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The min eral com po si tion of the Baszkówka me te or ite comprises: ol iv ine, py rox enes, plagioclase, Fe,Ni metal, troilite and chro mite
with mi nor chlorapatite, whitlockite, mag ne tite, hae ma tite, spinel, idaite, cal cite and na tive Cu. A rare variety of spinel (picotite), prob -
a bly the old est among the min er als of Baszkówka, was iden ti fied in the only two chon drules named: panda and chev ron. The
composition of the ol iv ine (Fa 26.2±1.8 wt.%) and the high de gree of chondrite ho mogeni sa tion, a re sult of ther mal meta mor phism, are
con sis tent with ear lier re sults and in di cate the L5 group. No dis tinct shock ef fects were ob served in Baszkówka, clas si fied as S1.
Troilite-Fe,Ni and Fe,Ni metal lumps are de fined and in ter preted as mol ten planetesimals im pact splashes. 
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INTRODUCTION

Me te or ites have a rel a tively resctricted min er al ogy rel a tive 
to the Earth. The chondrite par ent bod ies were small, wa -
ter-poor, de void of ox y gen, and the geo log i cal dif fer en ti a tion
of pri mary mat ter is lim ited and scarce. In 1885 Gustav
Tschermak gave a list of eigh teen me te or itic min er als in clud -
ing four ab sent from the Earth (fide Manecki, 1971). In the last
cen tury, the num ber of the min er als found in me te or ites grew
slowly to ~20 spe cies in 1950, and than to ~100 in 1970.
Modern min er al og i cal meth ods, and new me te or ite finds par -
tic u larly on Ant arc tic ice and in Aus tra lian, Amer i can and Af -
ri can deserts, enabled fur ther dis cov er ies of me te or itic
min er als. Ru bin (1997) published a list of 275 ex tra ter res trial
min er als (~10% of the Earth’s total), in clud ing some pres ent
only as sin gle grains in individual me te or ites. Al most all of the
main com po nents of stony me te or ites such as ol iv ine, py rox -
enes, and plagioclase are com mon in ter res trial rocks. But, the
ex tra ter res trial en vi ron ment is so dif fer ent that of the Earth,
that me te or ites in clude rare ex otic min er als such as car bides,
sili cides and nitride (e.g., Andersen et al., 1964; Wasson and
Wai, 1970; Keil et al., 1982; Al ex an der et al., 1991, 1994).
Such minerals are ab sent from “nor mal” terrestrial en vi ron -
ment, but are some times found in artefacts (Stępniewski and

Borucki, 2001). Un der stand ing the com po si tion of me te or ites 
is not sim ply a the o ret i cal pursuit, but helps our un der stand ing
of the or i gin, de vel op ment and the struc ture of the So lar
System and of the Earth it self (Urey, 1952; Ring wood, 1966).

The inner part of the Baszkówka me te or ite resembles a
lithoclastic, coarse-grained sand stone with loosely packed
“clastic” grains and a mea gre, fine-grained, sil i cate ma trix.
The main clastic frac tion is com posed of glob u lar, subglobular 
or el lip soi dal chon drules (from ~0.04 to ~3 mm in di am e ter),
some as frag ments (Siemiątkowski, 2001). Some chon drules
are cov ered with con den sa tion or ac cre tion rims. Nu mer ous,
mostly inter gra nu lar voids are typ i cal, though some cav i ties
occur in side cer tain of the larger chon drules (Wlotzka and
Otto, 2001). The low den sity (2.93 g/cm3) of the chondrite
(Stępniewski et al., 1998b) cor re lates with a high po ros ity
~18% on the Britt and Consolmagno di a gram (Britt and
Consolmagno, 1996; Consolmagno and Britt, 1996;
Consolmagno et al., 1998), and matches the 20% po ros ity es ti -
mated by planimetric mea sure ments (Siemiątkowski, 1998).
Grains of Fe,Ni metal and troilite are scat tered, mostly in the
ma trix, lo cally within chon drule rims, or dis persed as small
blebs in side some chon drules. Most of the metal grains in the
ma trix have ir reg u lar con tours, closely-fit ted to the edges of
the bor der ing sil i cates. A few rare metal or metal-troilite lumps 
(Stępniewski et al., 1998a) are pres ent in the ma trix. Nu mer -
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Fig. 1. Sam pling scheme for the Baszkówka chondrite

A — two par al lel cuts have dis sected: a —  a heel for col lec tion and ex change, b — a plate for lab o ra tory ex am i na tion, c — cyl in der from the in te rior of the 
stone was as signed to chem i cal anal y ses; B — the plate was di vided into sam ples for thin sec tions (sin gle nu mer als), and pol ished spec i mens for elec tron
mi cros copy (dou ble nu mer als)

Fig. 2. Baszkówka me te or ite —  the ex ter nal sur face of plate b from Fig. 1A; at left — a large metal-troilite particle, and a long chain of metal grains;
at right, next to a frac ture — four small metal-troilite particle; scale bar 20 mm  
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Fig. 3. Baszkówka me te or ite  — part of plate b from Fig. 1A; dark gray, glob u lar or el lip ti cal chon drules abound; some of them have the in ter nal voids;
shape less light gray grains of metal, and brown-yellow grains of troilite are less fre quent; at left — a metal-troilite particle, the largest one no ticed in
Baszkówka; the metal shell is partially split off; an other smaller particle is vis i ble at bot tom right (ar row); be low the particle a frag ment of the metal chain is 
vis i ble; scale bar 10 mm



ous euhedral, mostly ol iv ine, microcrystals ap pear in the voids
(Wlotzka, 1997; Wlotzka and Otto, 2001).

This pa per de scribes data from about a hun dred min er al og i -
cal and chem i cal (elec tron microprobe — SEMQuant) anal y ses 
made in the lab o ra tory of the De part ment of Pe trol ogy of the
Pol ish Geo log i cal In sti tute dur ing 1998–2000. Ini ti al re sults
were pub lished in Stępniewski et al. (1998a) and Borucki and
Stępniewski (2001).

SAMPLING AND METHODS

Cut ting and sam pling pro ce dures were or gan ised to avoid
need less loss of ma te rial. The sam ples were rep re sen ta tive, as
far as pos si ble, tak ing into the ac count the ne ces sity of pre serv -
ing most of the orig i nal shape of the stone. Some of the sam ples 
were lo cal ised and ori ented.

The Baszkówka chondrite is a sin gle, ori ented stone shaped 
like a reg u lar flat cone. Its sur face is al most en tirely (~93%)
cov ered with an ab la tion crust, and sculp tured with nu mer ous,
well de vel oped, regmaglypts. Ex am i na tion of the stone in te rior
re vealed a very po rous struc ture, sug gest ing pos si ble fri a bil ity
and a dan ger of dam ag ing the spec i men dur ing sam pling.
There fore, the spec i men was ini tially pho to graphed, de scribed
and a plas ter cast ing was made. The sam pling was started at the
back sur face of the stone, where the regmaglypts are ab sent and 
part of the ab la tion crust had bro ken off. Care ful, slow, cold
cut ting of a heel and a slice was done with a di a mond saw-blade 
disk 1 mm thick and 30 cm in di am e ter. A 25 mm di am e ter
thin-walled hol low mill ing cut ter was used to ex tract a sam ple
from the in ner part of the stone. The 50 mm thick heel was set
apart for col lec tions and ex change (Figs. 1Aa, 2 and 3), and a
suc ces sive slice (~1 cm thick) was cut off for min er al og i cal,
petrographic, and other phys i cal and chem i cal stud ies
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T a  b l e  1

Chem i cal com po si tion of ol iv ine (in wt.%)

An a lyt i cal
number

Na Mg Al Si Ca Ti Cr Mn Fe Ni O* To tal Fo Fa

Pheno crysts — B92, B93, chon drule rims — BOP, B48 

B49 0.00 22.55 nd 18.42 0.09 0.00 0.08 0.33 16.95 0.11 40.88 99.41 75.0 25.0

BOP 0.00 22.52 nd 17.88 0.09 0.00 0.00 0.36 17.19 0.00 40.17 98.21 74.6 25.4

B92 0.00 22.57 nd 17.99 0.13 0.03 0.08 0.18 17.68 0.00 40.51 99.17 74.6 25.4

B48 0.00 22.97 nd 17.81 0.04 0.00 0.00 0.43 18.08 0.00 40.65 99.98 74.0 26.0

B93 0.00 22.89 nd 17.99 0.02 0.04 0.00 0.47 17.64 0.02 40.12 98.19 73.5 26.5

Com pound spinel chon drule: rim — B22, pri mary — B21, sec ond ary — B20

B22 0.29 21.10 0.06 18.79 1.00 0.11 0.00 0.44 17.41 nd 41.03 100.23 73.6 26.4

B21 0.00 21.49 0.41 18.91 0.15 0.14 0.67 0.31 17.57 0.00 41.40 101.05 73.5 26.5

B20 nd 22.46 0.00 18.64 0.00 0.03 0.24 0.29 18.88 0.00 41.19 101.73 72.9 27.1

Chondrite ma trix

B72 0.00 22.69 nd 17.74 0.00 0.00 0.02 0.31 17.56 0.24 40.33 98.89 74.5 25.5

B38 0.42 21.79 nd 17.90 0.10 0.00 0.00 0.58 18.35 0.00 40.39 99.53 72.5 27.5

Troilite-metal particle: sil i cate rim — B54, in clu sions in kamacite — B55, B56

B54 0.00 23.00 nd 18.18 0.06 0.07 0.12 0.20 17.77 0.00 41.08 100.48 74.8 25.2

B55 0.00 22.66 nd 18.42 0.04 0.06 0.11 0.34 17.57 0.00 41.13 100.33 74.4 25.6

B56 0.00 22.63 nd 18.45 0.01 0.00 0.00 0.41 18.01 0.00 41.07 100.58 73.8 26.2

In clu sions in kamacite particle

B36 0.12 21.39 nd 18.78 0.02 0.04 0.09 0.47 18.09 0.00 40.72 99.72 72.6 27.4

B37 0.11 21.20 nd 18.48 0.06 0.00 0.00 0.47 18.44 0.00 40.19 98.95 72.0 28.0

nd— no data, * — stoichiometric; Fo — for ster ite, Fa — fayalite



(Fig. 1Ab). The cyl in der ~50 mm long, 25 mm in di am e ter
(Fig. 1Ac) from the in side of the stone was ap pro pri ate for neu -
tron ac ti va tion anal y sis.

Thin sec tions for mi cro scopic ex am i na tion in trans mit ted
light, and pol ished sam ples for re flected light and for elec tronic 
microprobe anal y sis were pre pared us ing stan dard pro ce dures.
The ag ate mor tars were used for man ual prep a ra tion of an a lyt i -
cal pow ders by grind ing and ho mogen is ing, had been care fully
cleaned with quartz pow der and washed to min i mize con tam i -
na tion. Ac cord ing to the an a lyt i cal data (Dybczyński et al.,
1999), the dif fi cul ties in grind ing caused by the pres ence of the
na tive iron do not bias the re peat abil ity of the re sults. The sam -
pling schema (Fig. 1B), show ing the an a lyt i cal des ti na tion of
ev ery spec i men, al lows cor re la tion of the re sults with the var i -
ous struc tures of the Baszkówka stone.

Quan ti ta tive chem i cal microanalyses were made with an
Ox ford elec tron microprobe and SEMQuant an a lyt i cal pro -
gram, for which the stan dard sam ple se ries were com posed of
min er als and/or ar ti fi cial ma te ri als. Polarising mi cro scopes 
made by Ernst Leitz (Wetzlar, Ger many) and MIN-8 (USSR)
were used in min er al og i cal-petrologic stud ies, and the mi cro -
scopic min eral iden ti fi ca tions were sup ported by the X-ray
EDS qual i ta tive de ter mi na tions.

RESULTS

The an a lyt i cal re sult are outlined in ten ta bles and 25 at -
tached pho tos, backscattered elec tron images (BSE) and
scanning elec tron mi cro scope images (SEM).

SILICATES

The study com prises anal y ses of ol iv ine, orthopyroxene,
Ca-rich pyroxene, and plagioclase, which are the main com po -
nents of the chon drules and of the chondrite ma trix, as well as
of the in clu sions en closed in side the metal and metal-troilite
particles.

Ta ble 1 com prises 15 microprobe anal y ses of the dif fer ent
ge netic and struc tural types of ol iv ine: 

1. Five anal y ses of pheno crysts from ol iv ine PO and BO
(por phy ritic or barred) chon drules show a com po si tion of ol iv -
ine grains (Fig. 4), re flect ing rapid (~1–10°C/h) crystallisation
of a sil i cate melt in the tem per a ture range 1200–1350°C
(Weinbruch et al., 1996). 

2. The next three anal y ses give the com po si tion of a
phenocryst and of an ol iv ine grain from the rim of the spinel-
bear ing ol iv ine chon drule panda (Borucki and Stępniewski,
2001), one of two unique chon drules found on the to tal sur face
area ~57 cm2, of the thin sec tions ana lysed to date. 

3. Two anal y ses of large ol iv ine frag ments represent the
com po si tion of a typ i cal, abun dant pop u la tion of “clastic” ol iv -
ine crys tals, or their frag ments. These are lim pid, euhedral,
short pina coid crys tals with pyramidal ter mi na tions. While
most of the clastic olivines are ho mog e nous, some dis play a
zonal struc ture sug gest ing in ter rupted, two-fold crystallisation.

4. The next five anal y ses rep re sent the com po si tion of
small, submillimetric subhedral ol iv ine crys tals en closed in the
troilite-Fe,Ni metal lumps (Fig. 5). Ol iv ine crys tals sealed in
metal or in troilite have kept their euhedral crys tal faces, but
their edges are rounded as oc curs on macroscale in pallasites in
ef fect of an neal ing (Buseck, 1977; Scott, 1977). 
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Fig. 4. BSE (back scat tered elec trons) image ex poses a por phy ritic chon drule with an ol iv ine phenocryst (with euhedral pina coid and pyr a mid faces), and
dark gray, elon gated, subhedral orthopyroxene pheno cryst; dark gray mesostasis with scat tered small metal blebs is com posed mostly of symplectic ag -
gre gates of Ca-rich pyroxene and plagioclase



The spec tro met ric pro ce dures used in this study did not al -
low quan ti ta tive de ter mi na tions on the sur faces of the sub -
micro metric ol iv ine crys tals, pres ent on the void walls (Fig. 6),
as dur ing the pol ish ing of sam ples such crys tals were spalled
away. How ever, Wlotzka and Otto (2001), us ing more ad -
vanced tech niques, have suc cess fully ana lysed such crys tals.

Orthopyroxene (OPX) is one of the main com po nents of
the ra dial pyroxene chon drules as well as in por phy ritic
pyroxene chon drules of the Baszkówka chondrite (Fig. 7). To -
gether with ol iv ine, OPX is the main com po nent of por phy ritic
ol iv ine-pyroxene and gran u lar ol iv ine-pyroxene chon drules.
No ta bly, the struc ture of barred ol iv ine-pyroxene (Fig. 8) chon -
drules com prises long, nar row laths, in each of which an ol iv ine 
axis is bor dered on both sides by an OPX lin ing, and the
inter-lath spaces are filled with plagioclase. OPX “clastic”
crys tals and frag ments are rare, but OPX in clu sions in metal or
metal-troilite par ti cles are com mon. Eleven anal y ses of OPX
are given in Ta ble 2. Four of them are of pheno crysts, the next
five rep re sent the chem i cal com po si tion of the OPX in clu sions
in the metal-troilite par ti cles, and two last anal y ses are of  the
“clastic” OPX grains.

Ca-rich pyroxene (CPX) is ex cep tional among the com -
po nents of Baszkówka in gen eral. Nev er the less, CPX was re -
cog nised in the mesostasis of the por phy ritic and barred
chon drules, where it com poses symplectite inter growths with
plagioclase (Fig. 9). The elec tron microprobe used in this study
did not al low anal y sis of these tiny inter growths, and only in
few cases was it pos si ble to get rea son able re sults (Ta ble 3). 

Plagioclase is not very abun dant in Baszkówka, but its
com po si tion (Ta ble 4) and struc tures are greatly di ver si fied.
The most fre quent forms of plagioclase, eas ily dis cern ible un -
der the polar is ation mi cro scope in the ma trix of the chondrite,

are lim pid oligoclase ag gre gates (<100 µm) with ol iv ine,
kamacite, and ex cep tion ally CPXs or whitlockite. The
SEMQuant anal y ses (B96, B43, B78 and B77) show low An,
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Fig. 5. BSE image; ol iv ine crys tal in Fe,Ni metal re veals euhedral pina coid and pyr a mid faces; rounded edges show prob a ble ef fects of an neal ing; the hole
in the crys tal re mains af ter a prob a ble fluid in clu sion

Fig. 6. SEM image; euhedral ol iv ine crys tal grown on a wall of an inter gra -
nu lar void; stri ated faces (growth ac ces so ries) sug gest in ter mit tent crys tal -
li sa tion



Mineralogy of the Baszkówka chondrite (L5 S1): new data on silicates, opaques and minor minerals 235

Fig. 7. BSE image; a por phy ritic chon drule (with out a rim) com posed of elon gated orthopyroxene pheno crysts and symplectic mesostasis (light gray,
fine-grained clinopyroxene microlites intergrown with dark gray plagioclase); a grain of Fe,Ni metal in the ma trix is dis cern ible as a white-gray speck (at
the left side of the pic ture)

Fig. 8. BSE image; frag ment of a chon drule with sym met rical bar structure, in which the cen tral axis comprises light gray ol iv ine (OL — Fa25) with
orthopyroxene (OPX — Fs22) fringe on both sides, and dark gray plagioclase (PLG) mesostasis fill ing spaces be tween bars; nu mer ous Fe,Ni metal blebs
(white-gray patches) are dis persed in the sil i cates



from ~12 to ~22 wt.%, and Or from ≥3 to ≥6 wt.%. Plagioclase
also forms symplectic struc tures with CPX in the mesostasis of
the por phy ritic and barred chon drules, eas ily vis i ble on the
BSE im ages (Figs. 8 and 9) but easy to over look un der the op ti -
cal mi cro scope, where they are vis i ble only as small trans lu cent 
dots. The cor re spond ing SEMQuant anal y ses (Ta ble 4, B97,
B95, B94 and B91) show a com po si tion of al bite or oligoclase

with vari able con tents of Or from ~3 to ≤6 wt.%. The B42
SEMQuant anal y sis of a plagioclase from the plagioclase -ol iv -
ine-pyroxene in clu sion in a metal par ti cle shows a com po si tion
match ing al bite with Or >7 wt.%, as in the  plagioclase of the
chon drule mesostasis, but its size and shape is akin to the ma -
trix plagioclase.

Plagioclase laths from the mesostasis of the spinel chon -
drule panda (Borucki and Stępniewski, 2001) show a
trachitic-radiolitic texture, ab sent from other chon drules of
Baszkówka. More over, the SEMQuant anal y ses point mostly
to lab ra dor (B14, B13, B16, B04, B11, B09 and B15) with a
vari able composition and low po tas sium con tents. How ever,
some laths with el e vated so dium and partly also po tas sium con -
tents show a com po si tion of oligoclase (B17) or an de sine (B10
and B12), whereas those en riched in cal cium be long to
bytownite (B15 and B05). On the other hand, the plagioclase
from the rim of panda (B07 and B08), as well as the thin con tact 
layer be tween the pri mary and sec ond ary of that chon drule
(B06) show an oligoclase com po si tion, com mon in Baszkówka 
plagioclases.

OPAQUES

Kamacite, taenite and troilite grains, abun dant in
Baszkówka, dis play some var ied struc tures and tex tures, how -
ever the most com mon are the sep a rate anhedral par ti cles of
kamacite, and in some mea sure also taenite. Less fre quent are
kamacite-troilite inter growths and subhedral or anhedral troilite
grains. The most abun dant anhedral kamacite grains
(~0.6–<0.002 mm) have edges mould ing around the walls of the
sur round ing sil i cates (Figs. 2–4 and 7). Troilite crys tals, un like
kamacite,  lo cally pre serve some euhedral faces (Figs. 10 and
11). In fre quent chon drules con tain abun dant small kamacite
and/or troilite blebs. Other scarce chon drules pos sess ac cre tion
rims made of sil i cates, troilite and/or kamacite grains (Fig. 12).
In gen eral, op aques from equil i brated or di nary chondrites show
mostly  ab er rant, and lo cally frag mented shapes (Urey and
Mayeda, 1959). How ever, in the case of Baszkówka, crys tal line
forms oc cur (Fig. 11), in which troilite has pre served euhedral
faces. A dis tant like ness to the pyrophanite bear ing-grain from
the Leedey chondrite (Mc Coy et al., 1997) may sug gest that the
subhedral grains from Baszkówka may have crys tal lised from
melten chondrite ma te rial. An abun dant va ri ety of kamacite and

troilite grains com prises small (≈0.6–0.03 mm) glob ules or
ovoids wedged in frac tures or at tached to the sur faces of hol -
lows. The free, rounded sur faces of the kamacite glob ules al -
ways dis play the ef fects of cor ro sion, not seen on the sur faces of
troilite glob ules.
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T a  b l e  2

Chem i cal com po si tion of orthopyroxene (in wt%)

An a lyt i cal
number

Na Mg Al Si K Ca Ti Cr Mn Fe Ni O* To tal En Fs Wo

Chon drules: barred — B2522; por phy ritic — B88, B82, B87

B2522 nd 17.07 nd 26.67 nd 0.60 0.08 0.12 0.25 11.10 0.00 45.19 101.08 76.0 22.4 1.6

B88 0.26 17.20 0.14 26.23 0.00 0.69 0.05 0.00 0.41 10.61 0.00 44.76 100.35 77.3 20.8 1.9

B82 0.14 17.29 0.26 25.71 0.13 0.49 0.14 0.76 0.16 10.65 0.00 44.64 100.37 77.8 20.9 1.3

B87 0.01 18.07 0.01 26.20 0.08 0.45 0.14 0.16 0.42 10.46 0.00 45.10 101.10 78.9 19.9 1.2

Troilite-metal lump: in clu sions in kamacite — B1109, B1042, B1133, B41, sil i cate rim — B39

B1109 0.00 15.84 0.40 27.09 0.00 0.79 0.18 0.25 0.44 10.56 0.00 45.27 100.82 75.0 22.7 2.3

B39 0.00 16.02 0.20 27.20 0.00 0.69 0.02 0.12 0.17 11.31 0.00 45.15 100.88 75.0 23.0 2.0

B1042 0.00 16.07 0.25 27.22 0.00 0.71 0.03 0.30 0.04 11.11 0.00 45.29 101.02 75.2 22.8 2.0

B1133 0.13 16.58 0.00 26.19 0.00 0.81 0.13 0.06 0.29 11.19 0.00 44.35  99.73 75.5 22.2 2.3

B41 0.10 16.46 0.00 26.51 0.00 0.62 0.14 0.21 0.20 11.00 0.00 44.63  99.87 76.2 22.1 1.7

Chondrite ma trix

B73 nd 16.96 nd 26.63 nd 0.62 0.09 0.09 0.37 11.40 0.06 45.26 101.48 75.1 23.2 1.7

B40 0.18 16.54 0.06 25.69 0.08 0.68 0.20 0.01 0.17 11.29 0.00 43.85  98.75 75.6 22.5 1.9

En — en sta tite, Fs — ferrosilite, Wo — wollastonite; other ex pla na tions see Ta ble 1



Troilite-kamacite (taenite) lumps (Figs. 13 and 14) rare
in Baszkówka, and very rare in other or di nary chondrites. Most 
of these lumps, of which less than ten of are re cog nised to date,

are up to >10 mm large (Figs. 2 and 3), and have con cen tric
struc tures with large troilite cores cov ered with thin kamacite
(taenite) shells. The outer rims are com posed of small chon -
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Fig. 9. BSE image; frag ment of a chon drule with large, gray ol iv ine pheno crysts (OL) and symplectic mesostasis com posed of light gray clinopyroxene
intergrown with dark gray plagioclase; the char ac ter is tic microporosity of the chon drule is vis i ble

T a  b l e  3

Chem i cal composition of Ca-rich pyroxene (in wt.%)

An a lyt -
i cal

number

Na Mg Al Si K Ca Ti Cr Mn Fe Ni Zn O* To tal Mg2Si2O

6

Fe2Si2O6 Ca2Si2O6

B99 0.66 10.18 0.37 24.84 0.00 15.55 0.28 0.45 0.24 3.57 nd nd 43.23  99.3
7 49.7 7.1 43.2

B84 0.60 10.29 0.36 25.60 0.00 16.20 0.31 0.48 0.09 3.72 0.00 nd 44.43 102.0
8 48.8 7.3 43.9

B83 0.34 9.88 0.58 24.85 0.08 15.92 0.31 0.59 0.17 3.22 0.00 nd 43.20  99.1
4 48.1 6.6 45.3

B81 0.28 10.37 0.44 25.23 0.00 16.66 0.18 0.61 0.29 3.41 0.00 0.37 44.15 101.9
9 47.9 6.7 45.4

B85 0.30 9.30 0.16 24.71 0.00 16.18 0.21 0.36 0.15 3.82 0.01 nd 42.39  97.5
9 45.5 7.9 46.6

B02 0.36 8.76 0.85 24.90 nd 17.56 0.35 0.66 0.23 3.76 nd nd 43.71 101.1
4 42.6 7.7 49.7

B01 0.37 8.77 0.85 24.90 0.00 17.57 0.35 0.66 0.23 3.79 0.00 nd 43.61 101.1
0 41.6 7.8 50.6

Chon drule rims: B99, B01; other ex pla na tions see Ta ble 1
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T a  b l e  4

Chem i cal com po si tion of plagioclase (in wt.%)

An a lyt -
i cal

number

Na Mg Al Si K Ca Ti Cr Mn Fe Ni Zn O∗ To tal Ab An Or

Chondrite ma trix

B96 6.23 0.65 11.23 29.76 0.80 1.56 0.05 0.00 0.00 0.51 nd nd 47.37  98.16 82.0 11.7 6.3

B43 5.21 0.78 10.15 28.61 0.71 3.37 0.23 2.18 0.00 2.00 0.15 nd 47.20 100.59 73.0 21.1 5.9

B78 4.05 2.75  9.15 19.88 0.30 1.97 0.51 8.82 0.15 7.21 0.09 0.33 41.47  96.68 75.6 21.1 3.3

B77 5.38 nd 11.90 30.26 0.40 2.82 nd nd 0.09 0.42 nd nd 48.29  99.56 74.4 22.4 3.2

Por phy ritic ol iv ine chon drules (PO), symplectic mesostasis

B97 5.94 1.27 10.07 28.44 0.64 3.38 0.10 0.08 0.01 0.93 nd nd 46.12 96.98 88.8 5.5 5.7

B95 6.41 0.36 11.41 29.40 0.67 1.68 0.00 0.00 0.00 0.30 nd nd 46.87 97.10 87.9 6.7 5.4

B94 6.39 0.36 11.41 29.40 0.67 1.68 0.00 0.00 0.00 0.30 nd nd 46.86 97.07 87.8 6.8 5.4

B91 2.44 6.15  4.87 26.85 0.19 9.76 0.11 0.44 0.09 2.39 nd nd 44.74 98.03 73.0 23.9 3.1

In clu sion in metal lump

B42 5.18 1.10 9.93 31.50 0.76 1.10 0.00 0.00 0.00 2.31 0.00 nd 48.43 100.31 82.8 10.0 7.2

Spinel chon drule panda, mesostasis

B17 4.24 0.47 11.23 26.51 0.50  3.09 0.60 4.67 0.00 3.05 0.24 nd 46.71 101.31 67.2 28.1 4.7

B10 3.71 0.00 12.39 26.60 0.39  5.52 1.82 0.00 0.22 1.28 0.00 nd 46.45  98.38 54.0 46.0 0.0

B12 3.98 0.00 13.88 27.17 0.00  6.26 0.00 0.00 0.00 0.86 0.47 nd 46.96  99.58 52.5 47.5 0.0

B14 3.64 0.00 13.89 26.32 0.00  6.78 0.28 0.40 0.00 0.27 0.00 nd 46.51  98.09 48.4 51.6 0.0

B13 3.70 0.40 15.00 25.80 0.07  7.24 1.32 0.08 0.09 1.26 0.00 nd 48.59 103.55 47.1 52.9 0.0

B16 5.16 0.32 11.69 27.13 0.45  4.13 0.57 1.24 0.00 1.66 0.18 nd 46.48  99.01 47.1 52.9 0.0

B04 3.60 0.00 14.25 25.46 0.46  8.10 0.39 0.27 0.03 0.13 0.00 nd 46.54  99.23 42.3 54.5 3.2

B11 2.84 0.22 14.14 25.98 0.48  7.23 0.32 0.02 0.17 0.80 0.32 nd 46.89  99.41 39.1 57.0 3.9

B09 2.93 0.00 14.33 24.30 0.00  7.26 2.20 0.00 0.00 2.10 0.21 nd 46.41  99.74 41.3 58.7 0.0

B15 1.41 0.12 17.65 23.29 0.00 12.50 0.13 0.00 0.02 0.00 0.26 nd 47.73 103.11 16.5 83.5 0.0

B05 1.21 0.00 16.99 23.61 0.02 13.25 0.09 0.13 0.00 0.03 0.05 nd 47.58 102.96 15.4 84.5 0.1

Panda: contact layer pri mary-secondary

B06 3.90 6.39 7.93 25.64 0.39 1.51 0.10 0.03 0.63 7.70 0.59 nd 45.13 99.94 78.1 17.4 4.5

Panda: chondrule rim

B07 5.92 0.22 10.73 30.35 0.92 1.16 0.13 0.04 0.08 0.27 0.19 nd 47.24 97.25 83.1  9.4 7.5

B08 6.12 0.33 11.07 30.17 0.88 1.32 0.13 0.00 0.16 0.36 0.00 nd 47.39 97.93 82.7 10.3 7.0

Ab — al bite, An — an or thite, Or — orthoclase; other ex pla na tions see Ta ble 1
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Fig. 10. BSE image; ma trix of the Baszkówka chondrite: OL — dark gray, po rous ol iv ine grains; PLG — dark gray, com pos ite plagioclase grains;
CR — gray chro mite grain intergrown with light gray, po rous troilite (TR), and white-gray Fe,Ni metal (FeNi)

Fig. 11. BSE image; ma trix of the Baszkówka chondrite: OL — ol iv ine grains; TR — troilite, with euhedral basal pina coid and pyr a mid faces,
intergrown with Fe,Ni metal (FeNi)



240 Jerzy Borucki and Marian Stępniewski

Fig. 12. BSE image; por phy ritic ol iv ine chon drule with a large rim; left part of rim: CR — gray, ir reg u lar, ameboid chro mite grain intergrown with (dark
gray) ol iv ine (OL), and rare, small and po rous (light gray) troilite (TR); ma trix above the rim: FeNi — a grain of Fe,Ni metal; at the bot tom: TR — troilite,
to the right — an ag gre gate of troilite, ol iv ine and plagioclase; a set of voids sep a rates the chon drule from the ma trix, ex cept at the very bot tom

Fig. 13. BSE image; troilite-Fe,Ni (mostly kamacite) metal lump: TC — troilite core with smooth con tact with IS — kamacite shell; sul phide and metal,
most prob a bly melted dur ing de for ma tion, have been de formed con gru ently; frac tures in the core, ab sent from the shell, arose af ter the so lid i fi ca tion, pro -
voked by in creas ing dif fer ences be tween the deformability of troilite and kamacite; SC — sil i cate rim has a rough and jag ged con tact with the kamacite
shell, rigid sil i cate grains hav ing been forced into the molten metal; SC, com posed of small chon drules, ol iv ine and pyroxene grains, is sep a rated from the
chondrite ma trix by a set of fissures
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Fig. 14. BSE image; a frag ment of the lump from (up per part de stroyed dur ing prep a ra tion): TC — troilite core with a few dis cern ible frac tures, IS — metal
shell, SC — sil i cate rim; nu mer ous sil i cate grains (dark gray spots) are vis i ble at the left side of the lump

Fig. 15. BSE im age; a frag ment of the lump from Fig. 14: TC — troilite core with rare frac tures and in clu sions, IS — metal shell show ing a smooth con tact
with core troilite and a rough and jag ged con tact with the sil i cate rim (SC); frac tures are ab sent from the metal shell
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Fig. 16. BSE im age; a frag ment of the lump from Fig. 13: TC — troilite core with abun dant ir reg u lar frac tures stop ping at the smooth con tact with the
metal,  IS — metal shell show ing rough, jag ged con tact with rim (SC), in which rigid sil i cate grains have been forced into the metal shells

Fig. 17. BSE im age; FeNi  —  a kamacite lump dis plays abun dant in clu sions of ol iv ine, orthopyroxene, plagioclase and a grain of troilite; the rim of the
lump, which is com posed of smaller grains than the chondrite ma trix, con tains mostly ol iv ine, pyroxene, troilite (TR) and few grains of chro mite (CR); the
metal-silicates con tact  is less un even than in troilite-metal lump



drules, ol iv ine, pyroxene grains and/or frag ments (Fig. 15).
Con tact of the sil i cate rim with the kamacite shell is rough and
jag ged be cause the con tour of the shell is shaped by the rigid
sil i cate grains forced into the eas ily molded Fe,Ni metal. The
troilite core, tightly cov ered with the kamacite shell, only rarely 
con tacts di rectly with the sil i cate rim, but where seen the
metal-sil i cate con tact is sim i lar. The con tact of the troilite core
with the kamacite shell, con versely, is smooth, slightly
undulose with si nus-like out lines (Fig. 16). Dis con ti nu ities oc -
cur be tween the outer rims of these com pos ite par ti cles
(Fig. 13), cut ting them off  from the en cir cling ma te rial, sug -
gest ing that they are dis crete en ti ties accreted in the chondrite.

Some composite kamacite-troilite lumps com prise only
kamacite cores and bro ken troilite rims, no sil i cate rims be ing
ob served. 

Kamacite (taenite) lumps are rare but char ac ter is tic

(Fig. 17) in Baszkówka. They are up to ∼4 mm long, have
asym met ric shapes and undulose con tours. They con tain nu -
mer ous in clu sions of subhedral or anhedral ol iv ine, pyroxene
and rare troilite. The larg est of the lumps is sur rounded by an
ac cre tion rim, 50–100 mm wide, com posed of ol iv ine,
pyroxene, troilite and a few grains of chro mite. The smaller
lumps have no dis cern ible rim. Al though the com po nents of the 
rim are in gen eral the same as in the chondrite, the pro por tions
are dif fer ent. The grains in the rim are smaller than those in the
ma trix, and there is an ap par ent prev a lence of troilite and chro -
mite. The rim con tacts are lobed (but not as jag ged as in the
troilite-kamacite lumps) be cause of the nu mer ous sil i cate
grains pushed into the metal cores. In this way the rim grains
are firmly fused with the metal cores form ing to gether the dis -
crete en ti ties accreted in the chondrite. The lumps, at least the
larg est ones, are bounded by dis con ti nu ities (as with the

troilite-kamacite par ti cles) sep a rat ing them from the rest of the
chondrite ma te rial. 

A few grains of na tive cop per were found in the ma trix of
the Baszkówka chondrite. The larg est, redish-or ange cop per
lath (Fig. 18) was found in side the cyl in der (Fig. 1Ac) taken
from the cen ter of the stone. The SEMQuant anal y ses from an -
other thin layer of cop per cov er ing the sur face of the con tact
be tween kamacite and troilite in side a metal-sul phide par ti cle
(Fig. 19) show con tents of iron of 0.36–2.49 wt.% and nickel of 
1.02–1.40 wt.% (Ta ble 5).

CHROMITE AND SPINEL

Ac ces sory chro mite (Ta ble 6) is scat tered as sep a rate
grains or crys tals in Baszkówka (Fig. 10). It is rare in the chon -
drule mesostasis and rims, or as a com po nent of metal lumps
rims (Fig. 17). Atoll tex tures, in which chains of small chro mite 
grains en cir cle chon drules, are rare but dis tinc tive (Manecki,
1972; Stępniewski et al., 1998b). More typ i cal in Baszkówka
are small, euhedral chro mite crys tals grown on the walls of
voids and frac tures in the ma trix of the chondrite. Large crys tal
faces (Fig. 20) are pos sess abun dant etch marks whose sym me -
try co in cides the in ter nal crys tal struc ture. Their sharp edges
pre clude any dis so lu tion fol low ing for ma tion.

SEMQuant anal y ses of spinel (Fe, Mg-Al, Cr- picotite) are
shown in Ta ble 7. Some euhedral and subhedral  picotite crys -
tals are sealed in the plagioclase ma trix in the panda chon drule.
An other picotite skel e tal crys tal makes up the pri mary com po -
nent of the chev ron chon drule (Borucki and Stępniewski,
2001). The iso tope com po si tion of panda’s picotite ox y gen is
dif fer ent to that of chev ron (Maruyama, 2001), sug gest ing their 
in de pend ent or i gin, though, pet ro log i cal sim i lar i ties hint at a
ge netic re la tion ship be tween these chon drules.
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Fig. 18. Na tive cop per grain found on a wall of cyl in der c (Fig. 1A)



MAGNETITE AND HAEMATITE

Dusty mag ne tite, ana lysed only in two spots (Ta ble 8),
makes up the weath ered microbreccia ma trix which fills the

spaces be tween the jag ged  kamacite frag ments (Fig. 21). The
mag ne tite microbreccia is the main el e ment of the al ter ation
zones gen er ated by ox i da tion of Fe,Ni metal at sur faces of the
troilite-metal par ti cles. The SEMQuant anal y sis B51, in which
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Fig. 19. BSE image; top— thin layer of na tive cop per (white-gray) cov er ing the con tact be tween kamacite (FeNi) and troilite (TR); line in di cates the spec -
tral pro file; bot tom — scan ning con tent of S, Fe, Co, Ni and Cu (ex ci ta tion with an elec tron microbeam); the dis tri bu tion of Cu sug gests sep a ra tion by dif -
fu sion



ox y gen was de ter mined shows a sig nif i cant ex cess of cat ions
caused by in com plete ox i da tion of the Fe,Ni metal, which re -
mains dis persed in the mag ne tite groundmass.

The pre sumed pres ence of haematite, a prod uct of the fur -
ther ox i da tion of Fe,Ni metal, was de tected only on SEM im -
ages (Fig. 22). Small tab lets grow ing on the sur face of an
ol iv ine grain have well-de vel oped basal pina coid faces and
triaxial sym me try, whereas X-ray EDS re veals al most ex clu -
sively the spec tral lines of Fe and ox y gen. Un for tu nately, the
prob a ble haematite grains are to small and ir reg u lar for
SEMQuant anal y sis.

PHOSPHATES

Four SEMQuant anal y ses of dif fer ent whitlockite grains
from the ma trix of the Baszkówka chondrite are shown in Ta -

ble 9. Whitlockite is an pri mary, ex ten sive, ac ces sory com po -

nent of the ma trix, reach ing up to ∼0.1 mm large anhedral
grains intergrown with ol iv ine (Fig. 23). Be tween crossed
polars whitlockite dis plays white-gray in ter fer ence colours
iden ti cal to plagioclase, but may be iden ti fied through its uni -
ax ial conoscope im age. In con trast to whitlockite, chlorapatite
was no ticed only at one spot on a SEM im age (Fig. 24), in a
void be tween ol iv ine, plagioclase and troilite grains. The sec -
ond ary or i gin of the iso met ric (<0.1 mm) euhedral crys tals of
chlorapatite con trast with the pri mary whitlockite.

SULPHIDES

We have out lined the troilite mode of oc cur rence be low in
the chap ter on op aques in Baszkówka. The chem i cal com po si -
tion of troilite (Ta ble 5), tak ing into ac count small con tents of
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T a  b l e  5

Chem i cal com po si tion of opaque min er als (in wt.%)

An a lyt i cal
number

Mg Si S Cr Fe Co Ni Cu Zn To tal Min erals

Troilite-metal particles: troilite core — B67, B69, B62; metal shell — B70, B68, B66, B58; sil i cate rim — B60; in clu sion in kamacite

B69 0.00 0.22 – 0.00  0.36 0.00  1.40 101.60 0.00 103.58 na tive coo per

B70 0.10 0.11 – 0.09 90.94 1.56  6.99  0.00 0.00  99.79

kamacite
B57 0.09 0.15 – 0.00 92.21 1.26  6.82  0.61 nd 101.14

B58 0.01 0.19 – 0.02 91.08 1.46  6.20  1.90 nd 100.89

B52 0.08 0.02 – 0.00 90.58 1.07  6.72  0.58 nd  99.05

B68 0.00 0.10 – 0.06 44.14 0.60 55.75  0.65 0.00 101.30

taeniteB66 0.00 0.00 – 0.00 85.92 1.17 12.16  0.00 0.50  99.75

B67 0.00 0.11 – 0.00 43.39 0.03 55.19  1.52 0.00 100.24

B61 – – 34.97 – 63.95 – –  0.10 –  99.00

troiliteB62 – – 35.26 – 63.47 – –  0.40 –  99.13

B60 – – 35.13 – 63.82 –  0.00  0.23 –  99.18

Metal particles

B35 0.00 0.23 – 0.00 90.50 1.66  7.08 0.17 0.07   99.71 kamacite

B34 0.00 0.33 – 0.10 81.80 1.23 18.42 0.22 0.00 102.10 taenite

Metal and sul phide grains

B74 0.14 0.01 – 0.05 71.82 1.19 26.08   0.28 0.00  99.57

taenite
B75 0.13 0.12 – 0.05 50.02 0.48 46.31   2.94 0.00 100.05

B59 0.00 0.00 – 0.00 71.78 0.00 27.92   0.00 0.00  99.70

B53 0.33 0.13 – 0.12 37.05 0.00 55.95   6.50 0.00 100.08

B50 0.77 0.23 – 0.00  2.49 0.07  1.02 96.33 0.06 100.97 na tive cooper

Ex pla na tion see Ta ble 1



cop per, agrees with the the o ret i cal pro por tion of sul phur and
iron in the for mula of FeS. There fore the mean con tent of
troilite in Baszkówka, cal cu lated on the ba sis of X-ray dif frac -
tion anal y sis of a bulk sam ple (Rigaku Ap pli ca tion Lab o ra tory,
1997), as sum ing that all sul phur is con tained within FeS (other

sulphides be ing ex tremely rare), have given ∼5.8 wt.%. Two
kinds of troilite were no ticed —  mas sive and po rous — sub se -
quent study be ing of their chem i cal com po si tion or struc tural
and tex tural re la tions. Be sides troilite, only one other sul phide
min eral — a pos si ble idaite — was de tected in Baszkówka
(Fig. 24), qual i ta tively, on the ba sis of an X-ray EDS spec trum.

CARBONATES

The ap pear ance of sec ond ary cal cite, the only car bon ate
found to date in Baszkówka, as a group of rhombohedral crys -
tals ar rayed in a “cau li flower” struc ture (Fig. 25), was in ferred
from an X-ray EDS spec trum with a strong Ca-line. Its or i gin is
most prob a bly re lated to lim ited ter res trial weath er ing.

DISCUSSION

Preliminary stud ies (Stępniewski et al., 1998a) of
Baszkówka suggested that it was distinctive among EOCs
(equil i brated or di nary chondrites). Here, this dis tinc tive ness is
seen to be ex pressed in the rel a tively diverse min eral com po si -
tion, comprising re frac tory (and pos si bly rel ict) picotite, abun -
dant ol iv ine, py rox enes, plagioclases, kamacite, taenite and
troilite, ac ces sory chro mite and whitlockite, to gether with sec -
ond ary ox i da tion prod ucts such as mag ne tite, hae ma tite,
chlorapatite and cal cite. More over, the diverse struc tures and
tex tures observed in Baszkówka suggest a par tic u lar ge netic
sig nif i cance. 

DIVERSIFIED CHEMICAL COMPOSITION OF SILICATES

The mean con tent of faya lite in ol iv ine is (Fa = 26.2±0.9
wt.%) ana lysed (n = 15) (Ta ble 1), is not en tirely rep re sen ta tive
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T a  b l e  6

Chem i cal com po si tion of chro mite (in wt. %)

Analytical
number

Mg Al Ca Ti V Cr Mn Fe Zn O* To tal

B44 1.52 2.69 – 2.02 – 39.23 – 24.58 – 29.89  99.93

B46 1.41 2.40 – 2.18 – 39.48 – 24.91 – 29.87 100.25

B47 1.50 2.77 – 1.95 – 38.72 – 24.53 – 29.65  99.12

B03 0.88 2.64 – 1.21 – 39.91 2.46 23.70 0.33 29.74 100.87

B33 1.13 2.43 0.29 1.97 0.29 38.32 1.77 23.98 0.28 29.66 100.02

B45 1.46 2.85 – 1.18 – 39.04 – 24.19 – 29.23  97.95

B79 1.47 3.21 – 2.21 – 38.82 – 24.82 0.20 30.37 101.10

B80 1.44 2.92 – 2.18 – 37.74 – 25.33 0.29 29.75  99.66

Cat ion for mula based on 4 ox y gen at oms

An a lyt i cal
number

Mg Al Ca Ti V Cr Mn Fe Zn Mg+Fe+Mn Al+Ti+Cr

B44 0.13 0.21 – 0.09 – 1.62 – 0.94 – 1.07 1.92

B79 0.13 0.25 – 0.10 – 1.57 – 0.94 0.01 1.07 1.92

B46 0.12 0.19 – 0.10 – 1.63 – 0.96 – 1.08 1.92

B47 0.13 0.22 – 0.09 – 1.61 – 0.95 – 1.08 1.92

B45 0.13 0.23 – 0.05 – 1.64 – 0.95 – 1.08 1.92

B03 0.08 0.21 – 0.05 – 1.65 0.10 0.91 0.01 1.09 1.91

B33 0.10 0.19 0.01 0.09 0.01 1.59 0.07 0.93 0.01 1.10 1.87

B80 0.13 0.23 – 0.10 – 1.56 – 0.98 0.01 1.11 1.89

Ex pla na tions see Ta ble 1
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Fig. 20. SEM image; chondrite ma trix: euhedral crys tals of chro mite in a frac ture; the crys tal walls are dec o rated with geo met ric etch fig ures dis play ing
sharp cor ner
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T a  b l e  8

Mag ne tite ce ment from microbreccia in troilite-metal lumps ox i da tion zone (in wt.%)

Ana lytical
number

Mg Si Ca Fe Co Ni O Fe+Ni+Co+Mg+Si To tal

B51 0.180 0.240 0.070 70.080 0.700 2.370 22.020 – 95.66

B51* 0.021 0.024 0.005  3.647 0.035 0.118  4.000 3.800 –

B71 0.140 0.260 0.000 71.680 0.480 2.040 21.600 – 96.20

B71* 0.018 0.028 0.000  3.802 0.024 0.103  0.000 3.975 –

* Cat ions for mula based on 4 ox y gen at oms; oxygen in B51 sam ple de ter mined by elec tron microprobe

T a  b l e  7

Chem i cal com po si tion of picotite (in wt.%)

An a lyt i cal
number

Mg Al Ti Cr Mn Fe Zn O To tal

B32 5.90 19.76 0.44 18.57 0.96 19.40 0.27 36.26* 101.59

B31 5.35 19.38 0.26 18.59 1.13 19.26 nd 37.22** 101.19

B30 5.35 19.39 0.26 18.56 1.13 19.25 nd 35.34*  99.28

B29 6.04 21.72 0.18 17.04 0.80 18.57 nd 36.84* 101.19

B28 6.04 21.72 0.18 17.05 0.80 18.58 nd 38.08** 102.45

B27 7.86 24.37 0.15 12.93 nd 15.92 0.82 37.68*   99.73

B26 7.87 24.37 0.15 12.95 nd 15.93 0.82 40.27** 102.36

B25 7.73 24.53 0.19 10.68 0.00 16.26 0.48 43.79** 103.66

B24 7.07 24.29 0.00 11.71 0.43 18.22 0.00 38.42** 100.14

B23 8.10 24.74 0.24 11.29 0.84 17.67 0.47 38.138 101.48

Cat ions for mula based on 4 ox y gen at oms

An a lyt i cal
number

Mg Al Ti Cr Mn Fe Zn Mg+Fe Al+Cr

B25 0.465 1.329 0.006 0.300 0.000 0.425 0.011 0.890 1.629

B26 0.515 1.435 0.005 0.396 0.000 0.453 0.056 0.968 1.831

B28 0.417 1.352 0.006 0.551 0.024 0.559 nd 0.977 1.903

B31 0.399 1.235 0.009 0.614 0.035 0.593 nd 0.992 1.850

B29 0.432 1.399 0.006 0.569 0.025 0.578 nd 1.009 1.968

B30 0.398 1.301 0.010 0.646 0.037 0.624 nd 1.022 1.947

B24 0.484 1.499 0.000 0.375 0.013 0.543 0.000 1.027 1.875

B27 0.549 1.534 0.006 0.422 0.000 0.484 0.021 1.033 1.957

B32 0.428 1.292 0.016 0.630 0.031 0.616 0.007 1.041 1.923

B23 0.560 1.539 0.008 0.365 0.025 0.531 0.012 1.090 1.904

* — cal cu lated stoichiometrically, ** — ana lysed; other ex pla na tions see Ta ble 1
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Fig. 21. BSE im age; a part of the par ti cle rim from Fig. 15: TR — troilite core, FeNi — metal shell, OL — ol iv ine; ol iv ine microbreccia with mag ne tite ce -
ment (MG)

Fig. 22. SEM image; hae ma tite crys tals on the sur face of an ol iv ine grain
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Fig. 23. BSE im age; chondrite matrix re veals a com plex inter growth of submillimetric ol iv ine (OL), troilite (TR), chro mite (CR), and whitlockite (WT)
grains; a metal grain (FeNi) bor der con forms to the con tour of a subhedral ol iv ine grain (OL); orthopyroxene oc curs as microaggregates with plagioclase
(FS)

T a  b l e  9

Chem i cal com po si tion of whitlockite (in wt. %)

An a lyt i cal
number

Na Mg Al P Ca Mn Fe O* To tal

B64 1.70 1.82 nd 20.98 32.68 nd 0.60 42.10  99.88

B63 1.87 1.66 nd 20.13 34.24 nd 0.00 41.38  99.28

B65 1.97 1.84 nd 21.05 33.15 nd 0.36 42.42 100.79

B76 1.69 1.67 0.10 20.20 33.84 0.09 0.76 41.61  99.96

Cat ions for mula based on 8 ox y gen at oms

B64 0.23 0.23 – 2.06 2.48 – 0.03 8.00 –

B63 0.25 0.21 – 2.01 2.64 – 0.00 8.00 –

B65 0.26 0.23 – 2.05 2.50 – 0.02 8.00 –

B76 0.23 0.21 0.01 2.01 2.60 0.01 0.04 8.00 –

Ex pla na tions see Ta ble 1



for Baszkówka, since the se lec tion of ob jects ana lysed was not
ran dom, as grains se lected for anal y sis were cho sen  to char ac -
ter ise spe cific struc tures. Some oc cur rences were ana lysed
more fre quently (e.g., ol iv ine from the spinel-bear ing chon -
drules or ol iv ine from the Fe,Ni metal par ti cles) than if the se -
lec tion would be in dis crim i nate. Anal y ses of the pheno crysts of 
the ol iv ine chon drules and of clastic ol iv ine grains are  more
rep re sen ta tive of the body of the chondrite. A se lec tive mean is
Fa = 25.9±0.83 wt.% (n = 7), rel a tive stan dard er ror ±3.2 wt.%.
The dif fer ence be tween the two means is in sig nif i cant.

The av er age con tent of Fa in Baszkówka ol iv ine (Ta ble 10)
is lo cated be tween, and out side of both lim its, for L and H
chondrites as fixed by Ru bin (1990). It is 0.7 wt.% be low the
min i mum for H chondrites, but ex ceeds only by 0.1 wt.% the
max i mum for the L chondrites. Ho mogeni sa tion of chondrites
and or der ing to pet ro logic type is mostly eval u ated us ing struc -
tural/tex tural fea tures, though also on the ho mo ge ne ity of the
chem i cal com po si tion of ol iv ine and py rox enes, viz., FeO “per
cent mean de vi a tion” (Van Schmus and Wood, 1967). In con -
se quence, the sta tis ti cal char ac ter is tics cal cu lated for

Baszkówka (mean,XFeO = 26.68 wt.% and stan dard er ror of
mean = 0.2335 wt.%, or rel a tive 1.03 wt.%) sug gest sig nif i cant
ho mogeni sa tion and con se quently the high pet ro logic type L5,
con sis tent with pre vi ous work (e.g., Wlotzka, 1995;
Stępniewski et al., 1998b).

Low-Ca pyroxene in Baszkówka shows in tense ho mogeni -
sa tion. Con tents of En, Fs and Wo (Ta ble 2) in the pyroxene
(low-Ca bronzite) grains re veal a small dis per sion, in spite of
the sig nif i cant dif fer ences of struc tures they be long to. For in -
stance, there is lit tle chem i cal dif fer ence be tween pyroxene
grains from ge net i cally very dif fer ent struc tures such as ma trix
and in clu sions in a Fe,Ni metal par ti cle. How ever, a triv ial in -
crease in En con tent, cor re lated with de creases in Fs and Wo
con tents, de tected in pheno crysts of the por phy ritic chon drules, 
may be mean ing ful. Chem i cal com po si tion of high-Ca
pyroxene (Ta ble 3) shows only small vari a tions in the range of
di op side (B83, B81, B85, B02 and B01) or endiopside (B99
and B84). But, small chem i cal dif fer ences oc cur ring in side

sep a rate grains in paired anal y ses B84–B85, and B81–B83, of
high-Ca pyroxene point to a slight but pos si bly sig nif i cant
chem i cal het er o ge ne ity within the grains them selves.

OPAQUES

Fe,Ni metal and troilite are the most fre quent opaque min -
er als in the ma trix of Baszkówka. Anhedral grains of kamacite,
taenite, troilite and ac ces sory chro mite, to gether with  their ag -
gre gates, com plete the in ven tory of opaque grains in the
chondrite (Fig. 10). The or i gin of opaque grains in or di nary
chondrites were out lined over forty years ago, when Urey and
Mayeda (1959) re cog nised them as frag ments of a smashed dif -
fer en ti ated planet, accreted in sec ond ary par ent bod ies. Fur ther
in ves ti ga tions (Wood, 1967) re vealed cool ing rates of Fe,Ni
metal. The con tent and dis tri bu tion of rare el e ments (Kong and
Ebihara, 1996) sug gest or di nary chondrite op aques are not neb -
u lar con den sates, but rather the prod ucts of melt ing and re duc -
tion of a ma te rial sim i lar to car bo na ceous chondrites, in which
the chem i cal com po si tion of metal and sul phide is com ple men -
tary to the sil i cate com po si tion of chondrites. How ever, many
ge netic de tails re main doubt ful (Brearley and Jones, 1998). 

The ran dom dis tri bu tion of op aques in Baszkówka show
some sig nif i cant ex cep tions. The most ob vi ous are chains,
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Fig. 24. SEM image; euhedral crys tals of chlorapatite in a fis sure within chon drule ma trix

T a  b l e  1 0

Faya lite con tents in ol iv ine (in wt.%)

Chondrites Mean Min. Max. Standard
deviation

L-type* – 23.0 25.8 –

Baszkówka 25.9 25.0 27.5 0.83

H-type* – 26.6 32.4 –

*according to Ru bin (1990)



from a few milli metres to many centi metres long, mostly of
Fe,Ni metal and rarely of troilite grains (Figs. 2 and 3). The or i -
gin of such chains re mains un clear, al though the the ory of
fluidisation put for ward by Huang et al. (1996) has found fur -
ther sup port. They sug gested that this took place in the loose
outer regolith of a par ent body, where the as cend ing flu ids mo -
bi lised Fe, Ni, Co and S car ried them in a gas phase. Fi nal
recondensation give rise to a re ar range ment of Fe,Ni metal and
troilite grains (Reisener and Goldstein, 1999), which are mostly 
or dered in chains (Wasson et al., 1996). Cer tain kamacite par ti -
cles cov ered with a troilite shell, rare in chondrites, have anal o -
gies in struc tures cre ated by sul phur mo bi li sa tion in a
chondritic ma te rial (Lauretta et al., 1996). Some ev i dence of
fluidisation can be found also in Baszkówka. Namely, a high
po ros ity of the chondrite, inter gra nu lar voids (Wlotzka and
Otto, 2001) and a de fi ciency of a fine frac tion in the ma trix, the
lat ter pos si bly hav ing been blown off. More over, the void walls 
are cov ered with tiny crys tals with etched faces, the re sults of
in ter mit tent crystallisation from mov ing, ephem eral flu ids.
Nev er the less, we con sider that the idea of a sed i men tary or i gin
for the kamacite (troilite) chains in Baszkówka should not be
re jected a pri ori.

In spite of a high equil i bra tion tem per a ture for the chondrite 
~800°C (Wlotzka and Otto, 2001), some im por tant, ge netic re -
cords en dure in struc tures and tex tures of Fe,Ni  metal as well
as troilite-Fe,Ni metal lumps. A par tic u lar fea ture in both kinds
of lump, metal and metal-sul phide, are clus ters of fis sures sep a -
rat ing their sil i cate rims from other com po nents of Baszkówka.
Such open ings could be a pri mary ef fect of ac cre tion of a loose
ma te rial and/or rep re sent sec ond ary con trac tion fis sures
around frozen, shrink ing metal or metal-sul phide com po nents

of lumps. How ever, fis sures at phase con tacts — sil i cate-metal, 
sil i cate-sul phide or metal-sul phide — are small. More over, at
least in one case (Fig. 17), the com po si tion as well as grain size
in the sil i cate rim are dif fer ent from that of the sur round ing ma -
te rial. In this case, a pri mary for ma tion for the rim, com pleted
be fore ac cre tion on the par ent body of Baszkówka, is more
prob a ble. It is dif fi cult to say, how far sim i lar sce nar ios could
be ex trap o lated to other par ti cles. Metal-sul phide con tacts are
smooth, with soft, shal low de pres sions and swell ings, as if both 
phases were mol ten, i.e at a tem per a ture over 990°C (Yang et
al., 1996; Tachibana and Tsuchiyama, 1998). Sep a ra tion of
sul phide from metal melt on a huge scale has taken place in side
plan e tary bod ies (Ulff-Moller, 1996; Chabot and Drake, 1999), 
frag mented in pow er ful col li sions. Dis crete drops of metal and
sul phide, dis persed in in ter plan e tary space, were com bined by
ran dom col li sions sim i lar to the for ma tion of in de pend ent com -
pound chon drules (Wasson et al., 1995) rel a tively soon af ter
plan e tary col li sion. A short time later (with metal and sul phide
still mol ten), solid sil i cate grains were stuck on to the sur faces
of mol ten metal-sul phide drops form ing ac cre tion rims.
Low-en ergy col li sions de formed the shells of the metal drops,
while the orig i nal shapes of the more rigid sil i cates have re -
mained. De for ma tion of sul phide cores, pro tected by the metal
shells, was less vi o lent. Rapid (high-en ergy) sil i cate grains
have pen e trated deep into the lumps, whereas slow (low-en -
ergy) grains sim ply ad hered to the sur face. Suc ces sive so lid i fi -
ca tion of sul phide and metal oc curred in a di min ish ing
tem per a ture range from 990 to 750°C, and the dif fer ences of
deformability be tween Fe,Ni metal and troilite re sulted in the
cre ation of mul ti ple frac tures in FeS cores, dis ap pear ing at the
con tacts of the metal shells.
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Fig. 25. SEM image; euhedral crys tals of cop per sul phide (prob a bly idaite) in a fis sure within chon drule ma trix



FORMATION OF THE BASZKÓWKA PARENT BODY

Slow ro ta tion, asym met ric shapes and a low den sity
(1.5–2.6 g/cm2) are at trib utes of as ter oids de fined at pres ent as 
rub ble piles (Consolmagno and Britt, 1996; Britt and
Consolmagno, 1999), that is, loose heaps of planetesimals,
hav ing di men sions from a few to a few tens of metres, with
nu mer ous void spaces be tween them. This is a pos si ble con -
cept for the Baszkówka par ent body. Its for ma tion and de -
struc tion must have been a mul ti stage pro cess (Pilski et al.,
2001) start ing with a col li sion of mol ten planetesimals
(Sanders, 1996a). Low ve loc ity col li sions cause “splash ing”,
and much of the re sult ing spray falls back un der the grav ity as
chon drules (Sanders, 1996b), as well as blobs and drop lets,
pos si ble pre cur sors of metal and/or metal-sul phide lumps
from Baszkówka. Mean while, the ex ter nal heat ing of the Sun
(Scott and Rajan, 1981; Kong and Ebihara, 1996), to gether
with in ter nal ra dio ac tive heat ing from 26Al (Hevey and
Sanders, 1999), could have pro duced the ther mal meta mor -
phism. Sub se quent, low ve loc ity col li sions ejected small frag -
ments of planetesimals and pro voked gas emis sion (Wil son et
al., 1998), mostly of wa ter va por and car bon di ox ide (Huang
et al., 1996). Vi o lent gas dis charges blew off the fine-grained
com po nents of shal low regolith ho ri zons, emp ty ing the inter -
gra nu lar spaces be tween the chon drules, metal-troilite par ti -
cles, and other me dium-grained frag ments, and leav ing low
den sity, al most ma trix-free rock (as in the case of the
Baszkówka chondrite). About 70 Ma ago (Wlotzka et al.,
1997), a mod er ate col li sion ejected  some frag ments of the
Baszkówka par ent body into in ter plan e tary space, with a
shock in suf fi cient to cause any meta mor phism in the
chondrite:  the low est shock stage S1 (Stöffler et al., 1991) has 
been as cribed to the Baszkówka (Stępniewski et al., 1998a),
whereas most known chondrites show me dium stage S3.

CONCLUSIONS

The pres ent re sults, viewed in terms of the mol ten
planetesimals hy poth e sis (Sanders, 1996a; Pilski et al., 2001),
suggest:

1. In the be gin ning, at an early stage of so lar neb ula de vel -
op ment, a glowing mass of dust, gas and mol ten sil i cate, metal
and sul phide splash-droplets was ejected into space as an ef fect
of vi o lent col li sions be tween mol ten planetesimals which had
al ready un der gone (par tial) frac tion ation. Enor mous clouds of
in can des cent spray cooled in min utes or hours to form chon -
drules, and over lon ger time-spans to so lid ify as large and mas -
sive metal or sul phide particles.

2. Col li sion of mol ten metal and sul phide drop lets molded
the com pound sul phide core-metal shell droplets in sim i lar
man ner as inferred for pri mary-secondary com pound chon -
drules (Wasson et al., 1995). The lumps  re mained mol ten,
while already so lid i fied chon drules or other sil i cate grains ad -
hered to their sur faces to form their outer rims. More vident
impacts of rigid sil i cate grains on to sur faces of mol ten metal or 
metal-sulphide drop lets caused the sil i cate par ti cles to pen e -
trate into the metal and dis tort its outer sur face, whereas the sul -
phide cores be came only slightly de formed.

3. Still molten, or just-solidified lumps and other “clastic”
grains landed on tem po rary ac cre tion sur faces of rec re ated sec -
ond ary planetesimals. Most fall ing par ti cles splashed on to
ephem eral ac cre tion sur faces, with only a few, slowly land ing
particles enduring the shock of im pact.

4. Fluids es carp ing from the Baszkówka par ent body blew
off  fine-grained ma te rial from the regolith, mak ing it po rous
and cov er ing walls of voids with small, euhedral crys tals of ol -
iv ine, pyroxene, plagioclase and other min er als. 

Mineralogy of the Baszkówka chondrite (L5 S1): new data on silicates, opaques and minor minerals 253

Fig. 26. SEM pic ture; euhedral crys tals of cal cite in a fis sure within chon drule ma trix



5. The in ter nal struc ture of the Baszkówka par ent body,
most prob a bly, match ed the pat tern of a rel a tively small “rub -
ber pile”, and the low-energy im pact that launched the
Baszkówka frag ment into space left no trace of im pact meta -
mor phism.
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