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THE CHEMICAL COMPOSITION OF /% &
COMETARY METEOROIDS
P. M. MILLMAN

Evidence for the chemicalfbomposition of cometary meteoroids is available

from the_fggg;;a_ofnsbgkﬁz_amtéef5, from the analysis of extra-terrestrial dust
L E e S 7

“ particles, from a study of residues in the bottom of microcraters on plates

Q\exposed to :bﬂhiﬂﬁgxaigﬂgﬁégifenvironment, and from measures of the relative
abundances of non-atmospheric ions in the E-region of the earth's upper atmo-
Sphere. Quantitative measures of chemical abundances In meteoroids, based en
the four techniques listed, show that in general the cometary meteoroids
encountered by the earth conform to the carbonaceoys chondrites type 1 in the
case of the commonest metallic elements. There is also gualitative evidence
of the presence of significant quantities of some of the light volatiles.
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There is good evidence that the small particulate material encountered by ﬁﬂﬁfﬁj}}ﬁcﬁ,ﬁ A WIS RE
the earth, in the size ranges below kilogram weights, has a cometary origin
{Jacchia and Whipple 1961; Jacchia et al. 1967). Particles of mass 10-4 to S
1076 g contribute the largest fraction of the total mass swept up by the earth A ;F'L-
each day (Whipple 1967; Millman 1975). Hence, in discussing the chemical AR ‘ﬂfﬁ
composition of this complex, we should not extrapolate from the large amount of LA 1 I“;
laboratory data on the composition of meteorites. It is significant that no
meteorite has shown clear evidence of any association with the cometary meteor
streams.
[ "7 There are a number of areas of observational data which give independent
| evidence concerning the chemistry of small meteoroids, Impact microcraters on
surfaces exposed directly to the interplanetary space environment sometimes
exhibit residues that are foreign to the target chemistry. These residues !
presumably originate from the impacting particle, The techniques for the col-
lection and analysis of small particles in the earth's upper atmosphere have
recently been perfected to the extent that we can identify with some certainty
material of extraterrestrial origin. Rocket-borne mass spectrometers have
recorded unusual quantities of metallic ions at heights from 90 to 120 km above
the carth, and under circumstances which strongly indicate a meteoritic origin. it
Meteor spectroscopy has made possible a qualitative chemical analysis of all the d
mAJjOr meteor streams, and in some cases quantitative abundances have been cal-
culated. 1t is the purpose of this review to summarize briefly the information
on meteoroid chemical composition thar has resulted from the types of research
noted above.
Brownlee et al. (1974) have published quantitative abundances for nine
elements found in a residue at the bottom of a 110 um crater on an aluminum sur-
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face exposed for 67 days during Skylab-IV. They used the scanning electron
microscope and energy-dispersing X-ray analysis. These relative abundances for
seven elements, by weight, have been plotted in Figure 1, normalized to Si at a
log weight of 6.00. In this plot, Cameron's values for the solar system are
almost identical to the relative abundances for Cl1 chondrites taken from Mason
(1971) and Schmitt et al. (1972). In a smaller crater with a diameter 35 uim
Brownlee et al. also found a different type of residue, consisting mainly of
Fe and S in proportions that suggested the mineral troilite. C. L. Hemenway and
D. S. Hallgren (unpublished) have found Fe, Si, Mg residues in four craters out
of 20 produced on rocket-borne copper plates by submicron particles. These
residues give qualitative confirmation of the relative abundances of the three
elements, as found by Brownlee's team.

Brownlee et al. (1976a) have more recently published a detailed analysis
of a small spherical micrometeoroid, 12 um diameter, that is considered to be an
ablation product from a larger meteoritic particle. These data for six elements
are plotted in Figure 1. i i
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Figure l. The relative abundances, by weight, of seven olements commani y
found in cometary meteoroids. Values are plotted as log weight and
normalized to Si at .00, Since 51 values for meteor Spectra dare
not available, normalizacion in this case was to che mean of Fe and
Mg,

solar system, Cameron, 1973, also true for carkanacecus
chondrites, type Cl.

........... ecarth's crusc, Ahrens 1965.
8 micrometeoroid, Brownlee et al, 19764,
A microcrater residue, Brownlee ot al. 1374.
@ E-reglon ions, Coldberg and Aikin 1973,
+ 1d meteor specetra, Millman 1972a, 1972b.

X 4 moteor specera, Narvey 1973,

Some 150 particles with good evidence of extraterrestrial origin have been
collected on balloon and U-2 flights (Brownlee et al. 1976b; Brownlee and Rajan
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1977). These are in the size range 2 to 30 um with three main types, divided
according to chemical composition as follows:
GEE@~ aggrepgates with pgrain size 0.1 pum and Mg, Fe, Si, S, Ca, Ni in about

solar_system relative abundances.
Go% - mainly Fe and S with a few % Ni, suggestion of troilite,
- Mg Fe silicates, and iron poor olivines and pyroxenes.

Additional proof of extraterrestrial origin comes from the detection of large
amounts of 4He (102 to 107! ceSTP g-1) in six particles. This is most likely
due to solar wind implantation, Six particles, analyzed for C, gave a mean
carbon content of over 5% (Brownlee et al., unpublished).

Mass spectrometers have been used with upper-air rockets by several groups
(Goldberg and Aikin 1973; Krankowsky et al. 1972; Narcisi 1968) and a consistent
pattern of ions in the upper atmosphere results from all these programs. In
addition to the characteristic atmospheric ions, which are always present,
occasional marked enhancements of metallic ions are found. These peak at
heights which correspond to levels where small meteoritic particles disinte-
grate and vaporize. There has been a correlation in some cases between the
time when the earth passes through a known meteor stream and the enhancement
of the metallic ions in the upper atmosphere. Goldberg and Aikin (1973) have
published quantitative abundances for an enhancement that took place on July 3
in 1972, after the earth had passed through the @ Taurid meteor stream, asso-
_clated with Comet Encke. These data have also been plotted in Figure 1. _ME

Meteor spectroscopy has supplied a large amount of qualitative data on the
clements present in the cometary meteoroids, and H, N, O, Na, Mg, Al, Si, Ca,
Ti, Cr, Mn, Fe, Co, Ni 2 essibix_Li,_E*_Bﬂ,_EQQL_QH.have been

:ctra. (Halliday 1961; Millman 1963; Ceplecha 1971). The
difficulty has been to reduce this material to quantitative values. An empir-
ical approach to this problem was provided by Savage and Boitnott (1973), who
made laboratory measures of atomic collision cross-sections under conditions
that attempted to simulate these corresponding to the production of visible
meteor radiation. Harvey (1973) has favoured a more theoretical approach, us-
ing a concept of thermodynamical equilibrium and effective temperatures. The
first technique is limited by the fact that Iuminous efficiencies are available &
for only four atoms and apply directly only to the higher collision speeds in '?U\
the regime of molecular free-flow, that is in the high-level, early portions of ;%rqii 5
meteor trajectories. The second technique is suspect on theoretical grounds, »
as evidenced by the widely varying effective temperatures found for different
atoms and molecules in the same meteor spectrum, and the necessity of using s R
various correction factors that have to be assumed without adequate theoretical A

or observational background. Personally, I favour the first approach, as far ek
as it goes, and emphasize here the need for more laboratory work on collision W=
cross-sections. Average results from the analysis of 10 Giacobinid and 2

Perseid spectra by Millman (1972a, 1972b) and of 4 meteors, a Taurid, Geminid, Ha?»ﬁ;g?fﬁkx'
Perseid and Leonid, by Harvey (1973) mainly based on the Savage and Boitnott
luminous efficiencies, are plotted in Figure 1. 5 \ /1
. When we examine the overall picture, as presented in the Figure, it is I&‘%gik [jﬂhﬂ:#by% QR Palte
quite clear that all four independent types of research combine to show that, I;FEQ%J =+
on the average, the small meteoritic particles, which are predominately com- ' ’9(“nﬁ?¥g7h &ﬂ?c,w
&

etary, agree much more closely with the chemical abundances of the solar system
average mix than with the composition of the earth's crust. As Brownlee and
his group have shown, a more detailed study of individual particles reveals
examples, like the iron-sulphur-nickel particles, which depart from the general
average for elemental abundances. This is also true for the small submicron
grains that make up the larger particle agpregates.

Little can be said concerning the amount of light elements, such as H, C,
N and O, present in the cometary meteoroids. Unfortunately, although there is
considerable qualitative cvidence for some of the light volatiles, as [ have
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pointed out previously (Millman 1976), we have-little in the way of quantitative
data. It is hoped that further advances in the techniques of the collection and
analysis of micrometeoroids, and in the reduction of meteor spectra, will soon
result in filling this gap in our knowledge of the interplanetary environment.

REFERENCES

Ahrens, L. H. 1965, pistribution of the Elements in our Planet, McGraw-Hill
Book Co., New York, N.Y., p. 96. "

Brownlee, D. E., Tomandl, D. A., Hodge, P. W., and Horz, F. 1974, wature, 252,
667.

Brownlee, D. E., HSrz. F., Tomandl, D. A., and Hodge, P. W, 1976a, The Study
of Comets (eds. B. Donn, M. Mumma, W. Jackson, M. A'Hearn, R. Harrington)
NASA SP-383, Washington, D.C., p. 962,

Brownlee, D. E., Tomandl, D. A., and Hodge, P. W. 197¢b, Interplanetary Dust
and zodiacal Light (eds. H. Elsasser and H. Fechtig), Springer-Verlag,
New York, N.Y., p. 279,

Brownlee, D. E., and Rajan, R. §. 1977, this volume.

Cameron, A.G.W. 1973, Space Sci. Rev., 15, 121,

Ceplecha, Z. 1971, Bull. Astron. Inst. Czecho., 22, 219.

Goldberg, R. A., and Aikin, A. C. 1973, Science, 180, 294.

Halliday, I. 1961, Publ. Dominion ohs, ., 25, -1,

Harvey, G. A. 1973, J. Geophys. Res., 78, 3913.

Jacchia, L. G., and Whipple, F. L. 1961, Smithsonian Contrib. Astrophys., 4, 97.

Jacchia, L. G., Verniani, F., and Briggs, R. E. 1967, Smithsonian Contrib.
Astrophys., 11, 1.

Krankowsky, D., Arnold, F., Wieder, H., and Kissel, J. 1972, Intern. J. Mass
Spectr. Ion Phys., 8, 379,

Mason, B. 1971, Meteoritics, 6, 59.

Millman, P. M. 1963, Smithsonian Contrib. Astrophys., 7, 119.

Millman, P. M. 1972a, rrom Plasma to Planet (ed. A. Elvius) Almqvist and
Wiksell, Stockholm, p: 157,

Millman, P. M, 1972b, J. Roy. Astron. Soc. Canada, 66, 201.

Millman, P. M. 1975, The Dusty Universe (eds. G. B. Field and A.G.W. Cameron)
Neale Watson Academic Pubs., New York, N.Y., p. 185.

Millman, P. M, 1976, Interplanetary Dust and Zodiacal Light (eds. H. Elsasser
and H. Fechtig) Springer-Verlag, New York, N.Y., p. 359.

Narcisi, R. S. 1968, Space Research VIII (eds. A, P. Mitra, L. G. Jacchia and
W. F. Newman) North-Holland Publ. Co., Amsterdam, p. 360.

Savage, H. F., and Boitnott, C. A. 1973, Evolutionary and Physical Properties
of Meteoroids (eds. C. L. Hemenway, P, M. Millman, A. F. Cook) NASA
SP-319, Washington, D.C., p. B3.

Schmitt, R. A., Goles, G. G., Smith, R. H., and Osborn, T. W. 1972,
Meteoritics, 7, 131.

Whipple, F. L. 1967, The Zodiacal Light and the Interplanetary Medium, (ed.
J. L. Weinberg) NASA SP-150, Washington, D.C., p. 157,

DISCUSSION
HUGHES: I'm worried about the 114 km high enhancement in the metallic ion
density reported by Goldberg and Aitken. Wouldn't You expect the main mass
ablation of a B-Taurid to occur much lower down, around 75 to 85 km?
MILLMAN: Metallic jon enhancements have been observed over a wide variation in

height within the range 80 - 120 km above the earth. It just happens that the
most marked enhancement for the case quoted (where quantitative values were
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published) was at 114 km, but the relative values of the elements were very
similar at 101 km and the results I have plotted are the mean of measures for
the two heights, 101 and 114 km. As a matter of faet very small meteorite par-
ticles vaporize at heights above 90 - 100 km and these represent the greater
part of the total mass contributed to the atmosphere, apart from the micro-
meteoroids which do not vaporize.

EBERHARDT: The altitude at which the metal ions in the upper atmosphere are
observed is not necessarily the altitude at which they were formed. Vertical
transport processes due to horizontal winds occur and in some cases more than
one layer has been observed with indication of vertical movement. Generally
a strong metal layer at approximately 100 km altitude is present.

WASSON: The smaller the sample, the greater the potential for sampling
inhomogeneities. As a result, I was surprised at the very good agreement be-
teween the analyses of individual dust particles and the composition of CI
chondrites. Contamination is still a serious problem in the atmospheric col=
lection of dust particles. I wonder if it is possible that some extraterrestri-
al particles having compositions deviant from chondritic compositions are mis-
interpreted as terrestrial contaminants, and whether this could result in a
biasing of the results toward CI-like compositions.

MILLMAN: It is quite possible that some extraterrestrial particles impacting

on the upper atmosphere, may be rejected if they masquerade as terrestrial
particles in their physics and chemistry. From what we now know, the possibili-
ty of this happening in a significant number of cases is of small probability.

ANDERS: The sampling error mentioned by John Wasson is mainly a function of
grain size. For carbonaceous chondrite matrices we can get an idea of the
magnitude of this effect from electron microprobe measurements. If I am not
mistaken, (and perhaps Dr. Kurat or Grossman will correct me}), the variation
for major elements is no more than 10-20% over distances of a new micrens.

WETHERILL: In discussing comparisons of meteor and microparticle compositions
with those of Cl, C2, and C3 chondrites, sampling problems, etc., it should be
remembered that this general type of unfractionated primordial non-volatile
composition is found in many parts of the solar system - the sun and probably

Jupiter, comets, and some asteroids. Therefore this composition is much less

useful in diagnosing a source than is the case when dealing with a particular

pattern of chemical fractionation.

LIPSCHUTZ: What are the standard deviations (based upon the dispersion of the
individual measurements) of the means for the elements reported in meteors-1like
the Giacobinids - where statistics are best?

MILLMAN: They range from +5% for Fe and Mg to %10% for Na and Ca.

ANDERS: To determine whether cometary meteors are of Cl or C2 chondrite com-
position, you may want to take advantage of the fact that the latter, but not
the former, contain Mg,SiO4 chondrules low in Fe. Thus, when a C2 chondrite
breaks up, at least a few of the fragments of -10=3 g or smaller will be high in
Mg, 5i, but low In Fe.

MILLMAN: So far, on a qualitative basis, few meteor spectra show a significant

depletion of Fe. It is certainly a good point to consider in future statistical
studies of meteor spectra.

11

GROSSMAN: Have some of these same collection techniques not been used immediate-
1y after the fall of a known type of carbonaceous-chondrite? If so, how do
the results compare?

MILLMAN: T am not aware of quantitative values published for the complete

chemical composition of individual dust particles. There are cdses where the
study of the particle was used to define the nature of the meteorite which fell.
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B=(3Zo—2Ye)/VF
=0.1949072
C=(xYo—yXe)/V B
=(.8838183
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=23°43937

sinicos2=Acose—Csine
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sinisin@=p8
=0.1949072
cosi=Asine+Ccos e
=(.9800603

tan 2=>5.0445477
£2="78"787403
=78°8
sin7=(.1986999
1=11°.460943

=11%5

ecosv=p/r—1
=(.5823542

esinv=yp H/»

0.0395111

tan v=—0.0678471
v=—23".8814041

B

=3°.8814041

=3°.88

cos v=0.9977063

e=0.583693

=(.584
g=a(l—e)
=0.9838007
£0.984 (AU)

T2= (.23

=13.197155
T=3.6327888
=3.63 (&)
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Name

Pribram

Lost City

Innisfree

Peekskill

Tagish Lake

Moréavka

Neuschwanstein

Park Forest

Villalbeto de la Pefia

Bunburra Rockhole

Almahata Sitta

Buzzard Coulee

Maribo

Jesenice

Grimsby

Kogice

Mason Gully

Sutter’s Mill

Novato

Chelyabinsk

2014 AA

Place

Czechoslovakia.

USA.

Canada

USA

Canada

Czech Republic

Germany

USA

Spain

Australia

Sudan

Canada

Denmark

Slovenia

Canada

Slovakia

Australia

USA

USA

Russia

Atlantic Ocean

Year

1959

1970

1977

1992

2000

2000

2002

2003

2004

2007

2008

2008

2009

2009

2009

2010

2010

2012

2012

2013

2014

Month

4

10
11

10

Day

Time(LT)
7 20h30m20s

4 20h14m

5 19h17m38

9 19h50m

18 08h43m42s

6 12h51m52s

6 21h20m17.7s

26 23h50m

4 17h46m45s2s

21 04h43m57s

7 05h46m

20 17h26m45s

17 20h08m28s

9 2h59m40.5s

25 21h03m

28 22h24mA46s

13 18h36m10s

22 7Th51m12s

17 19h44m29.88s

15 09h20m32.2s

2 Oh

o
192.343
+0.011
315.5
14
209.6

88.0

250.1
+0.7
192.33
+0.09
171.8
+13
311.4
+1.3
80.73
+0.06
348.5
285.3
124.6
+1.0
159.9
+12
242.61
+0.26
1143
+1.7

148.4

24.0

+13
268.1
+0.6
333.2
+16

82.4

3
17.461
+0.002
39.3

66.5
-29.3

27.9

54.96
+0.24
19.58
+0.13
1.2
+05
—18.0
+0.7
14.21
+.04
7.7
773
18.8
+1.6
58.7
+05
54.97
+0.12
+29.0
+30
9.2

12.7
+1.7
-48.9
+0.7
+0.3
+18
143

Vg
17.427
+0.006
8.8

14.54
10.1

1.3

19.6
+0.4
17.51
+0.05
16.1
+0.4
16.9
+0.4
6.743
+0.014
7.1
143
25.4
+0.8
8.3
+0.4
17.89
+0.22
10.3
+05
9.2

26.0
+0.7
8.21
+0.22
15.3
+04
5.1

a

2.401
+0.002
1.66
1.872
1.49
+0.03
2.1

+0.2
1.85
+0.07
24
+0.02
253
+0.19
23
+0.2
0.8529
+0.0004
1.308201
1.225
2.34
+0.29
1.75
+0.07
2.04
+0.05
2.71
+0.24
2.470
+0.004
2.59
+0.35
2.09
+0.11
1.76
+0.16
1.164276

e

0.6711
+0.0003
0.417

0.4732
0.41
+0.01
0.57
+0.05
0.47
+0.02
0.670
+0.003
0.680
+0.023
0.63
+0.04
0.2427
+0.0005
0.312065
0.215
0.795
+0.026
0.431
+0.022
0.518
+0.011
0.647
+0.032
0.6023
=+0.0007
0.824
+0.020
0.526
+0.024
0.581
+0.018
0.213168

q
0.78951
=+0.00006
0.967

0.986
0.886
+0.004
0.891
+0.009
0.9823
+0.0009
0.7931
+0.0009
0.811
+0.008
0.860
+0.007
0.6459
+0.0007
0.899957
0.961
0.481
+0.010
0.9965
+0.0006
0.9817
+0.0004
0.957
+0.004
0.98240
=+0.00007
0.456
+0.022
0.9880
+0.0003
0.739
+0.020
0.91609

I
10.478
+0.004
12.00204
12.27514
49
+0.2
14
+0.9
322
+05
1143
+0.06
3.2
+03
0.0
+0.2
8.95
+0.03
25422
25.486
0.72
+0.98
9.6
+05
28.07
+0.28
2.0
+0.8
0.832
+0.013
2.38
+1.16
55
+0.6
493
+0.48
1.425552

(O]
241.738
+0.015
160.9702
177.9511
308
+1
222
+2
203.5
+0.6
241.1
+0.2
2375
+16
132.3
+15
210.04
+0.06
234.449
212.019
99.0
+14
190.5
+05
159.865
+043
204.2
+12
18.95
+0.03
77.8
+32
347.37
+0.18
108.3
+338
52.28165

Q

17.80285
+0.00001
283.7277

317.517
17.030

+0.001
297.900
+0.003
46.2580

16.82666
+0.00001
6.1156
+0.0007
283.6712

297.595

194.1011
238.937
117.64
+0.05
19.196

182.9561

340.072
+0.004
203.2112

32.71
+0.06
24.9414
+0.0005
326.4422
+0.0028
101.5794

Type
H5

H5

L5

H6

C2-ung

H5

EL6

LS

L6

Eucrite

Ureilite—an

H4

CM2

L6

H5

H5

H5

L6

LL5

Ref.
1¢)]

2

(€)]

4

(5)

(6)

@)

(8

9

(10)

(11)

(12)

(13),(18)

(14)

(15)

(16)

an

(18)

(19)

(20)

(1)



(1)NEW CZECHOSLOVAK METEORITE “LUHY”, Zd. Ceplecha, J. Rajchl and L. Sehnal, BAC 10(1959),147-148; Orbital data from (7)

(2)LOST CITY METEORITE - ITS RECOVERY AND A COMPARISON WITH OTHER FIREBALLS, R. E. McCrosky, A. Posen, G. Schwartz, and C. -Y. Shao, SAO Special Report #336 (1971)

(3)THE INNISFREE METEORITE AND THE CANADIAN CAMERA NETWORK, IAN HALLIDAY, ALAN T. BLACKWELL AND ARTHUR A. GRIFFIN, J. Roy. Astron. Soc. Can., Vol. 72, No. 1, 15-39,
1978

(4)The Fall of the Peekskill Meteorite: Video Observations, Atmospheric Path, Fragmentation Record and Orbit, M. Beech, P. Brown, R. L. Hawkes, Z. Ceplecha, K. Mossman, and G. Wetherill, Earth, Moon,
and Planets 68: 189-197, 1995.

Videos: http://meteor.uwo.ca/~pbrown/Videos/peekskill.htm and http:/fireball.meteorite.free.fr/meteor/en/1/1992-10-09/peekskill/synthese

(5)The Fall, Recovery, Orbit, and Composition of the Tagish Lake Meteorite: A New Type of Carbonaceous Chondrite, Peter G. Brown et al. 13 OCTOBER 2000 VOL 290 SCIENCE, 320-325.

(6)The Moravka meteorite fall: 1. Description of the events and determination of the fireball trajectory and orbit from video records, J. BOROVICKA, P. SPURNY, P. KALENDA, and E. TAGLIAFERRI,
Meteoritics & Planetary Science 38, Nr 7, 975-987 (2003)

(7)THE ATMOSPHERIC TRAJECTORY AND HELIOCENTRIC ORBIT OF THE NEUSCHWANSTEIN METEORITE FALL ON APRIL 6, 2002, Pavel Spurny, Dieter Heinlein, and Jurgen Oberst. In:
Proceedings of Asteroids, Comets, Meteors - ACM 2002. International Conference, 29 July - 2 August 2002, Berlin, Germany. Ed. Barbara Warmbein. ESA SP-500. Noordwijk, Netherlands: ESA Publications
Division, ISBN 92-9092-810-7, 2002, p. 137 — 140

(8)The orbit, atmospheric dynamics, and initial mass of the Park Forest meteorite, . BROWN, D. PACK, W. N. EDWARDS, D. O. REVELLE, B. B. YOO, R. E. SPALDING, and E. TAGLIAFERRI,
Meteoritics & Planetary Science 39, Nr 11, 1781-1796 (2004)

(9)The Villalbeto de la Pefia meteorite fall:Il. Determination of atmospheric trajectory and orbit, Josep M. TRIGO-RODRIGUEZ, Jiri BOROVICKA, Pavel SPURNY, José L. ORTIZ, Jos¢ A. DOCOBO,
Alberto J. CASTRO-TIRADO, and Jordi LLORCA, Meteoritics & Planetary Science 41, Nr 4, 505-517 (2006)

(10)The Bunburra Rockhole meteorite fall in SW Australia: fireball trajectory, luminosity, dynamics, orbit, and impact position from photographic and photoelectricrecords, Pavel SPURNY" 1, Philip A.
BLAND, Luka” s” SHRBENY", Jir'1” BOROVIC” KA1, Zdene’k CEPLECHA, Andrew SINGELTON, Alex W. R. BEVAN, David VAUGHAN, Martin C. TOWNER, Terence P. MCCLAFFERTY, Ralf TOUMI,
and Geoff DEACON, Meteoritics & Planetary Science 47, Nr 2, 163—185 (2012)

(11)Almahata Sitta (=asteroid 2008 TC3) and the search for the ureilite parent body, Peter JENNISKENS, Je're'mie VAUBAILLON, Richard P. BINZEL, Francesca E. DeMEO, David NESVORNY ", William
F. BOTTKE , Alan FITZSIMMONS , Takahiro HIROI, Franck MARCHIS, Janice L. BISHOP, Pierre VERNAZZA, Michael E. ZOLENSKY, Jason S. HERRIN, Kees C. WELTEN, Matthias M. M. MEIER,
and Muawia H. SHADDAD, Meteoritics & Planetary Science 45, Nr 10-11, 1590-1617 (2010)

(12)Pre-fall Orbit of the Buzzard Coulee Meteoroid, E. P. Milley, A. R. Hildebrand, P. G. Brown, M. Noble, G. Sarty, A. Ling, and A. Ling, AAPG Search and Discovery Article #90172 CSPG/CSEG/CWLS
GeoConvention 2010, Calgary, Alberta, Canada, May 10-14, 2010

(13)Maribo—A new CM fall from Denmark, Henning HAACK, Thomas GRAU, Addi BISCHOFF, Marian HORSTMANN, John WASSON, Anton SORENSEN, Matthias LAUBENSTEIN, Ulrich OTT,
Herbert PALME, Marko GELLISSEN, Richard C. GREENWOOD, Victoria K. PEARSON, Ian A. FRANCHI, Zelimir GABELICA, and Philippe SCHMITT-KOPPLIN, Meteoritics & Planetary Science 47, Nr
1,30-50(2012)

(14)Analysis of instrumental observations of the Jesenice meteorite fall on April 9, 2009, Pavel SPURNY", Jir't” BOROVIC™ KA, Javor KAC, Pavel KALENDA, Jure ATANACKOV, Gregor KLADNIK,
Dieter HEINLEIN, and Thomas GRAU, Meteoritics & Planetary Science 45, Nr 8, 1392-1407 (2010)

(15)The fall of the Grimsby meteorite—I: Fireball dynamics and orbit from radar, video, and infrasound records, P. BROWN, P. J. A. McCAUSLAND, M. FRIES, E. SILBER, W. N. EDWARDS, D. K. WONG,
R. J. WERYK, J. FRIES, and Z. KRZEMINSKI, Meteoritics & Planetary Science 46, Nr 3, 339-363 (2011)

(16)The Kosice meteorite fall: Atmospheric trajectory, fragmentation, and orbit, Jir BOROVICKA, Juraj TOTH, Antal IGAZ, Pavel SPURNY, Pavel KALENDA, Jakub HALODA, Jan SVOREN, Leonard
KORNOS, Elizabeth SILBER, Peter BROWN, and Marek HUSARIK, Meteoritics & Planetary Science 1-23 (2013)

(17)THE MASON GULLY METEORITE FALL IN SW AUSTRALIA: FIREBALL TRAJECTORY AND ORBIT FROM PHOTOGRAPHIC RECORDS, P. Spurny, P. A. Bland, L. Shrbeny, M. C. Towner, J.
Borovicka, A. W. R. Bevan, D. Vaughan, 74th Annual Meteoritical Society Meeting (2011), 5101.pdf

(18)Radar-Enabled Recovery of the Sutter’s Mill Meteorite, a Carbonaceous Chondrite Regolith Breccia, Peter Jenniskens, et al., 21 DECEMBER 2012 VOL 338 SCIENCE, 1583-1587

(19)Fall, Recovery and Characterization of the Novato L6 Chondrite Breccia, Peter JENNISKENS, et al., Meteoritics & Planetary Science, 7 AUG 2014, (draft paper can be found at
https://profile.usgs.gov/myscience/upload folder/ci2014Junl1214154574880176 MAPS-Novato8.pdf)

See also: http://cams.seti.org/index-N.html

(20)Chelyabinsk Airburst, Damage Assessment, Meteorite Recovery, and Characterization, Olga P. Popova, et al, SCIENCE VOL 342 29 NOVEMBER 2013, 1069-1073

See also: http://en.wikipedia.org/wiki/Chelyabinsk_meteor

Videos: http://newswatch.nationalgeographic.com/2013/02/15/best-videos-from-meteor-strike-in-russia/

(21)http://www.skyandtelescope.com/astronomy-news/small-asteroid-2014-aa-hitsearth/
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