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a  b  s  t  r  a  c  t

The  examination  of  the physical  properties  of  chondrules  has  generally  received  less emphasis  than
other  properties  of meteorites  such  as their  mineralogy,  petrology,  and chemical  and  isotopic  compo-
sitions. Among  the  various  physical  properties  of chondrules,  chondrule  size  is  especially  important  for
the  classification  of chondrites  into  chemical  groups,  since  each  chemical  group  possesses  a distinct  size-
frequency  distribution  of  chondrules.  Knowledge  of the  physical  properties  of  chondrules  is  also  vital  for
the development  of  astrophysical  models  for  chondrule  formation,  and  for understanding  how  to uti-
lize asteroidal  resources  in  space  exploration.  To  examine  our current  knowledge  of chondrule  sizes,  we
have compiled  and provide  commentary  on available  chondrule  dimension  literature  data.  We  include
all chondrite  chemical  groups  as  well  as the acapulcoite  primitive  achondrites,  some  of  which  contain
relict  chondrules.  We also  compile  and  review  current  literature  data  for other  astrophysically-relevant
physical  properties  (chondrule  mass  and  density).  Finally,  we briefly  examine  some  additional  physical
aspects  of  chondrules  such  as  the  frequencies  of compound  and  “cratered”  chondrules.  A purpose  of  this
compilation  is  to provide  a  useful  resource  for meteoriticists  and  astrophysicists  alike.

©  2014  Elsevier  GmbH.  All  rights  reserved.

Contents

1. Introduction  . . .  .  . . .  .  . .  .  .  . .  .  . . .  . . . . . . . . . . .  .  . . .  . . . .  .  . .  .  .  . .  .  . .  . . . . . . . . . . . . . .  .  .  . . .  .  .  . . . . . . .  .  . . . .  . . .  . . . . . . . . . . .  . . .  .  . . .  .  . . .  .  .  . . . . . .  .  . . .  . . . . . .  .  . .  .  .  .  .  .  . .  .  .  .  .  420
2. Notes  on  sources  and compiled  data .  .  . . . . . . . .  . . .  .  . . .  .  . .  .  . . . . . . .  . . . .  . . . . .  .  . .  . .  .  . . . .  . . .  . . .  . . . . .  . . .  . . . .  .  . . . .  . . .  . . .  . .  .  . . . .  . . .  . . .  .  .  . . . . . . . . .  .  .  . . . . .  . . . . . 420
3.  Chondrule  diameters  .  . .  .  . . .  .  .  . .  .  . . . . . .  . . .  .  . . .  .  .  . . .  . . . .  . . . . . . . . . .  . . . . .  . . .  .  .  . . . . .  . . . . . . .  . .  . . .  . .  .  . .  . . .  .  . . . . . .  .  . .  . . . . .  . . . . .  . . .  .  . . .  .  .  . . . . .  .  . . . .  . .  . .  .  .  . . .  .  421

3.1.  Ordinary  chondrites  . . .  . . . .  . . .  .  . . .  .  . . .  .  . . .  .  . . .  . . . .  . . .  .  . . . . . .  .  .  . . .  . .  .  . . . . . .  . . . . . .  .  . . .  . . . . .  . . . . . . . . . .  . . .  . . . .  .  . . . . .  .  . . . .  .  .  . . . .  . . . . . .  . . .  .  . . . . . . . .  421
3.1.1.  H  chondrites  .  . . .  .  . .  .  . . .  . . . .  . . .  .  . . .  .  . . .  .  . . . . . . .  . . . .  . . .  .  .  . .  .  . .  . . . . . . . . . .  . . . . . . .  .  . . . . .  . .  . . . . .  . . .  . . .  . .  .  . . . .  .  . .  .  .  . . . .  .  .  . .  . .  . . . . . .  . . . .  .  . .  421
3.1.2. L  chondrites  .  . . . .  . . .  .  . . .  .  . . .  .  .  . .  . . .  .  . . .  .  . . .  . . . .  .  . . . . . .  .  . .  . . .  . .  . . . . . . .  .  . . . . .  . . .  . . . . . . .  . . .  .  . . . .  . . .  . . . . .  . .  . . .  .  .  . . . .  .  . . . .  .  . . .  .  .  .  . . . .  . . . . 423
3.1.3.  Bjurböle  and Inman,  L/LL  chondrites  . .  . . .  .  . . . . . .  .  . . . . . .  . . . . . . .  .  . .  . . . . .  . .  . . .  .  .  . . . . . . .  .  . . .  . . . . . .  . . . . . . .  .  . . . . . .  . . . . . . . . .  .  .  .  .  . . . . . .  . . . 426
3.1.4. LL  chondrites  . . . . . . . . .  . . .  .  . . .  .  . . . . . .  . . . .  . . . .  . . . .  .  . . .  .  . . . . . .  .  . .  . . . . .  . . . . . . . .  .  . . . .  . . .  . . . . . .  .  . . . . . .  .  .  . . .  . . . . .  .  . . .  . . . . . .  .  . . .  . .  .  . .  . .  . . .  .  . 426

3.2.  Enstatite  chondrites  .  . . .  .  .  . .  . . . . . . .  .  . .  .  .  . .  .  .  . .  .  .  . . .  . .  . . . .  .  .  . .  . . . . .  . . . . . . .  .  .  . . . .  . . .  . . . .  .  .  . . . .  . . . . .  . .  .  . .  . . .  .  .  . . .  .  . . .  . . . . . .  .  . . . .  .  .  .  .  . .  . . . . . . . . .  . 429
3.2.1.  EH  chondrites  . .  .  .  . .  .  . . .  . . .  . . . . . . . .  .  . . .  . . .  . . . . . . .  .  . . . .  . .  . . . . . .  .  . . .  . . . . .  . .  . . .  . . .  . . . . .  . . . . . . . .  . . .  . . . . . . .  .  .  . . .  .  .  . . . .  .  . . . .  .  . . .  .  .  .  . . . . . . .  429
3.2.2.  EL  chondrites .  . . . .  . . .  .  . . .  .  . . .  .  . . .  .  . .  . . . .  . . .  .  . . . . .  . . .  . . . .  .  . . . .  . . . .  . . . .  . . .  . .  . . . . . .  . . . . . . .  .  . . . .  .  . .  . .  . . .  . . .  . .  . . . . .  .  .  .  . .  . . . . . . . . . . .  .  .  .  . .  .  429

3.3.  R chondrites  . . .  . . .  .  . . .  .  . . . .  . . . . . . .  . . .  . . . .  . . .  .  .  . .  .  . . .  .  . . . .  .  .  .  . . .  . . . . .  . .  .  . .  .  .  . . . . .  . . . . . . .  .  . . .  . . . . . .  . . . . .  . .  .  . . . . . .  .  . . . .  .  .  . . .  .  . . . . .  .  . .  .  .  .  .  . . . . . .  . 429
3.4. K  chondrites  . .  . . . .  .  . . .  . . . .  . . .  .  . . .  .  . . .  .  . . .  .  . . .  . . .  .  . . . . . .  .  .  . . . . .  .  . . . . . . .  . . . . .  . . .  . . . . .  . . .  . . .  . . . .  .  . . .  . . . .  .  .  . . . . . .  . . . . .  . . . .  .  . . . . .  .  . . .  .  .  .  . . .  . . . . . . . 431
3.5. Carbonaceous  chondrites  .  . . .  .  . .  .  . . .  . . .  .  . . .  .  . . .  .  . .  .  .  . . .  . . .  .  . . . .  .  .  .  . . . .  . .  .  . . .  .  .  . .  . . .  . . .  . . . .  .  . . . .  .  . . . . . .  . . . . . .  .  .  . . . . . .  .  . .  .  . . . . .  .  . . . .  . .  . .  .  . .  .  .  .  . 431

∗ Corresponding author at: Department of Chemistry, Fordham University, Department of Chemistry, Bronx, NY 10458, USA. Tel.: +1 718 817 4446; fax: +1 718 817 4432.
E-mail address: friedrich@fordham.edu (J.M. Friedrich).

http://dx.doi.org/10.1016/j.chemer.2014.08.003
0009-2819/© 2014 Elsevier GmbH. All rights reserved.

dx.doi.org/10.1016/j.chemer.2014.08.003
http://www.sciencedirect.com/science/journal/00092819
http://www.elsevier.de/chemer
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemer.2014.08.003&domain=pdf
mailto:friedrich@fordham.edu
dx.doi.org/10.1016/j.chemer.2014.08.003


420 J.M. Friedrich et al. / Chemie der Erde 75 (2015) 419–443

3.5.1.  CM  chondrites  . . .  .  . . .  .  . . .  .  . . .  . . . . . . . . . . . . . . .  .  . . .  . . . . . . .  . . . . . . . .  . . . . . .  . . . . . . .  .  . . . .  . . .  . .  . . .  . .  . . . .  .  . . .  .  . .  . . . . .  .  .  .  . .  . .  .  . . . .  .  . . . .  .  . .  .  . .  .  431
3.5.2. CO  chondrites  . .  . . .  .  . . .  .  . . .  .  . . .  . . . . . . . . . . . . . . . .  . . .  . . . .  .  . . . .  .  .  . . . . . .  .  . . .  . . . . . . .  . . . . . . .  . . . . .  .  . .  . . . . .  . . .  . . . . . . . .  . . . .  .  . .  .  . .  . . . .  .  . . . . .  . .  .  434
3.5.3.  CV  and  CK  chondrites  . . .  .  . . .  .  . . . .  . . .  .  . . .  . . .  .  . . . . . . .  . . . .  .  . .  . . .  .  . . . . . .  . . . . . .  .  . . .  . . . . .  . . . . .  . . . .  . . . .  . . . . . . . .  . . . .  . . .  .  .  .  . .  .  . . . . . . .  . . .  . .  .  . 434
3.5.4.  CR  chondrites  .  . . .  .  . . . . . .  .  . . .  . . .  .  . . .  .  . . .  .  . .  .  . . . .  . .  .  . . . . .  .  . . . .  .  . . . .  . . . . .  . . .  .  .  . . .  .  .  . . . . . . .  . . . . . . .  . . . . . .  .  . . .  .  . . . . . .  .  .  .  . .  .  .  . . . . . .  . . .  .  . . . 434
3.5.5.  CH chondrites  . . .  .  . . .  . . .  .  . . .  .  . . .  . . .  . . . .  . . .  .  . . . .  .  . .  .  . . .  .  . . . . . .  .  .  . .  . . . . . . .  .  . .  . . .  .  .  . . .  . . . . .  . . . . . .  . . . . . . .  .  . . . . . . .  . .  . . .  .  .  . . . . .  .  . . .  . . . . .  .  .  434
3.5.6.  CB  chondrites  . . .  . . .  .  . . .  .  . . .  .  . . .  .  . . .  . . .  .  . . .  . . .  .  . . . . . .  .  . . . .  .  . .  .  . . . . . . . . .  . . .  . . . .  . . . . . . .  . . . . . . .  . . . . . . . .  . . . . .  . .  .  .  . .  .  .  . . .  .  . . . .  .  .  . . . . .  . . . .  435

3.6.  Grouplets,  ungrouped,  and  anomalous  chondrites  . .  . . .  .  . . .  .  . . .  . . . .  . . . .  . .  . . . .  .  . . .  . . .  . .  .  . . . .  . . .  .  . . . .  .  . . . . . . . . .  .  . .  .  . . . . .  .  . . . . . .  . . . . . .  . .  .  .  .  . . . 435
3.7. Primitive  achondrites  (acapulcoites)  .  . . .  .  . . .  .  . . . .  . . .  .  . . . . . .  .  . . . . . . .  .  . .  .  . . . . .  .  . . . . . . .  . . . . .  . .  .  . . . . . .  .  . . . . .  . .  .  .  . . . . . . .  . . . . .  . . . . .  . .  . .  . .  .  . .  .  . . .  . . 436

4.  Chondrule  bulk density  .  . . . . . . .  . . . . . . .  . . .  .  .  . .  .  . . .  . . . .  . . . .  . . .  .  . . .  . . .  . . . . .  . .  .  . . . .  . .  . . . . . .  .  . . .  . . . . .  . . . . . .  . . . . . . .  .  .  . . .  . . .  . .  . . . . .  . . .  .  .  .  .  . .  .  . . . .  .  . . . .  .  . .  . .  436
5.  Chondrule-like  objects  . . .  . . .  .  . . .  .  . . .  .  . . .  .  . . .  . . . .  . . .  . . .  .  . . .  .  .  . .  .  . .  .  .  . .  .  .  . .  .  . . . .  .  . .  . . . . .  .  .  . . .  . . . . . . . .  . . . . . . .  . . .  .  . . . . . . .  .  . . . .  . . . . . . . . . . .  .  .  .  .  . . . . . .  . . . .  . 437

5.1.  Microchondrules,  macrochondrules,  and  megachondrules  .  . . . .  . . .  . . . .  .  . .  . . . . . .  .  . . . . . . .  .  . . .  . . . . .  . . .  . . .  . . .  .  . . .  . . .  .  . . .  .  . . . .  . . . . . .  . . . .  .  .  .  .  . .  .  . 437
5.2.  Metal  chondrules?  . .  . . .  .  . . .  .  . . .  .  . . .  .  . . .  . . . . . . . . . . . . . . .  .  . . . . . . .  . . . .  .  . .  .  .  .  . .  . . . . .  .  . . . .  .  . . .  . . . .  .  . . . . . . .  . . . . . . .  . . .  . . .  . . . .  . . . . . . . . . .  .  .  .  .  . .  .  .  . . . . . . 437

6.  Other  facets  of chondrules  . .  . .  . . .  . . . .  .  . .  .  .  . .  . . . .  . . . .  . . . .  . . .  .  . . . .  .  .  .  . . . .  .  . .  .  .  . . . . . . . .  . . . . .  .  . . .  . . . .  .  . . . . . .  .  . . . . . . .  . . . . . .  . . . . . . . .  . .  . . . .  .  .  .  .  . .  . . . . .  . . . . .  437
6.1.  Relationships  between  chondrule  size,  petrography,  and  composition  .  . . .  .  .  . . . . . .  . .  . . . .  .  .  . .  .  . . .  . . . .  . .  .  . .  .  .  . . .  . . . .  .  . . . . . . . . .  .  .  . .  . .  .  . .  . . .  . . 437
6.2.  Compound  and  cratered  chondrules  . . .  .  . . .  .  .  .  . .  . .  .  .  . . .  . .  .  . . . . . .  .  . . . .  . . .  . . .  . . .  . . .  .  .  . . . . .  . . . . . . .  .  . . . .  .  . . .  . . . .  . . .  . . .  .  . . .  .  . .  .  .  .  . .  .  . . .  .  . . . . .  .  .  .  .  438

7.  Evaluation  . . .  . .  . . .  . . .  . . .  .  . . .  .  . . .  .  . . .  .  . . .  .  . .  .  . . . . . . . . . . .  . . . .  . . . .  . . . . . . .  .  . . .  .  . .  .  . .  . . . . . . .  . . .  . . . .  .  . . . . . .  . . . . . . .  . . .  . . . . .  . .  . . .  .  .  . . . .  .  . . . .  .  . . . . . .  . . .  .  .  .  . . .  .  438
7.1.  Recommended  chondrule  diameters  . .  . . . .  . . .  . . . .  . . .  .  .  . . .  .  . .  . . . .  .  . .  .  . . .  . .  . . . . . . .  . . . . . . .  .  . . . . . .  .  . . . . .  . . .  . .  .  .  . .  . .  .  . .  . . . . . . .  .  . . .  .  .  .  . . .  . .  . . . .  . . . 438
7.2.  Commentary  .  . . . .  . . . .  . . . .  . . .  .  . . .  .  . .  . . . .  . . .  . . . .  .  . . .  .  . . .  . . .  . . . . . .  .  . . . . . .  .  . . . . . .  . . .  . . . . .  .  . . . .  . . . . .  . . .  . . . . . . . . . . .  . . . . . . . .  .  . . . . .  . .  .  .  .  .  . . . . . . . . . . . .  440

7.2.1.  Stereological  correction  of 2D  petrographic  data  .  .  . . . .  . . . .  . . .  . . .  .  . .  . .  .  . . . .  .  . . .  .  .  . . . .  . .  .  . . . . . .  .  . . . . . .  .  . . . . . . .  . . . . .  .  . . .  .  . .  . .  .  .  .  . . . .  440
7.2.2.  Suggestions  and  future  prospects  .  .  .  . .  .  . . .  .  . . . . . .  .  . .  . . . . .  . .  . . .  . . .  . . . . .  . .  .  . . .  .  . .  .  . . .  . . . . .  . . . . . . .  .  . .  . . .  .  .  . . . . . .  .  . . . . . .  .  . .  .  . . .  . . .  .  . .  .  440

8.  Conclusions  . . .  .  . . .  .  .  . . . . . .  . . .  . . . .  .  . .  .  .  . .  . . . . . . .  . . .  .  .  . .  .  .  . .  .  .  . . .  .  . . . . . .  .  . . .  . .  .  . . . . . . .  . . .  . . .  . . . .  .  . .  . . . . .  . . .  . . . .  .  . . . . . .  . . . . . . .  .  . . .  .  .  . . . .  .  . .  .  .  .  .  . . .  .  .  . .  .  . 440
Acknowledgments  . .  .  . .  . . . .  . . . . . . .  . . .  .  . . .  .  . . .  .  . . .  . . . .  . . .  . . . .  . . . .  . . . . . .  .  .  . . . .  .  . .  . . .  . . .  . . . .  . . .  . .  . .  . . .  .  . . .  . . .  .  .  . .  . . .  .  .  . . .  . . . .  . . . . . . . .  . .  .  . . . . . . . . .  .  .  . . . . 441
References  . . .  .  . . . . .  .  . .  . . .  . . . .  . . . .  . . .  .  . . .  .  . . .  . . .  . . . .  .  . . .  .  . . .  . . .  .  . . . . . .  .  .  .  . .  . . . . . . .  . . .  . .  . . .  . .  . . .  . . . . .  . .  . . . . . . .  .  . . . . . . .  . . . . . .  .  . . . .  . . . . .  .  . . .  .  .  .  . . . . . . . . . .  441

1. Introduction

Early solid components of the Solar System included
calcium–aluminum-rich inclusions (CAIs), chondrules, and Fe–Ni
metal and sulfide (primarily troilite, FeS) grains. The dimensions
of each of those components generally fall in the �m to mm size
range (Brearley and Jones, 1998; Ebel et al., submitted). Other
silicate materials – materials that would become chondrite matrix
– were also present, but their size ranges lie at the lesser end of or
below the size distributions of the previously mentioned materials
(Brearley and Jones, 1998; Ebel et al., submitted). Chondrules,
or spherical objects of predominately silicate composition found
in chondrites, contain essential information needed to elucidate
chemical and astrophysical processes operating at the time of
their formation during the early evolution of the solar system.
Numerous mechanisms for chondrule formation have been pro-
posed, and there is general agreement that they formed from
the rapid heating of predominantly silicate precursor materials
followed by fast (10–1000 ◦C/h) cooling (Hewins et al., 1996). Most
chondrules are dominated by Fe- and Mg  silicates in quenched
silicate liquid (mesostasis), but many also contain reduced metal
(Fe–Ni) and troilite (FeS). Chondrules typically make up between
20 and 80% of a chondrite by volume and their apparent diam-
eters generally range from ∼100 to ∼2000 �m (Weisberg et al.,
2006).

The diameters of chondrules provide a convenient criterion
for chondrite classification and, more importantly, provide fun-
damental constraints necessary for the development and testing
of astrophysical models for chondrule formation. Average chon-
drule sizes vary among (and possibly to a lesser extent, within)
different chemical groups of chondrites, and the average apparent
diameters of chondrules are considered a valid criterion for estab-
lishing the classification of a chondrite (Van Schmus and Wood,
1967; Weisberg et al., 2006). The size distributions of chondrules
among the different chondrite groups could be a result of their
mechanism of formation, a result of post-solidification nebular
sorting, the result of a process on the parent body, or a combina-
tion of factors (e.g., Shu et al., 1996; Weidenschilling, 2000; Cuzzi
et al., 2001; Cuzzi and Weidenschilling, 2006; Chiang and Youdin,
2010; Wurm et al., 2010). Whatever the case, the dimensions of
chondrules provide substantive limits on their natal astrophysical
environments.

In this work we  compile historical data on the sizes and den-
sities of chondrules. Chondrule dimensions (generally diameters
measured in thin section—see Section 2) have been the most fre-
quently reported. Dedicated studies of chondrule densities (a more
difficult measurement) are sparser, but because of its astrophysi-
cal significance, we also compile literature data on density. Finally,
we discuss the current knowledge and examine the prospects for
future data refinement. One goal of this compilation is to provide
a useful resource for meteoriticists, astrophysicists, and those con-
templating exploration and exploitation of chondritic asteroids.

2. Notes on sources and compiled data

The majority of the data compiled and evaluated here are chon-
drule diameters, mainly apparent diameters measured on a two
dimensional surface (i.e., petrographic thin sections). For ease of
discussion and presentation of chondrule diameter data, we exam-
ine each chondrite chemical group separately and within each we
proceed in order of publication date, from oldest to most recent so
the evolution of data is apparent over time. We  primarily consider
data only on whole chondrules, but have occasionally included his-
torically important data that included combined size data on the
silicate grains and/or chondrule fragments which can be found in
most chondrites (e.g., Stakheav et al., 1973; Dodd, 1976). Since
chondrule diameter data based on studies that included chondrule
fragments are inherently biased, when such data are included, it
is noted in the narrative, tables, and figures. Petrographic stud-
ies on small numbers (n < ∼10) of chondrules have generally been
omitted because of the small sample size and specific (and gen-
erally unusual) chondrules studied (e.g., Krot and Rubin, 1994).
Likewise, diameters for chondrules specifically isolated for isotopic
or compositional studies have generally been excluded, because
those studies also examined small numbers of chondrules and the
sizes are biased because collecting instrumental data is easier with
larger specimens. When such data are included, it too is noted in
the narrative and tables. At times, it was easy to extract non-tabular
or graphical data for inclusion in our compilation. Other times, it
was more difficult. We only present data derived from graphical
sources when we  can do so with high confidence.

We do not address sizes of the fine grained rims that can
be found on many chondrules, but again note in the narrative
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