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The Songyuan chondrite is com posed mostly of min er als and chon drule types com mon in equil i brated or di nary chondrites. More dis tinc -
tively, the Songyuan ma te rial in cludes nu mer ous sintered cryptocrystalline rock lumps, pos si ble chon drule pre cur sors, and less fre quent
frag ments of ol iv ine-pyroxene ba salt. The mod er ate po ros ity (es ti mated un der the po lar iz ing mi cro scope at a few  per cent by vol ume)
and un com pacted metal grains, sug gest that the me te or ite came from very shal low ho ri zons of the regolith. The shal low orig i nal po si tion
of the Songyuan frag ment on its par ent body is con sis tent also with the abun dance of nu mer ous euhedral crys tals of the main me te or itic
com po nents pres ent in the in ter sti tial pores. They crys tal lized most prob a bly from flu ids mi grat ing through the su per fi cial ho ri zons from
the in ner parts of the Songyuan par ent body. The struc tural char ac ter is tics and slight dif fer en ti a tion in ol iv ine com po si tion sug gests a
high de gree of ho mog e ni za tion and, to gether with the me dian value of the faya lite con tent (26.2 ±0.24 wt.%), cor re sponds to the L5
chem i cal-pet ro logic group of equil i brated or di nary chondrites. More over, the ho mog e nous ex tinc tion in the ol iv ine crys tals and the ab -
sence of mul ti ple pla nar frac tures in di cate the low est level of the shock meta mor phism (S1), whereas the lack of any ox ide rims around
kamacite and troilite grains points to the low est level of weath er ing (W0).
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INTRODUCTION

The fall of a small shower of me te or ites was ob served on
the early af ter noon of Au gust 15, 1993, in Jilin Prov ince,
China. Four stones, weigh ing in to tal 36.9 kg, were re cov ered
within a 10 km2 area shortly af ter land ing in the coun try side of
Fuyu in Songyuan city. The larg est frag ment, weigh ing 28 kg,
was em bed ded in the ground to a depth of 60 centi metres. Un -
for tu nately, the find ers cleaned the stone and re moved the thin,
frag ile crust.

The main mass of the me te or ite is ex posed in Songyuan
City Mu seum, whereas the other stone of 6.4 kg was pur chased
by the USA five years later. Then, cuts of the stone were stud -
ied at UCLA (Uni ver sity of Cal i for nia Los An geles) and the
Songyuan me te or ite (the orig i nal name “Fuyu” was fi nally
changed to “Songyuan”) was clas si fied by A. Ru bin as an or di -
nary chondrite L6, S2, W1 (Grossman, 2000). The cut sur face
re vealed a green ish-gray ma trix with scat tered dark chon -
drules. M. Mor gan (Mile High Me te or ites, Lakewood CO,

USA), who do nated the sam ples of Songyuan and ini ti ated the
pres ent study, has stated that its cut sur faces are ap par ently sim -
i lar to those of Mt. Tazerzait and Baszkówka (Mor gan, 2002). 

METHODS

Two kind of the an a lyt i cal tools were used in the study: 
— op ti cal po lar iz ing mi cro scopes (Ernst Leitz, Wetzlar,

Ger many and MIN-8, USSR); 
— elec tron mi cro scopes (JEOL 35, JEOL 840A and LEO

1430) with en ergy dispersive X-ray spec trom e ters. 
Im proved sets of stan dard sam ples were com posed of min -

eral and/or ar ti fi cial ma te ri als for quan ti ta tive mea sure ments.
Un cov ered thin sec tions, pre pared us ing stan dard pro ce -

dures, were used in mi cro scopic ex am i na tions and in chem i cal
microanalysis. Firstly, over one hun dred se lected ob jects were
stud ied un der the po lar iz ing mi cro scope and then, se lected
struc tures were ana lysed in two lab o ra to ries by X-ray spec -



trom e try. Sam ples la belled A–F were ana lysed at the Pol ish
Geo log i cal In sti tute, War saw, whereas sam ples la belled S were 
ana lysed at the In sti tute of Geo log i cal Sci ences Pol ish Acad -
emy of Sci ences, War saw. 

In gen eral the fol low ing no ta tions are used here: OL — ol -
iv ine, OPX — orthopyroxene, CPX — clinopyroxene, PLG
— plagioclase, FeNi — me te or itic iron, TR — troilite, CR —
chro mite, WTH — withlockite, CHA — chlorapatite,  PO —
por phy ritic ol iv ine chon drule, PP — por phy ritic pyroxene
chon drule, RO — ra dial ol iv ine chon drule, RP — ra dial
pyroxene chon drule, BO — barred ol iv ine chon drule, FNB
— phenocryst in PO, KLS — subhedral, clastic ol iv ine crys -
tal, MEZ — mesostasis of PO, MTR — in clu sions in
FeNi-TR ag gre gates, MTX — small, anhedral grains in ma -
trix, RCK — rock frag ments, RIM — rim of PO, FRC — sec -
ond ary min er als, OPP — cryptocrystalline lumps of
OL–PX–PLG.

RESULTS AND DISCUSSION

THE STRUCTURE AND MINERALOGY
OF THE SONGYUAN METEORITE

The gran u lar struc ture of Songyuan chondrite is eas ily
vis i ble on flat, un pol ished sur faces of sam ples: dark gray
spher i cal, oval or shape less grains, most of them chon drules,
are en closed in an abun dant dark brown  ma trix. Al most half
of the chon drules, ex am ined in thin sec tion, (Fig. 1) are only
slightly dam aged or un dam aged and rim less. More or less one 
quar ter are partly frag mented, and about one quar ter are frag -
mented. The ap par ent di am e ters of the un dam aged chon -
drules, mea sured un der the mi cro scope, fall within the range
0.4–3.6 mm, with a sta tis ti cal dis tri bu tion sim i lar to a
lognormal one and a me dian value of 1.13 mm. Nu mer ous
small holes and fis sures are vis i ble on the flat sur faces of
Songyuan, and the po ros ity of the chon drite was es ti mated
un der the mi cro scope to be about vol. 5–10%. The in ter sti tial
na ture of the pore spaces is ev i dent. In side the voids, nu mer -
ous euhedral crys tals of the main me te or itic min er als were
found: ol iv ine, pyroxene, feld spar, FeNi-metal and chro mite
(Fig. 3A–E suc ces sively) but also melanterite — the prod uct
of sec ond ary al ter ation (Fig. 3F). By anal ogy with pre vi ous
ob ser va tions (Wlotzka and Otto, 2001; Borucki and
Stêpniewski, 2001) it may be sup posed that they crys tal lized
from a va por phase mi grat ing through the loosely com pacted
rock. As an ef fect of the vari abil ity of the chem i cal com po si -
tion of the mi grat ing phases, faces of the euhedral ol iv ine and
pyro xene show growth steps and chro mite faces dis play etch
fig ures.

Thin lay ers of iron-nickel ox ide/hy drox ide — pos si ble
prod ucts of ox i da tion in the ter res trial en vi ron ment — are pres -
ent in some of the fis sures or other voids. Melanterite ag gre gate 
found in a void of Songyuan most prob a bly is the prod uct of a
sim i lar weath er ing pro cess. But it is worth not ing that there is
no ox i da tion rim around grains of me te or itic iron and troilite,
that ex cludes the ox i da tion stage W1 of Wlotzka’s (1993) scale, 
in di cat ing rather to the W0 stage.

OLIVINE IN THE MATRIX 

Small ol iv ine grains (MTX: 0.01–0.2 mm) form nearly
70 vol.% of the Songyuan ma trix, whereas the large grains
(KLS: ~0.08–0.7 mm) are pres ent in the ma trix as rare
subhedral crys tals. Ol iv ine is pres ent also as prin ci pal com po -
nent in many of the chon drules (e.g., RO and BO chon drules),
but above all as pheno crysts (FNB) of the por phy ritic ol iv ine
chon drules (PO), and as the main com po nent of most of the
rock frag ments (RCK) as well. A pelitic ol iv ine frac tion MTX
is com posed of nu mer ous, anhedral, fre quently tur bid ol iv ine
grains, whereas crys tals of the frac tion KLS are char ac ter ized
by well-de vel oped pina coid and pyr a mid faces, multiphase in -
clu sions and cor ro sion frac tures. How ever, there is no gap in
the con ti nu ity of grain di men sions. Char ac ter is tic fea tures of
the KLS are pre served only in large grains, whereas the pelitic
grains MTX are to small to pre serve them. 

Al though the chem i cal com po si tion of the ol iv ine (see Ta -
ble 1) is gen er ally uni form (e.g., the span of the cal cu lated faya -
lite con tent is small: 25.6–27.0 wt.%), this does not in di cate the
equal or i gin of all the min er al og i cal frac tions of ol iv ine, since
the ma te rial of Songyuan has been ho mog e nized dur ing the
equil i bra tion of the par ent body. The me dian value of 26.2
wt.% Fa (some what higher than that es ti mated by Ru bin) in di -
cates the L5 group of or di nary chondrites. How ever, some sig -
nif i cant dif fer ences are pres ent in the dis tri bu tion of SiO2, and
par tic u larly in the dis tri bu tion of MnO, where the con tent in the 
small ma trix grain frac tion of ol iv ine (0.64–0.87 wt.% MnO) is
clearly higher than in re main ing struc tural groups in to tal (FNB
+ KLS + RCK = 0.22–0.64 wt.%). It is im pos si ble to con clude
whether the pres ent dis tri bu tion of Mn re flects pri mary dif fer -
ences in the ol iv ine min eral frac tions or was pro duced by a sec -
ond ary pro cess. 

PORPHYRITIC OLIVINE CHONDRULES (PO CHONDRULE)
AND CLASTIC OLIVINE GRAINS (KLS)

Most of the pheno crysts in the Songyuan PO chon drules are 
lim pid and ho mo ge neous. They have well-de vel oped crys tal
faces and rounded cor ners. Only ex cep tional chon drules dis -
play subhedral or anhedral pheno crysts. Sim i lar op ti cal fea -
tures show clastic ol iv ine grains dis persed in the ma trix of the
me te or ite. In al most in all ob served cases, both the pheno crysts
and the clastic grains ex hibit ho mo ge neous ex tinc tion in
cross-po lar ized light (shock level S1 ac cord ing to the scale of
Stöffler et al. (1991). Undulose, ir reg u lar frac tures, fre quently
with sur faces cov ered by a thin film of li mo nite are gen er ally
rare in both kinds of the ol iv ine crys tals (pla nar frac tures are ab -
sent). Mo saic ex tinc tion was ob served ex cep tion ally at the bor -
ders of some of the frac tures.

Short, green ish or red dish (~1 to ~40 mm) crys tals as well

as anhedral metal or sul fide grains (<1 to ~5 mm) are mod er -
ately abun dant in the ol iv ine pheno crysts and clastic ol iv ine
grains. How ever, spe cific to both kinds of ol iv ine crys tals are
multi-phase in clu sions and long coves (Fig. 1A), that both
could be sup posed to be the rem nants of pri mary solid-liq -
uid-gas in clu sions. The in clu sions (a few tens to a few hun -

dreds of mm long and a few tens of mm in di am e ter) are oval
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Fig. 1. BSE (back-scat tered elec trons) pic tures of chon drules in the Songyuan me te or ite

A — por phy ritic ol iv ine chon drule in a OPX–CPX–PLG groundmass. Rare multiphase in clu sions (see text) are vis i ble in some of the ol iv ine pheno crysts.
The holes in the mesostasis are the prod ucts of crum bling out of the grains dur ing thin sec tion prep a ra tion. The chon drule, that was accreted in the regolith
sed i ment as a crys tal lized hard ob ject, is sep a rated from the re main ing com po nents of the regolith by a chain of pores mak ing the ir reg u lar bor der ing fis -
sure. Note the rar ity of the metal and of other opaque’s (much rarer than in the ma trix of the chondrite) in di cat ing dif fer ent for ma tion en vi ron ments. B — a
seg ment of the same PO chon drule as in  Fig ure 1A  il lus trates a se quence of ac cel er at ing crys tal li za tion: a — large, euhedral or subhedral ol iv ine pheno -
crysts had crys tal lized rel a tively slowly from un con strained sil i cate melt; b — anhedral OPX and CPX grains, fill ing the spaces be tween the pheno crysts,
crys tal lized rap idly in a con fined en vi ron ment full of sus pended crys tals; c — small, den dritic, ghost crys tals of OPX and CPX crys tals crys tal lized in -
stantly in d — the amor phous PLG  mass. C — por phy ritic (gran u lar ?) pyroxene chon drule (PP): the el lip soi dal shape shows that the floppy chon drule
was ro tat ing in space be fore hard en ing, but the al most com plete bor der ing fis sure shows that it accreted to the regolith al ready af ter crys tal li za tion (hard -
en ing). Small inter gra nu lar spaces be tween the subhedral OPX pheno crysts are partly filled with a po rous, shape less, plagioclase (al bite) mesostasis with
rare nanometric grains of metal dust. Grains of chlorapatite and a grain of troilite are pres ent, whereas the to tal ab sence of the metal is strik ing. D — a small 
cryptocrystalline chon drule with a notched sur face sug gest ing mod er ate ero sion (in neb u lar space) pre ced ing sed i men ta tion onto the sec ond ary par ent
body. The chon drule is partly sep a rated from the chondrite ma trix by bor der ing voids (though a few of these could, how ever, have been cre ated dur ing
prep a ra tion of the thin sec tion). The chon drule has an OPX shell, and the core is com posed of the OPX groundmass with an nu mer ous, ol iv ine prisms in it.
E — a part of the core of the other sim i lar chon drule. OPX groundmass with ori ented oval ol iv ine prism in it. Plagioclase fills the free spaces be tween OPX
and ol iv ine grains. Metal grains and small holes are rare.
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and rounded or lo cally ver mi form. Some of the in clu sions are
empty, oth ers are filled or partly filled with light gray amor -
phous plagioclase sed i ment. A few of the in clu sions con tain
scarce grains of orthopyroxene and/or metal, that have crys -
tal lized on the sur face of the sed i ment. By con trast to the in -
clu sions, the coves, par tic u larly those in the clastic ol iv ine
grains, are filled with a mo saic ag gre gate of ol iv ine and
orthopyroxene sim i lar to that of the mesostasis of the PO
chon drules.

Mesostasis of the pre dom i nant PO chon drules in the
Songyuan me te or ite is built of a dark gray, partly trans lu cent
plagioclase groundmass in which abun dant clinopyroxene den -
drites are present. Other, rather un com mon PO chon drules con -
tain an ol iv ine ag gre gate mezostasis, where crys tals up to

50–60 mm in size dis play a mo saic struc ture.
Most of the PO chon drules are de void of rims and prob a bly

they never were rimmed. Some of the chon drules have notched
sur faces as an ef fect of mod er ate cor ro sion. A few of the PO
chon drules pre serve small frag ments of their orig i nal ac cre tion

rim (ef fec tively up to ~50 mm large), that is com posed of mo -

saic ol iv ine crys tal (up to ~20–40 mm) ag gre gates. Some ex -
cep tional rim frag ments bor der the clastic ol iv ine grains. When
pres ent, they are com posed of an ol iv ine mi cro-mo saic, or of a
mi cro-grained ag gre gate of OPX, small crys tals of ol iv ine and
nanometric opaque dust. 

The me dian faya lite con tent in the ol iv ine pheno crysts
(26.2 wt.%) and in the clastic ol iv ine grains (26.8 wt.%) are
sim i lar, show ing the al most per fect equil i bra tion of the
Song yuan chondrite. Only the con tents of MnO shows het er -
o ge ne ity, whereas the small het er o ge ne ity in the SiO2 dis tri -
bu tion seems in sig nif i cant. On the other hand, the min er al -
og i cal sim i lar i ties be tween the clastic ol iv ine grains and the
pheno crysts in the PO chon drules show that the clastic ol iv -
ine grains may have formed as a re sult of crum bling of PO
chon drules hav ing a di am e ter of ~1 to ~1.5 mm. In the pro -
cess of crush ing, the brit tle chon drule ma trix would be de -
stroyed, whereas the re sis tant pheno crysts were ex tracted
and pre served as clastic grains.

PORPHYRITIC PYROXENE CHONDRULES (PP) 
AND CLASTIC OPX GRAINS

Clastic orthopyroxene grains are par tic u larly scarce in the
Songyuan chondrite; in gen eral they rep re sent the prin ci pal
com po nent (~5% vol.), al though be ing much less abun dant
than ol iv ine. The chem i cal com po si tion (Ta ble 2) of the
orthopyroxene grains and crys tals is very close, as shown by
the small stan dard de vi a tion of cal cu lated for ster ite con tent
(Fs): s = 0.8025 wt.% Fs. In the ma trix of Songyuan, orthopyro -
xene ex ists in two dis tinct mor pho log i cal forms: 

— a fine frac tion of grains that are colour less, shape less and 
of ten “bruised”, hav ing di men sions of 0.5 to 0.9 mm, typ i cal
“pyroxene” cleav age and zoned struc ture. Symp toms of sec -
ond ary al ter ation (tur bid ity, opac ity and mo saic struc ture) are
com mon in most of the grains, whereas only a few con tain

small (2–40 mm) in clu sions of FeNi-metal. “Dinted” sur faces
of grains (on which some sparse grains of ol iv ine, FeNi-metal
or po rous troilite are stuck) have been pri mar ily shaped by
some kind of mild cor ro sion; 

— a frac tion of large, subhedral crys tals, elon gated (1:5)

and up to 200 mm long, hav ing euhedral pinacoid faces, and
fre quently en clos ing oval in clu sions of ol iv ine. 

Very few por phy ritic pyroxene chon drules were no ticed in
the thin sec tions of the Songyuan me te or ite. They have el lip soi -
dal, slightly ob late con tours with the long axis from ~0.5 to
~3 mm long. The orthopyroxene phenocryst prisms are the
prin ci pal com po nent of the PP chon drules (Fig. 1C). They are
0.04–0.6 mm long and have a ~2:1 elon ga tion. Pale gray
orthopyroxene crys tals dis play strong re lief, dis tinct cleav age,
and a few undulose frac tures. The ex tinc tion, mostly ho mo ge -
neous, rarely shows a mo saic or undulose pat tern. Typ i cal of
the orthopyroxene crys tals are vermicular or shape less in clu -
sions, rep re sent ing some kind of mi cro-chan nels (many mi -
crom e ters long and a few mi crom e ters in cross-sec tion), par tic -
u larly com mon at the bor ders of crys tals. In gen eral, they gen -
er ally re sem ble the in clu sions de scribed above in the ol iv ine
clastic crys tals and ol iv ine pheno crysts. As in the ol iv ine grains
and crys tals, a thin layer of a clear or dark gray, mostly opaque,
rarely trans par ent, plagioclase sed i ment, and small, crys tal line
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Fig. 2. BSE pic tures of alien rock frag ments and oth er struc tural ob jects in the Songyuan me te or ite

A — a sharp-edged frag ment of a meta mor phic rock. The frag ment is sep a rated from the chondrite ma trix by an ir reg u lar bor der ing chain of voids. No trace
of sim i lar meta mor phic change is pres ent in the neigh bour ing ma trix grains. B — part of the frag ment shown in Fig ure 2A. Meta mor phic changes ap pear as
a re place ment of the pri mary struc ture of ol iv ine lamellae in ter leaved with plagioclase by a more ir reg u lar pat tern with the fre quent pres ence of the anhedral 
OPX grains. This struc ture was formed by a rel a tively long, com pli cated pro cess on the pri mary par ent body. C —  the same frag ment as in Fig ure 2A. Ex -
am ple of the pres ence of un usu ally nu mer ous micrometric chro mite grains con trast ing with the rel a tively small num ber of metal grains. D — a frag ment of a 
het ero-granoblastic rock show ing a mo saic struc ture and com posed mainly of ol iv ine, OPX and PLG (al bite), with rare metal grains and nanometric metal
dust. Po ros ity very low. The frag ment is mostly sep a rated from the chondrite ma trix by a chain of large voids, but two metal grains are deeply squezzed into
the frag ment, show ing that the plas tic na ture of the rock was greater than that of the metal. Prob a bly a frag ment of so lid i fied crust of the pri mary par ent
body. E — an an gu lar frag ment of ba salt shows por phy ritic tex ture with subhedral  OPX and anhedral ol iv ine pheno crysts. Orthopyroxene dis plays nu mer -
ous curvilinear frac tures, and epitaxial out growths of mixed orthopyroxene-plagioclase fringes. In ten sive mag matic cor ro sion is pres ent. Ol iv ine is more
ho mo ge neous and less af fected by the mag matic cor ro sion. Small crys tals of chro mite are abun dant in the mesostasis of the ba salt. A sin gle grain of metal is
pres ent as well as a com plex ag gre gate of phos phates. The frag ment is al most en tirely sep a rated from the chondrite ma trix  by a train of voids. F — a part of
Fig ure 2E dis play ing the ori ented, nematoblastic tex ture of the plagioclase mesostasis. Nu mer ous, euhedral chro mite crys tals and nanometric chro mite dust 
are abun dant in the cen tral parts of the mesostasis, whereas they are en tirely ab sent at the orthopyroxene phenocryst bor ders. G — a part of Fig ure 2E show -
ing the sec ond ary withlockite–chloroapatite–ol iv ine ag gre gate sit u ated in a void at the edge of the ba salt frag ment (prob a bly al ter ation prod ucts).



mi cro-druses of ol iv ine and orthopyroxene dec o rate the walls
of the chan nels. Be yond the de scribed in clu sions, micrometric
crys tals are mod er ately abun dant, dis posed in swarms or se ries
con form ing to the main growth di rec tions of the orthopyroxene 
crys tals. In clu sions of metal and chro mite are very rare. Scant

mesostasis is pres ent as an iso tro pic, semitransparent, dark
gray-brown sub stance. It forms thin lay ers on the sur faces of
the pheno crysts and fills up the small spaces be tween them. 

The op ti cal char ac ter is tics of both groups orthopyroxene
(clastic and chon drules PP) are dis tinctly dif fer ent, so the or i gin 
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Fig. 3. SEM  (scan ning elec tron mi cro scope) pic tures of crys tals of the main me te or ite-form ing min er als 
in in ter sti tial pore spaces of the Songyuan meteorite

A — an elon gated ol iv ine crys tal with straight growth steps. Very sim i lar dec o rated crys tals were found in the Baszkówka me te or ite (Wlotzka and Otto,
2001; Borucki and Stêpniewski, 2001); B — growth steps on the pyroxene crys tal fa ces. They show that the chem i cal com po si tion of va pors var ied dur ing
crys tal li za tion; C — pore crys tal of feld spar; D — FeNi crys tal stuck on ol iv ine grain in a pore of Songyuan. In ten si ties of Fe and Ni lines on ED X-ray
spec trum sug gest tetrataenite; E — char ac ter is tic oc ta he dral chro mite crys tal with etch fig ures. Sim i lar fig ures were ob served in Baszkówka (Borucki and
Stêpniewski, 2001); F — tab u late ag gre gate of melanterite, prob a bly ter res trial post-troilite prod uct of ox i da tion.



of clastic orthopyroxene as rem nants of the crush ing of PP
chon drules is unlikely, and un for tu nately, the pres ent chem i cal
data be ing in suf fi cient to enable any fur ther com par i sons.

RADIAL CHONDRULES (RP, ROP CHONDRULES)

Pyroxene ra dial chon drules (RP) are not very fre quent in
the Songyuan chondrite, whereas ol iv ine-pyroxene (ROP) ra -
dial chon drules seems to be quite ex cep tional; only one such
chon drule was no ticed in the thin sec tions stud ied. Most of the
ra dial chon drules show a sin gle fan, the crys tal li za tion of which 
was ini ti ated at the cir cum fer ence by small grains of metal or
troilite, that, in many in stances, still re main stuck to the sur face. 

The laths of the RP fans are ap par ently about 5 to 30 mm across
and are com posed of the non pleochroic orthopyroxene ag gre -
gate dis play ing a mo saic ex tinc tion in cross po lar ized light. Nu -
mer ous pla nar frac tures are roughly ver ti cal to the elon ga tion
of the laths, while mag ni fi ca tion higher than 1000x re veals the
hatched con tours of the orthopyroxene, typ i cal of skel e tal crys -
tals. Nu mer ous, very small metal dust grains, hav ing

nanometric di men sions (<1 mm) are evenly dis persed in the

chon drules, whereas by con trast, some big ger (few tens of mm
large) metal grains are gath ered mostly at the ob tuse fringes of
fans. Such spac ing may be caused by dif fu sion mi gra tion of Fe
at oms dur ing crys tal li za tion of the pyroxene. Small spaces be -
tween the laths are filled by dark gray, partly opaque ma trix
mainly com posed of plagioclase. Ac cre tion rims are mostly ab -
sent, and the bare sur faces of RP and ROP chon drules are

strongly in dented much more than in other kinds of chon drules
in the Songyuan mat ter.

PYROXENE METAMORPHIC ROCK 

Some an gu lar frag ments, pres ent in the ma te rial of the
Songyuan chondrite, have a ra dial struc ture re sem bling that of
ra dial chon drules (Fig. 2E, F). They may be the re sult of crush -
ing of large- a few milli metres across- RP or ROP chon drules.
More over, the widths of laths and also their com po si tion (ol iv -
ine and/or low Fe bronzite), are quite alike in both kinds of the
chondrite com po nents. How ever, symp toms of ev i dent al ter -
ation (Fig. 2F), com mon in the “an gu lar frag ments”, are to tally
ab sent in the ra dial chon drules. The al ter ation is man i fested by
an abun dance of rel a tively large, undulose laminae oblique to
the di rec tions of non-meta mor phosed laths. The al tered,
granoblastic laminae are in ter ca lated with un af fected ones, in
which the orig i nal lamellae are pre served. The com po si tion of
both is gen er ally sim i lar, with orthopyroxene as the main com -
po nent, and ol iv ine, feld spar and FeNi as ac ces sory ones
(Fig. 2G). The quan tity of feld spar in meta mor phosed laminae
is some what higher, and the quan tity of metal is slightly re -
duced in com par i son to the un af fected laminae. 

A few ol iv ine, po rous troilite and FeNi grains stick  to the
sur faces of the an gu lar frag ments. They make ac cre tion rims on 
the frag ments of sur faces pre vi ously formed by in ten sive
corrasion. Sum ming up, the frag ments (or orig i nal chon drules)

Songyuan ordinary chondrite (China) 193

T a  b l e  1

Re sults of chem i cal microanalysis of ol iv ine grains from dif fer ent
struc tural el e ments (STR) in the Songyuan me te or ite

MIC STR SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O To tal

A001 FNB 37.41 ND ND ND 23.50 0.59 36.51 0.13 ND ND    98.15

A002 FNB 37.77 ND ND ND 23.36 0.47 37.64 0.01 ND ND    99.23

A003 FNB 37.80 ND ND ND 23.30 0.62 37.17 0.04 ND ND    98.85

S315 KLS 39.13 0.00 0.00 0.00 22.56 0.64 37.78 0.00 0.00 0.02  100.14

S316 KLS 38.19 0.00 0.10 0.00 22.73 0.54 37.30 0.06 0.23 0.03    99.19

S322 KLS 38.36 0.00 0.02 0.00 22.98 0.59 37.25 0.11 0.10 0.00    99.40

S323 KLS 38.65 0.00 0.00 0.00 23.52 0.62 37.47 0.09 0.26 0.05  100.66

S324 KLS 38.69 0.11 0.08 0.08 23.38 0.57 36.80 0.14 0.48 0.00  100.32

S325 KLS 38.06 0.00 0.00 0.09 23.37 0.56 37.72 0.19 0.24 0.00  100.23

S134 MTX 38.38 0.00 0.04 0.11 22.62 0.74 37.12 0.20 0.00 0.04    99.24

S135 MTX 38.21 0.00 0.00 0.19 22.54 0.86 37.22 0.00 0.14 0.01    99.16

S310 MTX 38.31 0.00 0.00 0.00 22.14 0.83 37.44 0.08 0.10 0.00    98.90

S313 MTX 38.71 0.11 0.03 0.00 23.17 0.66 37.46 0.11 0.10 0.00  100.35

S314 MTX 38.21 0.01 0.00 0.00 22.29 0.64 37.06 0.11 0.23 0.00    98.55

S318 MTX 38.47 0.00 0.14 0.00 22.95 0.87 36.85 0.12 0.37 0.00    99.78

S326 MTX 38.39 0.00 0.00 0.13 22.85 0.72 37.81 0.09 0.06 0.00  100.05

S205 RCK 37.95 0.00 0.13 0.00 23.11 0.55 37.23 0.06 0.32 0.05    99.40

S206 RCK 38.01 0.00 0.14 0.24 22.89 0.22 36.92 0.11 0.35 0.05    98.92

The cal cu lated me dian value of the faya lite con tents for 18 anal y ses (26.2 ±0.24 wt.%) cor re sponds to the L5 group of equil i brated or di nary
chondrites; ND — not de ter mined; MIC — num ber of chem i cal  microanalysis; see text for other ex pla na tions 



have been meta mor phosed and cor roded be fore they were set -
tled as the com po nents of the Songyuan regolith. 

PLAGIOCLASE IN THE MATRIX, CHONDRULES
AND ROCK FRAGMENTS  

High po tas sium oligoclase, an ac ces sory min eral in the
Songyuan ma te rial, con tains from 10 to over 13 vol.% of cal cu -
lated an or thite (An) and from 2.8 to 7.7 vol.% of cal cu lated
orthoclase (Or). It ap pears in the ma trix, chon drules and rock
frag ments of the me te or ite, fill ing small voids, inter gra nu lar
spaces and frac tures or in places form ing in de pend ent,
anhedral grains. To gether with py rox enes (orthopyroxene and
clinopyroxene), plagioclase forms the ma trix of the PO, BO
and ra dial chon drules. In kinds of chon drule, plagioclase is
pres ent as anhedral, iso met ric grains rarely reach ing a few tens
of mi crom e ters. Eight grains of oligoclase ana lysed from dif -
fer ent struc tural ob jects have a large dis per sion, char ac ter ized
here by the stan dard de vi a tions of the cal cu lated al bite, an or -
thite and orthoclase  mol e cules. The stan dard de vi a tion of Ab,
An and Or is re spec tively 2.22, 1.04 and 1.44 wt.%, con sid er -
ably higher than for those of Fa in ol iv ine or Fs in orthopyro -
xene (0.24 and 0.80 wt.% re spec tively). The di ver gence in the
plagioclase chem i cal com po si tion is so sig nif i cant, that it is ev i -
dent that the grains ana lysed be long to dif fer ent pop u la tions,
and the chem i cal con sti tu tion of the plagioclase has not equil i -
brated. There fore, the pres ent com po si tion of plagioclase was,
most prob a bly, es tab lished af ter equil i bra tion of the chondrite,

maybe dur ing some un de fined, sec ond ary pro cesses. For
chem i cal com po si tion of the plagioclases see Ta ble 3.

BARRED OLIVINE CHONDRULES 
(BO CHONDRULES)

Well-de vel oped, barred ol iv ine chon drules are cer tainly
sparse in the Songyuan chondrite, much more fre quent are their 
frag ments, that are, of ten dif fi cult to iden tify. In a few ob served 

ex am ples the bars (40–70 mm large), con sist ing of the cy lin dri -
cal, lim pid ol iv ine crys tals, dis play ver ti cal den drite-like
notches and ho mo ge neous or more rarely speck led ex tinc tion.
Only a few FeNi cubes and ill-shaped chro mite grains (di men -

sions: ~30–40 mm) ap pear in the ol iv ine crys tals, whereas metal 

dust (grains £1 mm) is ubiq ui tous. The spaces be tween the bars
are filled with a mezostasis com posed of a lim pid ag gre gate of
bronzite and feld spar. Clear gray bronzite crys tals, with strong
re lief and low in ter fer ence colours, and gray, low re lief, amor -

phous feld spar grains (£ 15 mm), com pose a mi cro-granoblastic 
pat tern. Most of the chon drule rims are de stroyed, and the ex -
posed chon drule sur faces are mildly “dinted”. Most of the crys -
tal li za tion rims (in the rare cases pres ent) dis play a poikilitic
struc ture, with orthopyroxene oiko-crys tals en clos ing a few
oval ol iv ine chada-crys tals. By con trast, a granoblastic ol iv -
ine-orthopyroxene ag gre gate is pres ent in non-poikilitic ac cre -
tion rims. Very rare, small opaque grains are dis persed in both
kinds of rim. 
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T a  b l e  2

Re sults of chem i cal anal y sis  of the orthopyroxene and di op side grains in dif fer ent struc tural
 ob jects of the Songyuan me te or ite

MIC STR SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O To tal

 ORTOPYROXENE

S137 MEZ 55.92 0.22 0.25 0.19 13.39 0.58 27.82 0.82 0.42 0.00   99.61

S139 MEZ 55.35 0.00 0.27 0.00 13.37 0.67 28.29 0.85 0.18 0.03   98.99

S140 MEZ 54.85 0.22 0.00 0.25 14.30 0.70 27.81 0.81 0.14 0.00   99.08

S132 MTX 54.75 0.11 0.10 0.21 15.42 0.29 27.58 0.58 0.31 0.00   99.35

S133 MTX 55.26 0.21 0.14 0.00 14.27 0.74 27.84 0.81 0.34 0.19   99.73

S312 MTX 55.85 0.13 0.00 0.00 13.76 0.74 28.02 0.86 0.12 0.04   99.53

S427 MTX 55.52 0.22 0.11 0.06 13.93 0.43 27.47 0.95 0.36 0.01   99.04

S428 MTX 54.96 0.15 0.21 0.02 13.91 0.64 27.57 0.70 0.27 0.00   98.43

A005 MTX 55.22 0.41 ND 0.08 13.95 0.39 27.51 0.83 0.81 0.05   99.15

A006 MTX 54.33 0.42 ND 0.04 13.71 0.33 27.79 0.91 0.58 0.12   98.23

A007 MTX 55.33 0.09 ND 0.11 14.07 0.57 27.31 0.93 0.66 0.06   98.94

A008 MTX 54.58 0.18 ND 0.19 14.34 0.74 27.47 0.63 0.84 0.03   98.93

D003 MTX 56.34 0.19 ND 0.23 13.98 0.50 27.87 0.81 0.74 0.09 100.75

S203 RCK 55.50 0.32 0.30 0.50 13.73 0.35 28.33 0.80 0.33 0.07 100.24

S204 RCK 55.54 0.14 0.18 0.39 13.74 0.83 28.24 0.54 0.22 0.01   99.84

DIOPSIDE 

F001 – 54.61 0.34 0.03 0.94  5.52 0.28 16.86 22.56 0.08 0.08 101.30

F002 – 55.07 0.24 0.11 1.39  5.01 0.18 15.81 22.52 0.92 0.06 101.31

F003 – 55.34 0.59 0.04 1.06  4.44 0.24 14.97 22.37 1.04 0.03 100.12

F004 – 53.96 0.38 0.28 1.11  4.58 0.57 15.40 22.32 0.77 0.10   99.47

For ex pla na tions see Ta ble 1



CRYPTOCRYSTALLINE CHONDRULES
(C CHONDRULES) 

Only a few cryptocrystalline chon drules were found in the
thin sec tions ex am ined, yet it was pos si ble to de fine some of
their sig nif i cant fea tures (Fig. 1D, E). The C chon drules are
mostly sep a rated from other com po nents of the chondrite ma -
trix by sets of con tact voids and/or holes. The “bare” sur faces 
of the chon drules dis play roughly notched con tours, whereas
the rather short sec tions tightly joined to the other clastic com -
po nents of the chondrite ma trix have barely vis i ble, smoothed
con tacts. The C chon drules have cores com posed of the abun -
dant cryptocrystalline orthopyroxene groundmass with nu mer -
ous oval, smoothed grains of ol iv ine chadacrystals. By con -
trast, plagioclase mezostasis fills the rare ir reg u lar voids be -
tween the ol iv ine and orthopyroxene grains. The arrangment of 

the ol iv ine grains is ev i dently di rec tional. Sig nif i cant also is the
strik ing rar ity of metal grains and the pres ence of some mi -
cro-pores. In gen eral the struc ture of the core may be in ter -
preted as a re sult of eutectic crys tal li za tion. The cores of the C
chon drules are sur rounded by cryptocrystalline orthopyroxene
shells. Prob a bly melted drops fell into the rel a tively cooler
regolith sed i ment, where their sur face lay ers crys tal lized rap -
idly, form ing the rims and en clos ing the eutectic cores.  

CRYPTO-CRYSTALLINE 
OLIVINE-PYROXENE LUMPS 

Cryptocrystalline lumps, some times dif fi cult to dis tin guish
against the back ground of the chondrite ma trix, are quite nu -
mer ous in the Songyuan ma te rial. Their ob served di men sions
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T a  b l e  3

Chem i cal com po si tions of plagioclase grains in the Songyuan chondrite

MIC STR SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O To tal

S136 MTX 65.10 0.00 21.28 0.03 1.24 0.14 0.09 2.37 9.04 1.32 100.61 

S136 MTX 65.08 0.00 20.94 0.03 0.26 0.00 0.06 2.18 9.64 0.79 98.98

S311 MTX 64.53 0.14 20.46 0.11 0.94 0.00 0.00 2.44 9.01 1.03 98.67

S317 MTX 64.09 0.15 20.54 0.06 1.12 0.00 0.00 2.07 10.03 0.51 98.57

D002 MTX 64.99 0.07 21.03 ND 0.49 0.14 ND 2.74 9.55 0.91 99.64

A018 RIM 65.04 0.29 21.62 ND 0.65 0.08 ND 2.17 9.02 0.76 99.63

A019 RIM 65.23 0.13 20.97 ND 0.55 0.15 ND 2.36 9.67 0.96 99.73

A020 MEZ 63.35 0.14 21.08 ND 1.11 0.27 ND 2.63 9.25 1.13 99.45

For ex pla na tions see Ta ble 1

T a  b l e  4

Chem i cal com po si tions of withlockite and Cl-ap a tite grains in the Songyuan meteorite

MIC Na2O MgO P2O5 Cl CaO TiO2 Cr2O3 MnO FeO To tal

WITHLOCKITE

C004 2.44 3.58 45.50 0.01 46.54 ND ND 0.05 1.36    99.48

C007 2.14 3.72 46.30 0.01 47.11 ND ND 0.07 1.14 100.49

C008 2.24 3.44 46.61 0.07 47.12 ND ND 0.24 0.47 100.19

C009 2.66 3.97 46.29 0.09 46.96 ND ND 0.03 1.58 101.58

F006 2.89 3.68 46.12 0.12 46.31 0.11 0.76 ND 1.51 101.50

F007 2.61 2.86 46.20 0.02 46.18 0.25 0.87 ND 1.12 100.11

F008 2.28 2.97 45.56 0.07 46.75 0.09 0.71 ND 1.38   99.81

F009 2.17 2.58 47.05 0.01 47.61 0.13 0.06 ND 0.79 100.40

F010 2.65 3.37 45.91 0.15 46.30 0.11 0.72 ND 0.90 100.11

Cl-AP A TITE

C002 0.41 0.09 40.45 4.84 54.23 – – 0.39 0.92 101.33

C003 0.35 0.08 41.11 4.77 54.70 – – 0.14 0.62 101.77

C005 0.96 0.20 41.33 4.13 53.92 – – 0.20 0.47 101.21

C006 0.48 0.55 42.78 3.57 52.85 – – 0.26 1.12 101.61

For ex pla na tions see Ta ble 1



vary from a few tens of mi crom e ters to some milli metres.
Sharp-edged frag ments are en tirely ab sent, whereas rare,
smoothed and rounded, grains are abun dant. Some lumps are
well-fit ted to the en clos ing sil i cates, metal, and/or sul fide. But
most of them dis play “bare” sur faces, sep a rated from the
chondrite ma trix by bor der ing voids. The pres ence of small
metal and sul fide grains squeez ing deeply into the lumps seems 
par tic u larly sig nif i cant. It may be sup posed that dur ing ac cre -
tion of the Songyuan regolith the ma te rial of the lumps was
more plas tic than brit tle, while its plas tic char ac ter was even
greater than that of the metal. Prob a bly the lumps were com -
posed of fluffy, rel a tively cold clots of mat ter kept to gether
only by co he sion (Fig. 2A–C).

The lumps are char ac ter ized by the pres ence of nu mer ous
do mains with blurred con tours, a slightly di ver si fied struc ture
(granoblastic, porphyroblastic or lam i nated) and an al most uni -
form min eral com po si tion. Short subhedral, clear-gray,

semitransparent prisms of bronzite (D ~0.013 nm) are the dom -
i nant prin ci pal com po nent in all the do mains, whereas
anhedral, lim pid and clear-ol ive ol iv ine grains are much less

abun dant (D ³0.030 nm). Both ol iv ine grains and
orthopyroxene prisms have di men sions from a few mi crom e -
ters to a few tens of mi crom e ter. In the do mains with a
porphyroblastic struc ture the phenoblasts of ol iv ine are set in
an orthopyroxene groundmass. Plagioclase — a trans par ent,
trans lu cent, white and shape less sub stance with a low bi refrin -

gence (D ~0.005–0.006 nm) — fills the small spaces be tween

the ol iv ine and orthopyroxene grains. The hy po thet i cal

cristobalite (lim pid, sub-euhedral oc ta he drons ~5–15 mm large, 
hav ing a heavy neg a tive re lief and very low bi refrin gence
<0.005 nm), ob served only us ing a po lar iz ing mi cro scope and
not con firmed by X-Ray mi cro scope, was found in two large
lumps (a few milli metres across). Nanometric dust of metal
(and pos si bly sul fide) is very abudant, prob a bly accreted onto
the Songyuan par ent body to gether with sil i cates. In spite of the 
dust, micrometric, rounded grains of the FeNi and troilite (and
ex cep tional chro mite) are rather rare, and seem to have mixed
with the sil i cate mat ter much later — dur ing ac cre tion of the
Songyuan regolith.

The min eral com po si tion and struc tures of the lumps sug -
gest that they were built of sintered and not molten mat ter. We
sup pose that the lumps rep re sent crum bled mat ter of the sur face 
layer cov er ing the Songyuan par ent body. 

OPAQUE MINERALS

Na tive metal (taenite and kamacite), troilite (mas sive and
po rous va ri ety) and chro mite are the prin ci pal opaque min er als
in the Songyuan ma te rial, mak ing to gether sev eral per cent by
volume. 

Na tive metal is pres ent in two dis tinct grain frac tions:
— very fine, sub-micrometric me tal lic dust par ti cles,
— larger, sub-millimetric metal grains.
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T a  b l e  5

Re sults of chem i cal anal y sis of the mas sive and po rous troilites in the Songyuan me te or ite

MIC STR MgO Al2O3 SiO2 CaO TiO2 Cr2O3 MnO FeO NiO ZnO To tal

A013 RIM 2.39 4.97 0.30 0.18 3.34 56.90 ND 30.99 0.38 ND    99.45

A014 RIM 2.29 5.29 0.81 0.13 3.50 57.51 ND 29.77 0.20 ND    99.12

C001 MTR 2.36 5.22 0.72 0.02 3.52 57.91 0.05 30.37 0.19 ND 100.36

D001 MTX 3.13 5.86 0.67 0.13 3.39 57.43 0.08 30.12 0.02 ND 100.79

S201 RCK 3.27 5.47 0.19 0.17 3.48 56.83 0.71 28.54 0.40 0.01    99.07

S202 RCK 3.20 5.14 0.28 0.15 3.64 56.57 0.74 28.54 0.12 0.62    99.00

For ex pla na tions see Ta ble 1

T a  b l e  6

Re sults of chem i cal anal y sis of chro mites from dif fer ent struc tural ob jects
 in the Songyuan me te or ite

MIC STR Si S Ti Cr Fe Co Ni Cu Zn To tal

S320 MTX/mass. ND 35.18 ND ND 62.86 0.00 0.00 0.00 0.31  98.35

S321 MTX/mass. ND 35.35 ND ND 61.74 0.00 0.00 0.00 0.12  97.21

S431 MYX/por. ND 35.85 ND ND 63.00 0.02 0.10 0.05 0.00  99.02

BO06 ALT/por. 0.17 36.53 0.02 0.05 63.79 ND 0.10 ND ND 100.46

A015 RIM/por. 0.35 36.73 0.13 0.04 64.53 ND 0.12 ND ND 101.56

A016 MTX/por. 0.25 35.69 0.11 0.03 64.80 ND 0.21 ND ND 100.82

A017 MTX/por. 0.12 36.42 0.05 0.12 64.39 ND 0.18 ND ND 101.18

mass. — mas sive, por. — po rous; for other ex pla na tions see Ta ble 1



It ap pears in chon drules as well as in the ma trix of the me te -
or ite. The metal grains are clearly allotriomorphic, with con -
tours con strained by the sur round ing sil i cates, but still the con -
tours of the grains are smooth and oval. Very typ i cal are the
shapes of grains at void bor ders; they from knobs slightly pro -
trud ing into the voids and not fill ing them. Con se quently, it is
ev i dent that the pres sure of the sur round ing rocks was weaker
than the me chan i cal re sis tance of the metal, in di cat ing that the
Songyuan mat ter orig i nates from a shal low ho ri zon of its par -
ent body. Only twelve ar bi trary se lected metal grains were ana -
lysed. Eleven grains show a con tent of Ni (11–46 wt.%) spe -
cific for taenite or tetrataenite, whereas only one rep re sents a
mix ture of taenite and kamacite (Ta ble 7).

Be sides the grains and par ti cles de scribed, rare ag gre gates
of millimetric metal, troilite and rare chro mite par ti cles were

ob served in the Songyuan me te or ite. The ag gre gates of the
opaque min er als are of ten con fined, with in ter rupted ac cre tion
rims com posed of ol iv ine and rare orthopyroxene grains.
Metal-sil i cate con tacts are here ev i dently dif fer ent than those
de scribed above, the metal seem ing to have been more plas tic
at the mo ment of the ac cre tion of the ag gre gate than dur ing the
sed i men ta tion of the regolith. The ag gre gates to gether with
their sil i cate rims are sep a rated from the en clos ing ma trix by
trains of dashed lines of bor der ing frac tures (the frac tures were
partly closed dur ing equil i bra tion of the chondrite), show ing
the ag gre gate as an en tity. In the metal, and lo cally in the
troilite, are oval “win dows”, filled by microcrystalline grains of 
anhedral ol iv ine, ex cep tion ally by orthopyroxene. 

Troilite (a few vol.%) is pres ent in the Songyuan ma te rial as 
two struc tural va ri et ies: mas sive, and more wide spread in po -
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T a  b l e  7

Re sults of chem i cal anal y sis of me tal lic iron from the Songyuan me te or ite

MIC Si S Ca Ti Al Cr Fe Mn Mg Ni Zn Co Cu

A009 0.14 0.05 ND 0.01 ND 0.07 81.54 ND ND 17.07 ND ND ND

A010 0.25 0.21 ND 0.11 ND 0.00 84.09 ND ND 14.36 ND ND ND

A011 0.21 0.09 ND 0.01 ND 0.03 87.91 ND ND 11.02 ND ND ND

A012 0.15 0.07 ND 0.07 ND 0.07 85.60 ND ND 13.28 ND ND ND

E001 0.49 ND ND 0.03 ND 0.00 75.02 ND ND 25.58 ND ND ND

E002 0.37 ND ND 0.06 ND 0.03 74.39 ND ND 25.86 ND ND ND

S207 0.10 ND 0.11 0.00 0.00 0.05 82.56 0.00 0.11 14.63 0.73 0.20 0.00

S208 0.13 ND 0.06 0.00 0.02 0.06 83.69 0.17 0.15 13.74 0.00 0.21 0.28

S209 0.19 ND 0.03 0.00 0.04 0.02 91.74 0.00 0.00  7.28 0.28 0.27 0.01

S319 0.21 ND 0.12 0.00 0.03 0.18 77.49 0.00 0.20 20.72 0.00 0.16 0.00

S429 0.11 ND 0.02 0.05 0.00 0.00 52.79 0.24 0.00 45.98 0.00 0.32 0.56

S430 0.06 ND 0.00 0.01 0.00 0.00 80.08 0.00 0.12 17.01 0.50 1.03 0.11

S208 and S209 — the same iron ob ject (125 ´ 500 mm) from a fine-grained rock frag ment, S429 and S430 — the same iron grain (73 ´

95 mm) in a weath er ing fis sure; for other ex pla na tions see Ta ble 1

T a  b l e  8

Chem i cal com po si tions of weath ered iron min er als from the Songyuan me te or ite
show ing the se quence of ox i da tion

MIC O Si S Ti V Cr Mn Fe Ni To tal

wt.% of the el e ments

E001 ND 0.49 ND 0.03 ND 0.00 0    75.02 25.58 101.12

E002 ND 0.37 ND 0.06 ND 0.03 0    74.39 25.86 100.71

E003 29.56 0.28 0.85 0.02 0.15 0.04 0.03 69.93  0.14 101.00

E004 37.86 0.33 0.78 0.05 0.13 0.21 0.12 55.24  3.15 97.87

atomic con tents in wt.% cal cu lated to 100 [%]

MIC MC O Si S Ti V Cr Mn Fe Ni

E001 taenite ND 0.98 0.10 0.04 ND 0.00 ND 74.66 24.22

E002 taenite ND 0.73 0.07 0.07 ND 0.04 ND 74.52 24.64

E003 mag ne tite 58.79 0.32 0.85 0.01 0.09 0.02 0.02 39.85 0.08

E004 li mo nite 68.70 0.34 0.71 0.03 0.07 0.12 0.07 28.71 1.56

MC — main com po nents; for other ex pla na tions see Ta ble 1



rous mod i fied form (for chem i cal com po si tion see Ta ble 6).
They ap pear as allotriomorphic, ir reg u lar grains, in form and
di men sions com pa ra ble to that of the metal. The shapes when
sur rounded by sil i cates are as the case with iron. Ac ces sory
grains of chro mite are mor pho log i cally sim i lar to taenite and
troilite. For chem i cal com po si tion of the chro mites see Ta ble 5.

The grains of the FeNi and troilite could also be frag ments
of the crum bled me tal lic core of an un known, pri mary ob ject.

BASALT FRAGMENTS

Rare, an gu lar frag ments of pyroxene-ol iv ine ba salt are
pres ent in the ma te rial ana lysed (Fig. 2E). The rock dis plays a
por phy ritic tex ture with subhedral orthopyroxene and anhedral
ol iv ine pheno crysts and a cryptocrystalline pyroxene-
 plagioclase mesostasis. The rock shows two-stage crys tal li za -
tion: a rel a tively slow crys tal li za tion of pheno crysts and rapid
crys tal li za tion of the mezostasis. The abun dance of chro mite
crys tals, as so ci ated with an ev i dent scar city of metal and troilite 
is sig nif i cant, there is some tex tural sim i lar ity to lu nar ol iv ine
ba salt (Papike et al., 1998).

SOME REMARKS 
ON SECONDARY PROCESSES

In gen eral the ef fects of weath er ing are rare and in con se -
quence they were ana lysed at very few points. In the case of the
taenite it has been stated that the first stage of weath er ing trans -
formed the metal to mag ne tite, and then to iron ox ide and hy -
drox ides: he ma tite and goethite (see Ta ble 8). The Ni ions of
taenite en tered into the struc ture of nickel sul fide; millerite. The 
weath er ing took place in an en vi ron ment en riched in ox ide,
wa ter and sul fur; most prob a bly in the Earth’s at mo sphere. The
akaganeite iden ti fied in Songyuan may have formed from
troilite by a fer ric-sul fate-bear ing so lu tion ear lier, prob a bly in
an ex tra ter res trial en vi ron ment.

Withlockite and chlorapatite that oc ca sion ally ap pear (of -
ten with chro mite and po rous troilite) in the min eral
paragenesis, close to voids and fis sures and pores in the
chondrite ma trix, are af fected by weath er ing (Fig. 2G). An ap a -
tite-withlockite grain was found in one of the fis sures bor dered

with metal and po rous troilite, ol iv ine and chro mite. Phos -
phates are pres ent along the straight con tact. The mean con tents 
of P and Ca in both phos phates are sim i lar but the vari abil ity of
the com po si tion is sig nif i cantly higher in the ap a tite. More over
the ap a tite is po rous, whereas the withlockite shows a mas sive
struc ture. These fea tures sug gest that the ap a tite has grown by
the re moval of Na and Mg and the im port of Cl, most prob a bly
in the ter res trial en vi ron ment. For chem i cal com po si tion of the
phos phates see Ta ble 4.

A grain of di op side (22 ´ 20 mm in size) was no ticed in the
one of the fis sures to gether with other prod ucts of weath er ing.
The grain, iden ti fied by microanalysis, dis plays a very vari able
com po si tion, in di cat ing un sta ble crys tal li za tion con di tions,
prob a bly also re lated to weath er ing al ter ation.  

CONCLUSIONS ON THE SONGYUAN
 CLASSIFICATION

The chem i cal ho mo ge ne ity of ol iv ine grains from dif fer ent
struc tural ob jects in the Songyuan me te or ite shows a high level
of equil i bra tion with the ex cep tion of the man ga nese, which
shows some de vi a tions. Also the orthopyroxene, the sec ond
main com po nent, shows a high level of the ho mo ge ne ity with
some out li ers in the dis tri bu tion of Fe, K and Ti. Tak ing into the 
ac count some chem i cal and min er al og i cal heterogeneities,
clas si fi ca tion of the chondrite as L5 is pro posed. A low (S1)
stage of shock meta mor phism of the Songyuan ma te rial is rec -
og nized be cause of the ho mo ge neous ex tinc tion in the ol iv ine
grains and the ab sence of pla nar frac tures. Rare prod ucts of the
ter res trial weath er ing are pres ent only as par tial fill s of frac -
tures, pores or as ir reg u lar spots, whereas there are no weath er -
ing rims around the metal grains; in con se quence, a low weath -
er ing stage (W0) is pro posed in the clas si fi ca tion of Songyuan.
We pro pose the mod i fi ca tion of the Songyuan clas si fi ca tion
from the L6(S2)W1 sug gested by Ru bin (Grossman, 2000) to
L5(S1)W0 (this pa per). 
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