2  

t  

e  

v  

(
t

4

S  

o  

m  

d  

m  

f

m

 

d  

m  

o  

fi  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/548/2/stag570/8551341 by U
niversidad de H

uelva user on 05 M
ay 2026
Here m p is the meteoroid mass ablated during the luminous
hase of the event, from its beginning time t o till its ending time t e .
he luminosity of the meteor is I p , which is related to the absolute
agnitude M of the meteor by means of the following equation: 

 = −2 . 5 log (I p /I 0 ) , (2) 

where I 0 is the luminosity of a zero-magnitude star. For the
alculation of the luminous efficiency ( τ ), the equations given
y Z. Ceplecha & R. E. McCrosky ( 1976 ) were employed. From
his analysis, the ablated mass yields m p = 16 ± 2 k g . B y as-
uming a bulk density of 1.6 g cm 

−3 for Taurid meteoroids (P.
. Babadzhanov & G. I. Kokhirova 2009 ; P. Jenniskens 2023 )
nd spherical shape, this mass would correspond to a meteoroid
iameter of 27 ± 1 cm. 
As can be noticed in Fig. 4 , the maximum brightness of the
vent was reached 1.9 s after the beginning of its luminous phase.
ut 1 s before that stage it experienced a sudden increase in
rightness, reaching an absolute magnitude of −8.0 ± 0.5. This
 emarkable incr ease in luminosity occurr ed as a consequence of 
he sudden disruption of the meteoroid when this particle was
ocated at an altitude of 66.2 ± 0.5 km. By analysing the condi-
ions at this point, the toughness of the particle can be evaluated,
ince this breakup takes place when the aerodynamic pressure
 x ceeds the tensile strength of the meteoroid. The value of this
er odynamic pr essur e S is pr ovided by the following equation (V.
. Bronshten 1981 ): 

 = ρatm 

· v 2 . (3) 

Here v and ρatm 

are the velocity of the meteoroid and the den-
ity of air at the disruption point, respectively. The US Standard
tmosphere Model (U.S. Standard Atmosphere 1976 ) has been
mploy ed t o obtain this air density. 
In this way, it was obtained that the disruption of the meteoroid
ccurred under a dynamic pressure of 0.10 ± 0.01 MPa. Previous
tudies have revealed that Taurid meteoroids exhibit large vari-
tions in strength. For instance, according to N. A. Konov alov a
 2003 ) particles from this stream were found to exhibit fragmenta-
ion under aerodynamic pressures ranging from 0.05 to 0.18 MPa,
hile P. Matlovic et al. ( 2017 ) analysed Taurid events that exhib-
ted a range comprised between 0.02 and 0.10 MPa. A ccor ding
 o this, the met eor oid that g av e rise t o the fir eball analysed her e
 ould belong t o a population of t ougher members in the stream.
his could account for its e xtraor dinary capability to penetrate
he atmosphere till the calculated final altitude of 25.1 ± 0.5 km.
NRAS 548, 1–6 (2026) 
.2. Emission spectrum 

nformation related to the likely nature of the progenitor mete-
roid can be derived from the analysis of the relativ e int ensity of 
he emission lines associated with multiplets Na I-1, Mg I-2, and
e I-15 (J. Borovi ̌cka et al. 2005 ). To confirm the likely chondritic
ature of the parent meteoroid of the SWEMN20211112_003 448
vent, the Na I-1, Mg I-2, and Fe I-15 relative intensities were
lotted in a ternary diagram (Fig. 5 ). The solid line in this diagram
orresponds to the relative intensity expected for chondritic me-
eoroids as a function of meteor velocity (J. Borovi ̌cka et al. 2005 ).
s can be seen, the value derived from the analysis of the fireball
pectrum fits fairly well the theoretical relative intensity corre-
ponding to chondritic meteoroids moving at velocity of about
8 km s −1 . This result agrees with previous results obtained from
he emission spectrum of other Taurid fireballs (J. M. Madiedo
t al. 2014 ; P. Matlovi ̌c et al. 2017 ). So, in addition to the low
alue found for the South worth–Ha wkins dissimilarity function
 D SH = 0.05), spectral evidence also supports the association of 
his meteoroid with the Taurid complex. 

.3. Dark flight and met eorit e survival 

ince the altitude of the terminal point of the luminous trajectory
f the bolide was low and the tensile strength of the progenitor
eteoroid was high, it was considered that the met eor ev ent
iscussed here was a pot ential met eorit e producer. The particle
ass at this terminal point ( m E ) was calculated by employing the
ollowing relationship (Z. Ceplecha et al. 1983 ): 

 E = 

(
1 . 2 ρE v 2 E 

( d v/ d t ) E ρ
2 / 3 
m 

)
. (4) 

Here the parameters V E and (d v /d t ) E are the velocity and the
eceleration of the meteoroid at the terminal point of the lu-
inous path of the ev ent, respectiv ely. These paramet ers w ere
btained from the analysis of the atmospheric trajectory of the
reball, and yield v E = 3.9 ± 1.1 km s −1 and (d v /d t ) E = −9 ± 3 km
 

−2 . The bulk density of the meteoroid is ρm 

, which was assumed
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Figur e 6. Str ewn field showing the position calculated for different 
masses. North is up. 
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o be ρm 

= 1.6 g cm 

−3 (P. B. Babadzhanov & G. I. Kokhirova 2009 ).
E is the air density at the ending point of the fireball, which was
stimated by means of the US standard atmosphere model (U.S. 
tandar d Atmospher e 1976 ). With these values the terminal mass
alculated from equation ( 4 ) is m E = 6 . 5 { +15 . 5 } { −4 . 8 } g. 
To calculate the dark flight of the surviving mass it has been
onsidered that this mass was not fragmented and that this 
ingle particle was spherical in shape. This dark phase of the
tmospheric tr ajectory w as modelled by employing the samia 
oftware, which follows the standard procedure described by Z. 
eplecha ( 1987 ). To account for the influence of atmospheric
onditions on these calculations the atmospheric data provided 
y AEMET (the Spanish meteorological agency) were employed. 
hese calculations show that the met eorit e fell at the geograph-
cal coordinates 41 . ◦1097N, 5 . ◦3117W. This position corresponds 
o an agricultural area located in the north-eastern part of the
rovince of Salamanca (northern Spain). Fig. 6 shows the cal- 
ulated strewn field. In this map, the position mark of the 6 g
ragment corresponds to the above-mentioned geographical coor- 
inat es. Despit e the small nominal value obtained for the surviv-
ng mass, an expedition was organized to the landing ar ea, wher e
xperts in met eorit e recov ery participat ed in collaboration with
he SWEMN network. But unfortunately it was found that most of 
art of the pr edicted ar ea had just been plowed, and the meteorite
as not found. 

.  CONCLUSIONS  

his work presents the analysis of a magnitude −13 fireball 
 ecor ded over Spain on 2021 November 12. According to the radi-
nt position and the orbital parameters derived from the analysis 
f the event, the meteoroid belonged to the southern branch of 
he Taurid stream. The path in the atmosphere of this bright
eteor was also calculated. It was found that the luminous phase
f the event ended at a height of about 25.1 km. The low altitude
f this terminal point can be explained because of the high tensile
trength found for the meteoroid: around 0.1 MPa. The emission 
pectrum of the meteor indicates that the progenitor meteoroid 
as chondritic, which is consistent with the results obtained in 
revious studies. Besides, the analysis of the terminal point of 
he luminous path revealed that this particle was not completely 
blated in the atmosphere. Thus, about 6.5 g survived and fell
n the ground. This supports the hypothesis that the Taurids 
ay give rise to meteorite-producing fireballs under favourable 
onditions. In this case, the landing area was calculated and an
xpedition was organized to try to recover the surviving mass, but
o met eorit es w ere found. 
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