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Introduction:  The bulk and grain densities of a 

sand- to boulder-sized debris particles are of current 
importance because of their wide implications on esti-
mate of the cosmic matter influx onto the planets, on 
more reliable and rapid meteorite recovery on the 
Earth, on the studies of cometary nuclei composition 
and structure, on the orbital evolution timescale calcu-
lations and other applications. 

Methodology:  A new technique of meteor atmos-
pheric entry analysis is presented to determine the bulk 
density of small meteoroids. It combines the photome-
tric approach providing the initial pre-entry mass and 
the new dynamic approach providing a projectile den-
sity estimate. To provide a more general approach dif-
ferent initial shape assumptions are considered in this 
approach. Further changes of the projectile shape are 
taken into account. Additionally, we apply empirical 
margins on the bulk density range to match known 
meteoroid compositions.  

Empirical restrictions and obtained results: The 
approach was applied on the data available from Cana-
dian Meteorite Observation and Recovery Project as 
well as on US Prairie Network data [1, 2]. In most cas-
es the final bulk density range covered the whole poss-
ible range of meteoroid compositions. However, in 
some cases the calculated bulk density window com-
bined with the empirical restrictions led to tighter final 
meteoroid bulk density range revealing mostly its stony 
or porous, volatile-rich composition. 

The derived bulk density estimates are further com-
pared to empirically measured physical properties of 
known extraterrestrial materials. Meteorites represent 
samples of various space bodies from asteroids to other 
planets. Therefore the meteorite density laboratory data 
are used to set empirical margins on meteoroid atmos-
pheric entry modeling. Due to inhomogenity, the phys-
ical properties of meteorites studied on a centimeter or 
millimeter scale may differ from those of asteroids 
determined on kilometer scales [3]. As the scale prob-
lem may bring discrepancies in the comparison of larg-
er asteroid and smaller meteorite properties we sum-
marize typical density range separately for different 
size categories of bodies:  smaller cm to dm sized ob-
jects similar in size to meteorites, and larger comets 
and asteroids (fig. 1). 

In the case of absent information about meteoroid 
composition and structure either due to lack of suffi-
cient observational data or due to absence of recovered 

meteorites, the bulk density of such meteoroid can be 
anywhere within range of 0.6-8.0 g/cm3 (from loose 
porous, volatile-rich material along stony meteorite 
compositions up to high bulk density iron object). This 
range is used to put empirical margins on the deter-
mined meteoroids bulk densities. For example some 
analyzed meteors reveal bulk densities of the source 
particles to be within the range from loose, porous, 
volatile rich material up to stony meteorite bulk densi-
ties while others have slightly higher upper bulk densi-
ty margin indicating that those can be also more metal 
rich objects, but not completely metallic. Few cases 
have extremely low density less than 1.9 g/cm3 suggest-
ing its extremely porous or volatile rich nature. 
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Fig. 1. Typical density range for various small Solar 
System bodies considered in the study. 

 
Comparison of results to previous studies:  The 

authors of study [1] separate all events into 2 major 
groups. The first group corresponds to the fireballs for 
which surviving meteorites were expected (fireballs 
which stopped producing the light due to low velocity). 
For these cases a stony meteorite bulk density of 3.5 
g/cm3 during the dynamic mass estimate is considered. 

Meteors which were assumed to completely ablate 
at their extinction point are considered in second 
group. Here the bulk densities were estimated in [1] 
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based on the drug equation. We have found these val-
ues in good correspondence to the calculated bulk den-
sity range determined by our method. However, some 
of them are too low and do not match the empirically 
determined bulk density limits. Through our method 
we were able to calculate the bulk density for further 
27 group two fireballs. In those events the number of 
observational points with decelerated velocity was not 
sufficient for numerical derivation essential in other 
dynamic methods. 

Discussion:  The bulk density estimates help us to 
compare and unify particle size and predictions ob-
tained in different ways. A photometric mass is deter-
mined from the analysis of a meteor light curve in a 
way of integrating the luminosity backward in time 
from the meteor extinction point (assuming that mete-
oroid completely vanished) to any given moment. 
These estimates are highly affected by a limited fun-
damental physical knowledge of the relation determin-
ing the luminous efficiency coefficient [4, 5]. 

The dynamical methods have other disadvantages. 
Earlier models [1, 6, 7, 8] assume constant meteoroid 
shape during the motion in the atmosphere. Then, using 
the photometric mass value the bulk density can be 
roughly estimated for decelerated meteors from the 
drug equation. These estimates can be done at different 
points of the trajectory but only for meteors which 
demonstrated  deceleration by the numerical differen-
tiation. This significantly reduces number of cases 
where the method can be successfully applied. The 
density values are derived at a lower part of a trajecto-
ry only while the initial trajectory segment is excluded. 

Our density model involves pre-entry meteoroid pa-
rameters only and therefore is not sensitive to a change 
in the body shape during the flight. This feature is the 
strongest advantage of our method. On contrary, the 
photometric mass estimates [1] are taken in our study 
as pre-entry mass proxy with wide error bar and are the 
major source in found bulk density range. 
The calculated bulk density window combined with the 
empirical restrictions led to tighter final meteoroid bulk 
density range revealing its composition. Subsequently, 
based on calculated realistic bulk density range we can 
get restrictions on the photometric mass to reduce its 
error bar. This approach can be used in future studies 
to improve a value of the luminous efficiency coeffi-
cient. 
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