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Introduction: A new ~4.1 kg L4 ordinary chon-
drite NWA-6513 has been recovered from the Moroc-
co desert (NW Africa) and is the subject of this study. 
Ordinary chondrites display a wide range of chondrule 
textures, but NWA-6513 displays an uncommon 
amount and variety of preserved chondrule textures 
compared to other ordinary chondrites. This difference 
in texture is additional evidence that the formational 
environments of chondrules within the solar nebula are 
diverse. The chondrule textural diversity was preserved 
despite the mineral equilibration during metamorphism 
that occurred within the parent body. A detailed che-
mical analysis for major and minor elements has been 
conducted and is presented below. 

Bulk sample: We have classified NWA-6513 as a 
L4 chondrite. This meteorite consists mostly of chon-
drules, which have a wide variety of textures. The 
chondrules contain ferromagnesian minerals, such as 
olivine and pyroxene, as well as feldspathic glass. 
Iron-nickel metals, kamacite and taenite, as well as 
troilite and chromite are common opaque phases. No 
refractory inclusions have been found in this sample, 
and the percentage of the inter-chondrule matrix is low 
(<5%).  

Chondrule textural and petrographic observa-
tions: This chondrite displays one of the widest chon-
drule textural ranges that can be found in ordinary 
chondrites. Six main types of textures of chondrules 
were found in a single sample: porphyritic, granular, 
barred, radial, cryptocrystalline and devitrified glass. 
Porphyritic chondrules (POP, PP, and PO) all exhibit 
the same texture and exhibit granular to elongated oli-
vine and pyroxene grain shapes (Figure 1: A-B). Two 
PP chondrules display hopper-shaped pyroxene. Gra-
nular chondrules (GO) display equigranular fine-
grained olivine with interstial pyroxene (Figure 1: C). 
Barred chondrules (BP, BO, and BOP) usually display 
orientated elongated olivine or pyroxene, which occur 
in sub-parallel alignement attached to a nearly spheri-
cal shell of olivine or pyroxene forming the perimeter 
of the chondrule (Figure 1: D). Alternatively, they may 
exhibit a dentritic texture (Figure 1: E). One chondrule 
exhibits a “fingerprint” texture, where the grains are 
oriented around the center of the chondrule. Another 
displays a barred texture with a later radial-texture 
imprint, which may indicate a complex cooling history. 
This demonstrates that barred textures are extremely 
variable. Radial chondrules display fan-like arrays of 
pyroxene, which radiate from one or several points 
situated on the surface of the chondrule (Figure 1: F). 
Cryptocrystalline chondrules usually display distinc-
tive pyroxene grains of 10 µm within a mesostasis (Fi-

gure 1: G). Some do not show recognizable crystal 
structure but lamellae with alternative compositions of 
pyroxene and olivine. Devitrified glass chondrules 
consist mostly of glass, which displays concentric op-
tic zonings in polarized light that may be due to edge 
effects (Figure 1: H). 

 
Figure 1: BSE images of the various textures found in the 

NWA-6513: A: Porphyritic texture (PO); B: Porphyritic 
texture (POP); C: Granular texture (GO); D: Typical bar-
red texture (BO); E: Dendritic barred texture (BO); F: Ra-
dial texture (RP); G: Cryptocrystalline texture (CP), py-
roxene grains can be distinguished in this chondrule; H: 
Devitrified feldspatic glass chondrule (D). 
 

Chondrule mineralogy: All the studied chondrules 
are type II with FeO-rich olivine and pyroxene (Fo and 
En<90 and Mg# olivine<90) [1]. The average compo-
sition of olivine in the NWA-6513 chondrite is Fo76.4 
ranging between Fo75.8 and Fo76.5 (Figure 2). Thus, oli-
vine in this chondrite displays a near-homogeneous 
composition. Pyroxenes present in NWA-6513 are 
mostly low-Ca pyroxenes, which are clinoenstatite 
(Figure 2) with an average of En79.2 and Wo0.9 

ranging 
between En77.8 and En81.2 

and Wo0.4 and Wo2.0. Low-Ca 
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pyroxene is the typical pyroxene present in type 4-6 
ordinary chondrites [2]. Clinopyroxenes occur in two 
chondrules: one RP as well as one GO, both as intersti-
tial pyroxenes. Their compositions are En51.8 

and 
Wo36.8 and En46.8 and Wo46.1 

respectively. Spinel in this 
chondrite is chromite of uniform composition. The 
different types of chondrules have similar composi-
tions for both olivine and pyroxene, implying that 
these chondrules all reequilibrated during metamor-
phism in the parent asteroid. Since the wide variety of 
textures is preserved in NWA-6513, these similar 
compositions show that textural equilibration requires 
more extensive metamorphism than mineral equilibra-
tion.

 
Figure 2: Pyroxene and olivine atomic composition in 

the various textures in NWA-6513 with enveloppe of H, L 
and LL chondrite from [2]. 

 
Environment of chondrule formation: The un-

common feature of NWA-6513 is its wide variety of 
textures in chondrules compared to ordinary chondri-
tes. This variety is due to various conditions of forma-
tion of chondrules in the solar nebula. Textures of the 
various phases present in chondrules vary in response 
to differences in partial melting of chondrule precur-
sors and size of precursor grains, nucleation density, 
thermal conditions, and cooling rate [3]. First, it has 
been demonstrated that textures of chondrules, espe-
cially porphyritic and granular, are closely related to 
the partial melting of grains of chondrule precursors. 
To form these textures, presence of nuclei in the melt 
during initiation of cooling is required [4]. Granular 
textures derive from melting of fine-grained precursors 
(<20 µm) and porphyritic textures from coaser-grained 
precursors (<40 µm) [3]. Barred and radial pyroxene 
texture chondrules formed from droplets, which have 
been completely melted to a nuclei-free melt, and for-
med in a dust-free environment. These chondrules re-
quire rapid crystal growth from nuclei. Dentritic tex-
ture requires an even more-rapid rate of cooling. The 
cryptocrystalline chondrules, which do not contain any 
defined grains, also formed in a dust-free environment. 

In contrast, porphyritic and granular textures require a 
high abundance of nuclei [3]. No relict grains have 
been identified. NWA-6513 displays textures that are 
not identified in normal classification literature, such 
as GO, BP and BOP. Crystallized phases in chondrules 
are due to thermal conditions of formation [3]. For 
example, nuclei of olivine form at temperatures bet-
ween 1600°C and 1400°C. Furthermore, crystallization 
of each phase in the various textures requires a specific 
cooling rate. For example, olivine in chondrules with 
porphyric texture ideally requires a cooling rate of 
100°C/h [5,6]. For pyroxene, cooling rates in porphyri-
tic texture do not exceed 2-50°C/h [5,6]. Thus, these 
various textures in chondrules depend on several fac-
tors in the environment of chondrule formation such 
degree of partial melting and size of precursors grains, 
dust enrichment, thermal conditions and cooling rate. 
Consequently, chondrules occuring in NWA-6513 
were formed in different sub-environments in the same 
area of the solar nebula. 

Thermometry: Using the chromite-olivine ther-
mometer [7], an equilibration peak temperature of 
688°C (1σ=9°C) and a range between 673 and 700°C 
have been estimated. 

Conditions of formation of the chondrite NWA-
6513: Chondrules in NWA-6513 display the full range 
of textures described in the different chondrule-texture 
classifications, including some new ones that have not 
been previously described in the literature. This shows 
that these chondrules were formed in various environ-
ments in the same area of the solar nebula with a range 
in dust enrichement, cooling rate and precursors grain 
availability. After accretion of chondrules into an as-
teroid, this meteorite underwent a slight thermal 
metamorphism to peak temperatures of ~688°C, during 
which compositions of olivine and pyroxene in chon-
drules have been re-equilibrated. However, this meta-
morphism apparently did not affect the textures, show-
ing that textural equilibration requires more severe 
metamorphic conditions. 

 
[1] McSween H. Y. (1977) Geochimica et Cosmochi-
mica Acta, 41,1843-1860. [2] Brearley A. J. and Jones 
R. H. (1998) Mineralogical Society of America, pp. 3-
1–3-398. [3] Lauretta D. S., Nagahara H. and Alexan-
der C. M. O’. D. (2006)  In Meteorites and the Early 
Solar System II (eds. D. S. Lauretta and H. Y. 
McSween), 431-459. [4] Nettles J.W., Lofgren G.E., 
Carlson W.D. and McSween H.Y. (2006) Meteroritics 
& Planetary Sciences, 41, 1073-1080. [5] Logfren G. 
(1989) Geochimica et Cosmochimica Acta, 53, 461-
470. [6] Radomsky P. M. and Hewins R. H. (1990) 
Geochimica et Cosmochimica Acta, 54, 3475-3490. [7] 
Wlotzka F. (2005) Meteoritics & Planetary Science, 
40, 1673–1702. 

 

2001.pdf42nd Lunar and Planetary Science Conference (2011)


