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ABSTRACT

We present the analysis of the atmospheric trajectory and orbital data of four bright bolides
observed over Spain, one of which is a potential meteorite dropping event. Their absolute
magnitude ranges from —10 to —11. Two of these are of sporadic origin, although a Geminid
and a k-Cygnid fireball are also considered. These events were recorded in the framework of the
continuous fireball monitoring and spectroscopy campaigns developed by the SPanish Meteor
Network (SPMN) between 2010 and 2012. The tensile strength of the parent meteoroids
is estimated and the abundances of the main rock-forming elements in these particles are
calculated from the emission spectrum obtained for three of these events. This analysis revealed
a chondritic nature for these meteoroids.
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1 INTRODUCTION

The detailed study of bright fireballs is one of the aims of the SPanish
Meteor Network (SPMN), as these allow us to collect very valu-
able information on the origin and properties of large meteoroids
that, under appropriate conditions, can give rise to the relatively
rare meteorite-dropping events. Thus, one of the main goals of our
meteor network is the analysis of the physico-chemical properties
of these meteoroids from multiple station images. For this pur-
pose we perform a systematic monitoring of the night sky with the
aim to obtain data to improve our knowledge of the mechanisms
that deliver these materials to the Earth. Nowadays we operate 25
meteor observing stations that monitor the night sky over Spain
and neighbouring regions, which is equivalent to an area of more
than 500 000 km?. These stations provide useful information for
the determination of radiant, orbital and photometric parameters
(Trigo-Rodriguez et al. 2007, 2009a; Madiedo & Trigo-Rodriguez
2008; Madiedo et al. 2013a,b,c). Besides, we focus special atten-
tion on the study of the chemical composition of meteoroids from
the analysis of the emission spectrum produced when these parti-
cles ablate in the atmosphere (Trigo-Rodriguez et al. 2007, 2009a;
Madiedo et al. 2013a,b,c). For this reason, a significant part of our
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effort has focused on the deployment of spectrographs at some of
our meteor observing stations. The first of these devices, which
were based on high-sensibility CCD video cameras endowed with
attached holographic diffraction gratings, started operation in 2006
from our station in Sevilla, but also from a mobile station operated
when necessary from Cerro Negro, a dark countryside environment
at about 60 km north from Sevilla. Thus, we are performing from
Sevilla a continuous spectroscopic campaign since that year. Nowa-
days, these spectral video cameras work continuously from eight
SPMN stations. Favourable weather conditions in Spain play a key
role in the successful development of this spectroscopic campaign.
In this context, we present here the analysis of four bolides with a
minimum brightness equivalent to an absolute magnitude of —10.
These were recorded over the Iberian Peninsula in the framework of
our continuous fireball monitoring and meteor spectroscopy cam-
paigns performed between 2010 and 2012.

2 INSTRUMENTATION AND DATA
REDUCTION TECHNIQUES

High-sensitivity monochrome CCD video cameras (models 902H2
and 902H Ultimate from Watec Corporation, Japan) were em-
ployed to image the fireballs discussed here. Thus, the bolides were
recorded by an array of these video devices operating at the me-
teor observing stations listed in Table 1. Some of these stations
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Table 1. Geographical coordinates of the meteor observing stations in-
volved in this work.

Station no. Station name Longitude (W) Latitude (N)  Alt. (m)
1 Sevilla 5°58'50" 37°20'46" 28
2 La Hita 3°11'00” 39°34'06” 674
3 Huelva 6°56'11" 37°15'10” 25
4 Sierra Nevada 3°23'05” 37°03'51” 2896
5 El Arenosillo 6°43'58" 37°06'16" 40
7 Molina de Segura 1°09'50” 38°05'54" 94

work in an autonomous way by means of software developed by us
(Madiedo & Trigo-Rodriguez 2008; Madiedo et al. 2010) and the
cameras are arranged in such a way that the common atmospheric
volume monitored by neighbouring stations is maximized. These
devices generate interlaced imagery according to the PAL video
standard. Thus, they generate video files at a rate of 25 frames per
second and with a resolution of 720x576 pixels. Aspherical fast
lenses with focal lengths ranging from 6 to 20 mm and focal ratios
between 1.4 and 0.8 were used for the imaging objective lens. In
this way, different areas of the sky were covered by every camera
and point-like star images were obtained across the entire field of
view. With this configuration we can image meteors with an appar-
ent magnitude of about 3 &+ 1. A more detailed description of the
operation of these systems is given in Madiedo & Trigo-Rodriguez
(2008).

For meteor spectroscopy we employ holographic diffraction grat-
ings (500 or 1000 lines mm~"', depending on the device) attached to
the objective lens of some of the above-mentioned cameras to image
the emission spectra resulting from the ablation of meteoroids in
the atmosphere. We do not employ additional image intensifying
devices. We can image spectra for meteor events with brightness
higher than mag —3/—4.

With respect to data reduction, once that meteor trails simulta-
neously recorded from at least two different meteor stations are
identified, we first deinterlaced the video images provided by our
cameras. Thus, even and odd fields were separated for each video
frame, and a new video file containing these was generated. Since
this operation implies duplicating the total number of frames, the
frame rate in the resulting video is 50 fps. Then, an astrometric
measurement is done by hand in order to obtain the plate (X, y)

coordinates of the meteor along its apparent path from each station.
The astrometric measurements are then introduced in our AMALTHEA
software (Trigo-Rodriguez et al. 2009a; Madiedo, Trigo-Rodriguez
& Lyytinen 2011a), which transforms plate coordinates into equa-
torial coordinates by using the position of reference stars appearing
in the images. This package employs the method of the intersection
of planes to determine the position of the apparent radiant and also
to reconstruct the trajectory in the atmosphere of meteors recorded
from at least two different observing stations (Ceplecha 1987). In
this way, the beginning and terminal heights of the meteor are in-
ferred. From the sequential measurements of the video frames and
the trajectory length, the velocity of the meteor along its path is ob-
tained. The preatmospheric velocity V., is found from the velocity
measured in the earliest parts of the meteor trajectory. Once these
data are known, the software computes the orbital parameters of the
corresponding meteoroid by following the procedure described in
Ceplecha (1987).

3 OBSERVATIONS: ATMOSPHERIC
TRAJECTORY, RADIANT AND ORBIT

The fireballs analysed here are listed in Table 2. Their SPMN code,
which was assigned after the recording date, is included for identi-
fication. The times of fireball passage are known with a precision of
0.1 s. Besides, the bolides were named according to the geographical
location nearest to the projection on the ground of their atmospheric
trajectory. The beginning (H,), ending (H.) and maximum bright-
ness (Hmay) heights are also indicated. As can be noticed, their abso-
lute magnitude (M) ranges from —10.0 & 0.5 to —11.0 = 0.5. These
magnitudes were calculated by direct comparison of the brightness
level of the pixels near the maximum luminosity of the meteor trail
and those of nearby stars. Each bolide was simultaneously recorded
from, at least, two of the observing stations listed in Table 1. The
radiant and orbital data obtained from the analysis of these events
are summarized in Table 3. These bolides are described in more
detail below.

3.1 The ‘La Carlota’ fireball (SPMN180910)

This sporadic fireball, which reached the end of its luminous phase
next to the zenith of the city after which it was named, was

Table 2. Absolute magnitude (M), trajectory and geocentric radiant data (J2000) for the fireballs analysed in this work. The values of the beginning (Hy),
ending (He) and maximum brightness (Hmax) heights are indicated. Vi, Vy and Vj, are the observed preatmospheric, geocentric and heliocentric velocity,

respectively.
SPMN Code Date Time M Hy, Hinax H. ag 3y Vo Ve Vh
and name (UTC) £0.1s (km) (km) (km) ©) ©) (kms™")  (kms™") (kms')
180910 “La Carlota’ 2010 Sept. 18 20"04™2750 —11.0 + 0.5 85.8 4 0.551.3 & 0.525.6 & 0.5298.5 + 0.7 464 4 0.321.7 &+ 0.3 18.7 & 0.3 38.7 & 0.3

250112 ‘Dofiana’ 2012 Jan.25 20M20m07:3 —10.1 £ 0.5 78.4 £ 0.537.2 £ 0.526.4 £ 0.5 345 £ 03 —3.8 £ 0.3 147 £ 03 9.9 £ 0.4 39.8 & 0.4
150812 “Torrecera’ 2012 Aug. 15 237443932 —10.2 + 0.5 104.5 £+ 0.5 80.0 £ 0.5 80.0 + 0.5291.3 &+ 0.3 60.6 &+ 0.3 27.1 & 0.3 24.8 & 0.337.6 + 0.3
121212 “Pefiaflor’ 2012 Dec. 12 3"47™1957 —10.0 £ 0.5 101.6 £ 0.565.3 £ 0.539.9 + 0.5 114.8 = 0.3 34.9 & 0.339.0 & 0.337.5 = 03349 £ 0.3

Table 3. Orbital elements (J2000) and Tisserand parameter with respect to Jupiter (77) for the bolides discussed in the text.

SPMN a e i
Code and name (au) ©)
180910 ‘La Carlota’ 34£0.2 0.71 £ 0.02 264 +0.3
250112 ‘Donana’ 4.1+0.6 0.76 £ 0.04 4.0+0.1
150812 “Torrecera’ 2.6 £0.1 0.62 £+ 0.01 408 £ 04
121212 ‘Peiaflor’ 1.52+0.04 0.920+0.003 36.2+0.8

Q 0} q Ty

) ©) (au)
175.6521 + 10~ 205.0 £ 0.6 0.965 £ 0.001 25+0.1
125.0826 £ 107 357.0+£0.3  0.9839 £0.0001 2.4 £0.1
1433539+ 107 199.8£0.3  0.9895 +0.0007 2.8 +£0.1
260.3488 £ 107*  326.0 £0.5 0.120 £ 0.003 3.7+0.1
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Figure 1. (a) Composite image of the sporadic ‘La Carlota’ fireball (code SPMN180910), imaged on 2010 Sept. 18, at 20"04™27.0 = 081 UTC from Sevilla.
(b) Apparent trajectory of the bolide as seen from Sevilla and (c) La Murta meteor observing stations. (d) Heliocentric orbit of the meteoroid projected on the
ecliptic plane. The grey area represents the uncertainty in the orbit by taking into account the uncertainty in the 44 semimajor axis.

simultaneously imaged from stations 1 and 9 on 2010 Septem-
ber 18 (Fig. 1). The event, with an estimated absolute magnitude
of —11.0 £ 0.5, began at 20"04™27.0 4 031 UTC at a height of
85.8 £ 0.5 km above the ground level and lasted about 4.5s. The
preatmospheric velocity of the meteoroid was 21.7 = 0.3kms™',
with the apparentradiant located at o« = 30028 £ 027,85 =45°9 £ 0°3.
The bolide penetrated the atmosphere till a height of 25.6 = 0.5 km.
The projection on the ecliptic plane of the heliocentric orbit of the
meteoroid is shown in Fig. 1(d). The calculated orbital period yields
P =5.9 £ 0.5 yr, and the value obtained for the Tisserand param-
eter with respect to Jupiter is 7y = 2.5 & 0.1. This reveals that the
particle was following a Jupiter Family Comet (JFC) orbit (orbital
period P < 20 yr and Tisserand parameter in the range 2 < Tj < 3)
before impacting the Earth.

3.2 The ‘Donana’ fireball (SPMN250112)

A mag —10.1 £ 0.5 slow-moving fireball was simultaneously
recorded from stations 1 and 5 (Sevilla and El Arenosillo) on 2012

January 25, at 20"20™07.3 & 01 UTC (Fig. 2). The apparent tra-
jectory of this sporadic bolide, which lasted about 6 s, is shown in
Fig. 4(c). The parent meteoroid struck the atmosphere with an initial
velocity V., = 14.7 £ 0.3kms™' and a zenith angle of 3832, with
an apparent radiant located at o = 4223 4+ 023, § = 3°8 £ (023. The
luminous phase began at 78.4 &= 0.5 km above the ground level and
ended at 26.4 £ 0.5 km. This deep-penetrating fireball received the
name ‘Dofiana’, as its atmospheric path was located over this natu-
ral park in the south of Spain. Once this trajectory was obtained, the
orbital parameters of the meteoroid were calculated (Table 3). The
projection of this orbit on the ecliptic plane is plotted in Fig. 2(d).
The Tisserand parameter with respect to Jupiter (75 = 2.4 £ 0.1)
and the orbital period (P = 8.3 £ 1.8 yr) show that this sporadic
event was also produced by a meteoroid in a JFC orbit.

3.3 The ‘Torrecera’ fireball (SPMN150812)

This bolide, which lasted about 2s, was recorded from stations
1 and 5 on 2012 August 15, at 23"44™39.2 + 031 UTC (Fig. 3).
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Figure 2. (a) Composite image of the ‘Dofiana’ fireball (code SPMN250112), imaged on 2012 Jan. 25, at 20M20™07.3 4 081 UTC from (a) Sevilla and (b) El
Arenosillo. (¢) Apparent trajectory of the bolide as seen from Sevilla (1) and El Arenosillo (2). (d) Heliocentric orbit of the meteoroid projected on the ecliptic
plane. The grey area represents the uncertainty in the orbit by taking into account the uncertainty in the semimajor axis.

According to the photometric analysis of the images, the event
reached an absolute magnitude of about —10.2 £ 0.5. As can be
seen in Figs 4(a) and (b), the fireball experienced a very bright
fulguration at the end of its luminous path as a consequence of
the violent disruption of the parent meteoroid. According to our
analysis, the fireball began at a height of 104.5 £ 0.5 km and ended
at 80.0 &= 0.5 km above the ground level. The meteoroid struck the
atmosphere with an initial velocity V,, =27.1 0.3 kms~" and the
apparent radiant was located at « = 2954 £ (23, § = 6022 £+ (22.
The projection on the ecliptic plane of the orbit of the meteoroid
in the Solar system is shown in Fig. 3(d). These results confirm the
association of this event with the kappa-Cygnid meteoroid stream.

3.4 The ‘Penaflor’ bolide (SPMN121212)

This mag —10.0 & 0.5 Geminid fireball was simultaneously imaged
from Sevilla, La Hita and El Arenosillo on 2012 December 12 at
3h47m19.7 £ 081 UTC (Fig. 4). It was, in fact, the brightest Geminid
recorded by our team in 2012. The analysis of its atmospheric
path shows that the meteoroid struck the atmosphere with an initial
velocity Vo, = 39.0 £ 0.3km s~! and a zenith angle of 1324.
The fireball, with an apparent radiant located at « = 11622 + (23,
8 = 3521 £ (23, began at 101.6 = 0.5 km above the ground level
and ended at a height of 39.9 &+ 0.5 km. It lasted about 2.7 s. The
heliocentric orbit of the meteoroid is shown in Fig. 4(d).

4 RESULTS AND DISCUSSION

4.1 Light curves and initial masses

The light curves (pixel intensity in arbitrary units versus time) for the
fireballs listed in Table 2 are shown in Figs 5-8. As can be noticed,
all these events exhibit their maximum brightness during the second
half of their trajectory, a behaviour which is typical of fireballs
produced by compact meteoroids (Murray, Hawkes & Jenniskens
1999; Campbell et al. 2000). For dustball meteoroids, however,
this takes place earlier (Hawkes & Jones 1975). In particular, the
SPMN150812 ‘Torrecera’ xk-Cygnid bolide (Fig. 3) showed a very
bright fulguration at the end of its atmospheric path as a consequence
of the catastrophic disruption of the meteoroid.

The initial photometric mass mj, of the parent meteoroids has
been calculated from these light curves as the total mass lost due
to the ablation process between the beginning of the luminous
phase and the terminal point of the atmospheric trajectory of the
bolides:

mp:2/.clp/(rv2)dl M

Iy

where #, and 7. are, respectively, the times corresponding to the
beginning and the end of the luminous phase. I, is the measured
luminosity of the fireball, which is related to the absolute magnitude
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Figure 3. Composite image of the ‘Torrecera’ -Cygnid fireball (code SPMN150812), imaged on 2012 Aug. 15, at 23"44™M39.2 4 051 UTC from (a) Sevilla
and (b) El Arenosillo. (c) Apparent trajectory of the bolide as seen from Sevilla (1) and El Arenosillo (2). (d) Heliocentric orbit of the meteoroid projected on
the ecliptic plane. The grey area represents the uncertainty in the orbit by taking into account the uncertainty in the semimajor axis.

M by means of
M = —2.5log(l,). 2)

For the estimation of the luminous efficiency t, which depends
on velocity, we have employed the equations given by Ceplecha &
McCrosky (1976). The calculated values of the initial photomet-
ric mass for each bolide are listed in Table 4. Both ‘La Carlota’
and ‘Dofiana’ sporadic bolides were produced by dm-sized mete-
oroids with masses of about 1.9 and 5.7 kg, respectively. The parent
meteoroids of the ‘Fuencaliente’ x-Cygnid and the ‘Pefiaflor’ Gem-
inid fireballs were, however, smaller. Their mass was around one
tenth of the mass of the ‘Dofiana’ sporadic meteoroid (about 0.18
and 0.12 kg, respectively), despite their maximum luminosity was
similar.

4.2 Tensile strength

As can be noticed in the composite images shown in Figs 1-4 and
also in the above-discussed light curves plotted in Figs 5-8, the fire-
balls exhibited at least one very bright flare along their atmospheric
path. These events are typically produced by the fragmentation of
the meteoroids when these particles penetrate denser atmospheric

regions. Thus, once the overloading pressure becomes larger than
the particle strength, the particle breaks apart. Quickly after that,
a bright flare is produced as a consequence of the fast ablation of
tiny fragments delivered to the thermal wave in the fireball’s bow
shock. The so-called tensile (aerodynamic) strength S at which these
breakups take place can be calculated by means of the following
equation (Bronshten 1981):

S = Patm * v2’ (3)

where v is the velocity of the meteoroid at the disruption point and
Pam the atmospheric density at the height where the fracture takes
place. The density can be calculated, for instance, by employing the
US standard atmosphere model (U.S. Standard Atmosphere 1976).
This aerodynamic strength S can be used as an estimation of the
tensile strength of the meteoroid (Trigo-Rodriguez & Llorca 2006,
2007). The values obtained for the fireballs analysed in this work
are summarized in Table 5, together with the corresponding heights
and velocities.

As Fig. 5 shows, the SPMN180910 ‘La Carlota’ fireball ex-
perienced its main fulguration at the instant #; = 2.5s after the
event started its luminous phase, followed by a second fulguration
at the instant ©, = 3.3 s. The images reveal that the corresponding
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Figure 4. Composite image of the ‘Pefiaflor’ Geminid fireball (code SPMN121212), imaged on 2012 Dec. 12, at 3"47™19.7 + 081 UTC from a) Sevilla and

(b) El Arenosillo. (c) Apparent trajectory of the bolide as seen from (1) Sevilla and (2) El Arenosillo. (d) Heliocentric orbit of the meteoroid projected on the
ecliptic plane. The grey area represents the uncertainty in the orbit by taking into account the uncertainty in the semimajor axis.
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Figure 8. Light curve (relative brightness versus time) of the SPMN121212

‘Penaflor’ fireball. Main fulgurations for which the aerodynamic pressure
was calculated are highlighted.

Table 4. Photometric mass (mp) and estimated diameter (D) of each
meteoroid.

SPMN my (kg) D (cm) D (cm)
Code and name d=24¢g cm™3) (d=3.7 g cm™3)
180910 ‘La Carlota” 1.9 £ 0.2 114 £ 03 99 £ 0.3
250112 ‘Donana’ 5.7 £ 0.6 16.5 + 0.6 143 +£ 0.5
150812 “Torrecera’ 0.18 + 0.02 52+ 02 45+ 0.2
121212 ‘Pefiaflor’  0.12 £+ 0.01 45 + 0.1 39 £ 0.1

Table 5. Aerodynamic pressure for flares and break-up processes discussed
in the text.

SPMN Flare Height Velocity Aerodynamic
Code and name  no. (km) (kms™h) pressure (dyn cm~2)

180910 1 513+ 05 196 +£03 (3.2404) x 10°
‘La Carlota’ 2 381+ 0.5 169 +£ 03 (1.4+04) x 107

250112 1 431 +£05 121 +03 (3.6+04) x 10°
‘Donana’ 2 372 4+£05 98+ 03 (5.6+04) x 10°

150812 1 80.0 £ 0.5 26.1 £ 03 (1.1 +£04) x 10°
‘Torrecera’

121212 1 653 + 05 374 +£03 (20£04) x10°
‘Pefiaflor’ 2 57.1 £ 05 351 +£03 (51+04)x10°

Orbital analysis of bright bolides 7

fragmentations were not catastrophic, as the remaining material con-
tinued penetrating in the atmosphere. These took place, respectively,
at a height of 51.3 £ 0.5 and 38.1 £ 0.5 km above the ground level.
In this way, we infer that the meteoroid exhibited the first flare under
a dynamic pressure of (3.2 & 0.4) x 10° dyn cm ™2, while the second
flare considered here took place at (1.4 4= 0.4) x 107 dyn cm~2. The
latter value is similar to the tensile strength found for stony mete-
orites (Consolmagno & Britt 1998; Consolmagno et al. 2006; Con-
solmagno, Britt & Macke 2008; Macke et al. 2011). This supports
the idea of high-strength meteoroids moving in JFC orbits. Thus,
although in general cometary meteoroids have low tensile strengths
ranging from ~10° to ~10° dyn cm~? (Trigo-Rodriguez & Llorca
2006, 2007), fireballs produced by high-strength meteoroids mov-
ing in cometary orbits have also been reported. Examples of fireballs
produced by high-strength meteoroids moving in cometary orbits
are the KarlStejn fireball (Spurny & Borovicka 1999a,b), for which
amechanical strength of about 7 x 10° dyn cm~2 was obtained, and
the deep-penetrating Bejar bolide (Trigo-Rodriguez et al. 2009b),
for which the calculated tensile strength was 14 x 107 dyn cm™2.
Besides, there are evidence that even Leonid meteoroids, whose par-
ent body is Comet 55P/Tempel-Tuttle, contain also much stronger
ingredients with measured tensile strengths of about 2 x 107 dyn
cm~? (Borovi¢ka & Jenniskens 2000; Spurny et al. 2000). Thus,
some authors have proposed that cometary nuclei may also con-
tain compact materials analogous to (or identical to) CI and CM
carbonaceous chondrites (Lodders & Osborne 1999).

A similar behaviour is found not only for the SPMN250112
‘Dofiana’ sporadic fireball (Fig. 6), but also for the SPMN121212
‘Pefiaflor’ Geminid bolide (Fig. 8), in the sense that two main flares
taking place at different heights can be distinguished. As can be seen
in Table 4, for the ‘Dofiana’ event these flares took place under a dy-
namic pressure of (3.6 £ 0.4)x10° and (5.6 & 0.4)x 10° dyn cm 2,
respectively. So, this fireball was also produced by a tough mete-
oroid following a JFC orbit. On the other hand, the aerodynamic
pressure obtained for the flares exhibited by the ‘Pefiaflor’ bolide
[(2.0 £ 0.4) x 10° and (5.1 & 0.4) x 10° dyn cm™2] are close to
the tensile strength values previously obtained for other members of
the Geminid meteoroid stream by Trigo-Rodriguez & Llorca (2006,
2007). The SPMN150812 ‘Torrecera’ «-Cygnid bolide, however,
exhibited only one flare corresponding to the catastrophic disrup-
tion of the meteoroid at the end of its luminous phase (Fig. 7). This
break-up took place at a height of 80.0 & 0.5 km. The calculation
of the aerodynamic strength yields (1.1 = 0.4) x 10° dyn cm™2.
This value is of the same order of magnitude than those previously
determined for the other x-Cygnids (Trigo-Rodriguez et al. 2009a).

4.3 Emission spectra

Our spectral cameras obtained the emission spectrum of the above
discussed fireballs, except for the SPMN180910 (‘La Carlota’)
event. These can be used to obtain an insight into the chemical
nature of the parent meteoroids. We have employed our CHIMET
software to process these spectra (Madiedo, Trigo-Rodriguez &
Lyytinen 2011b). This application follows the analysis procedure
described in Trigo-Rodriguez et al. (2003). Thus, the video frames
containing the emission spectrum were dark-frame substracted and
flat-fielded. Then, the signal was calibrated in wavelengths by iden-
tifying typical lines appearing in meteor spectra (Ca, Fe, Mg and Na
multiplets) and corrected by taking into account the efficiency of the
recording instrument. The result can be seen in Figs 9-11. Multiplet
numbers are given according to Moore (1945). For the ‘Pefiaflor’
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Figure 9. Calibrated emission spectrum recorded for the SPMN250112
‘Doifiana’ fireball. Intensity is expressed in arbitrary units.
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Figure 11. Calibrated emission spectrum recorded for the SPMN121212
‘Pefiaflor’ Geminid bolide. Intensity is expressed in arbitrary units.

and ‘Torrecera’ bolides the emission spectrum is dominated by the
lines of Mg I-2 (517.2 nm) and several Fe 1 multiplets: Fe 1-41
(441.5 nm) and Fe 1-15 (526.9 and 542.9 nm). In the ultraviolet, the
intensity of H and K lines of ionized calcium is also strong, also
blended with Fe 1-4 due to the moderately low spectral resolution.

The contribution from Na I-1 is also noticeable. The emission from
atmospheric N, bands can also be noticed in the red region. The
‘Pefiaflor’ fireball, due to its higher velocity, exhibits a distinctive
ionized Si n-2 line at 634.7 nm. On the other hand, the ‘Dofiana’
emission spectrum is characteristic of a low-velocity fireball mostly
dominated by Fe 1 and Na 1-1 lines and with a weaker Mg 1-2 line
than the ‘Torrecera’ and ‘Pefiaflor’ events (Trigo-Rodriguez 2002;
Trigo-Rodriguez et al. 2003, 2004).

Once the main emission lines were identified, the relative abun-
dances of the main rock-forming elements in the meteoroids were
calculated. Thus, a software application was used to reconstruct a
synthetic spectrum by adjusting the temperature (7) in the meteor
plasma, the column density of atoms (&), the damping constant (D)
and the surface area (P) from the observed brightness of lines as ex-
plained in Trigo-Rodriguez et al. (2003). First, as Fe 1 emission lines
are well distributed all over the spectrum, they were used to set the
parameters capable to fit the observed spectrum with the synthetic
one (Trigo-Rodriguez et al. 2003, 2004). The modelled spectrum of
the meteor column is then compared line by line with the observed
one to fit all its peculiarities. Thus, once the parameters 7, D, P
and N are fixed, the relative abundances of the main rocky elements
relative to Fe are found by performing an iterative process until an
optimal fit is achieved. To obtain the elemental abundances relative
to Si, we have considered Fe/Si = 1.16 (Anders & Grevesse 1989).
This was not needed for the Pefiaflor bolide due to the possibility to
obtain directly the Si abundance in the meteor column. The results
are summarized in Table 6, where these relative abundances are
compared with those found for other undifferentiated bodies in the
Solar system, such as comet 1P/Halley and the CI and CM groups of
carbonaceous chondrites (Jessberger et al. 1988; Rietmeijer & Nuth
2000; Rietmeijer 2002; Trigo-Rodriguez et al. 2003). Overall, the
computed abundances suggest that the main rock-forming elements
were available in proportions close to those found in chondrites
with the classic exception of Ca, whose abundance in the meteor
column is much lower as a consequence of being usually forming
part of refractory minerals that experience incomplete vaporization
(Trigo-Rodriguez et al. 2003).

4.4 Terminal mass and meteorite survival

Two of the events discussed here (‘La Carlota’ and ‘Dofiana’) pene-
trated deep enough in the atmosphere to take into consideration the
likely survival of a fraction of the mass in the parent meteoroid. The
meteoroid mass surviving the ablation process, mg, can be obtained
from the following relationship (Ceplecha et al. 1983):

2
L < 1.2pg UE2/3) 4)
(dv/d)g pi
with vg and (dv/df)g being, respectively, the velocity and decel-
eration at the terminal point of the luminous trajectory. p,, is the
meteoroid density and pg the air density at the terminal height. This
equation assumes that the surviving mass is spherical in shape.

In fact, the low altitude of the terminal point (25.6 & 0.5 km) of
the SPMN180910 ‘La Carlota’ bolide suggests that this sporadic
fireball was a potential meteorite-dropping event. At the end of its
luminous phase, the velocity of the bolide was of about 6.7 km s~
and the calculation of the terminal mass of the meteoroid yields
40 £ 30 g. Despite this mass is small, the landing point of the
meteorite was estimated with our AMALTHEA software, which mod-
els the dark flight of the meteoroid by following the method de-
scribed in Ceplecha (1987). Atmospheric data provided by AEMET
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Table 6. Relative abundances with respect to Si of the main rock-forming elements derived

from the analysis of emission spectra.

SPMN T (K) N Mg Na Fe Ca Mn
Code and name 4100  (cm™?) (x107%)
250112 ‘Doiiana’ 4200 1x 10" 077 005 - 0.023 -
150812 ‘Torrecera’ 4500 1 x 105 0.80  0.05 - 0.028 25
121212 ‘Pefiaflor’ 4800 5x 105 103 004 082 0.026 -
1P/Halley - - 0.54  0.054 0280 0.034 30
IDPs - - 0.85 0.085 0.63  0.048 150
CI chondrites - - 1.06 0.060 090 0.071 90
CM chondrites - - 1.04  0.035 0.84 0.072 60

(the Spanish meteorological agency) were used to take into account
wind effects. The particle was assumed to be spherical. According
to this analysis, the likely landing point would be located around the
geographical coordinates 37.6769°N, 4.9162°W. This corresponds
to a cereal growing area at about 1.5 km from the village after which
the fireball was named. Yet, no meteorites were found.

On the other hand, the luminous phase of the SPMN250112
‘Dofiana’ fireball ended at 26.4 £ 0.5 km above the ground level.
According to the calculated atmospheric trajectory, at that point its
velocity was of around 3.1 km s~!. The terminal mass obtained from
equation (4), however, is of the order of 0.1 g. So, we concluded
that the survival of meteorites was not very likely in this case.

4.5 Implications for Jupiter family cometary structure
and their delivery of meteorites to Earth

The inferred physical behaviour, tensile strength and bulk chemistry
of the two bolides dynamically linked with JFCs (SPMN180910
and SPMN250112) suggest that some materials released from this
cometary family might be similar to (or identical to) carbonaceous
chondrites. Our results are also suggesting that this cometary fam-
ily is a potential meteorite-dropping source as previously noted (di
Martino & Cellino 2004; Gounelle, Spurny & Bland 2006). It is
thought that the JFC are probably fragments of Kuiper Belt Objects
(Morbidelli 2008), and this is also suggested from its size distribu-
tion (Snodgrass et al. 2011). The Kuiper Belt contains a reservoir
of ice-rich bodies that have preserved dynamical clues about early
Solar system processes that have set up its current structure (Mor-
bidelli 2008; Jewitt 2008). The current Nice model of planetary
evolution has demonstrated to be capable of reproducing many fea-
tures of our planetary system (Gomes et al. 2005). In general, it is
thought that every comet experienced different evolutionary histo-
ries, and this particular source of comets could be directly associated
with bodies scattered from the outer main belt about 3.9 Gyr ago
(Morbidelli et al. 2005, 2010). The inwards migration of Jupiter
and Saturn produced a massive scattering of bodies that could be
injected in different cometary regions like the Kuiper Belt. Then,
we think that this evolutionary model might predict naturally the
presence of high-strength chondritic bodies in different populations,
like e.g. the JFC region. On the other hand, it is also true that bod-
ies in such populations could have been subjected to significant
collisional histories. So their surfaces could be heavily brecciated,
and their interiors could contain compressed materials with higher
strengths than usually expected for comet-forming materials (Trigo-
Rodriguez & Blum 2009). And again the presence of high-strength
materials from collisionally evolved comets fits well the recently re-
visited scenario on the higher collisional rates suffered by cometary
families (Bottke et al. 2005, 2007, 2012).

Additionally, it has been recently found that the amount of shock
experienced by carbonaceous chondrites has direct effect on the
bulk density of these materials (Macke et al. 2011). It is also plausi-
ble that these materials trace the remains of disrupted comets as was
previously envisioned in a scenario proposed thanks to the obser-
vation of a superbolide produced by a 1 m sized meteoroid dynam-
ically associated with the disappeared comet C/1919 Q2 Metcalf
(Trigo-Rodriguez et al. 2009b). It is remarkable that, due to the in-
trinsically high relative velocity of JFCs colliding with other bodies,
many of these collisions could be catastrophic, producing fragments
like the ones presented in this paper. From an astrobiological point
of view it is remarkable that the discovery of ocean-like water in
103P/Hartley 2 (Hartough et al. 2011) opens the possibility that
JFC meteoroids could have been an important source of water and
organics to Earth. This source is not the only one associated with
sporadic events as those presented here, since there are several im-
portant active meteoroid streams associated with JFCs (Williams
2009). In fact, dynamically these streams are driven by the gravi-
tational perturbation of Jupiter. Consequently, we think that there
is growing evidence that JFCs can be formed, at least partially, by
high-strength materials of chondritic nature. We envision that those
reaching the top atmosphere at grazing angles and with moderate
velocities (in other words, with the optimal geometrical conditions)
could be a source of not only meteorites, but also ablation-generated
volatiles to Earth’s atmosphere (Trigo-Rodriguez 2013).

5 CONCLUSIONS

We have described and analysed four bright fireballs observed over
Spain from 2010 to 2012. Our main conclusions are as follows.

(1) Except for the SPMN150812 ‘Torrecera’ k-Cygnid fireball,
which ended its luminous phase at an altitude of around 80km
above the ground level, the rest of the events analysed here were
deep-penetrating bolides. In particular, the terminal points of the
SPMN180910 ‘La Carlota’ and SPMN 250112 ‘Dofiana’ sporadic
fireballs were located at a height of about 25.6 and 26.4 km, respec-
tively.

(2) The meteoroids that produced the sporadic ‘Dofiana’ and
‘La Carlota’ fireballs exhibited a relatively high strength. This is
particularly true for the parent meteoroid of the SPMN180910 ‘La
Carlota’ event, which exhibited values close to those found for stony
meteorites. The values obtained for the x-Cygnid and the Geminid
events are very close to those previously reported in the literature
for other members of these meteoroid streams.

(3) The calculation of the orbital elements show that, except
for the ‘Pefiaflor’ Geminid, the parent meteoroid of these events
followed JFC orbits before impacting the Earth. So, our results
support the idea of high-strength meteoroids moving in JFC orbits.
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(4) The analysis of the atmospheric trajectory shows that the
SPMNI180910 ‘La Carlota’ fireball was a potential meteorite-
dropper. However, the calculated mass of the surviving material
is below 100 g.

(5) The analysis of the intensity of the emission lines of the three
fireballs with available spectra suggests that the bolides ‘Pefiaflor’,
‘Torrecera’ and ‘Dofiana’ were produced by meteoroids of chon-
dritic nature.

(6) From an astrobiological point of view, the continuous delivery
of high-strength and large JFC meteoroids could place this family
as an important source of water and organics to Earth.
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