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The ther mal his tory that chondrites ex pe ri enced on their par ent body is an as pect of their pet ro log i cal clas si fi ca tion. How -
ever, in the clas si fi ca tion scheme, meta mor phic con di tions are gen er ally lim ited to the peak meta mor phic tem per a ture at -
tained, while it is known that re con struc tion of the gen u ine ther mal evo lu tion of any rock re quires iden ti fi ca tion of var i ous
meta mor phic fac tors, def i ni tion of the temperature–time path dur ing meta mor phism and char ac ter iza tion of the pro cesses
re spon si ble for heat ing. Study of the brecciated Pu³tusk H chondrite shows that the me te or ite com prises both low and high
pet ro logic type ma te rial and should be clas si fied as a H3.8–6 chondrite. Based on the tex tures and min eral and chem i cal
com po si tion, the ther mal meta mor phic his tory of the brec cia is re con structed and it is shown to be in con sis tent with the pet ro -
logic clas si fi ca tion; the tex tural mat u ra tion and de gree of compositional equi lib rium in the me te or ite do not cor re spond to the
tem per a tures at tained. The meta mor phic con di tions are shown to be a func tion of the pri mary com po si tion of the accreted
min er als and of two meta mor phic phases, pro gres sive and ret ro gres sive. First, a prograde phase led to tex tural mat u ra tion
and equil i bra tion of the chem i cal com po si tion of sil i cates and ox ides. The peak meta mor phic tem per a tures were at least
~700°C for the type 3.8. and 4 ma te rial, and up to ~1000°C in H6 clasts i.e., suf fi cient to lo cally give rise to par tial melt ing.
The fol low ing ret ro grade meta mor phism led to compositional re-equil i bra tion of min er als and tex tural re-equil i bra tion of min -
er als with par tial melts. The cool ing rate dur ing ret ro grade meta mor phism down to at least ~700°C was low, which al lowed
po tas sium feld spar to form patches in Na-plagioclase and pseudobrookite-armalcolite break down to form an as so ci a tion of
il men ite and rutile. The two-phase meta mor phic evo lu tion of the Pu³tusk brec cia was the most likely the re sult of im pact heat -
ing, which af fected the par ent body in its very early his tory.

Key words: H chondrite, par ent body meta mor phism, par tial melt ing, spinel group min er als, rutile in chondrites.

INTRODUCTION

The par ent bod ies of or di nary chondrites, dur ing ac cre tion
and ~60 Ma later, were com monly af fected by ther mal meta -
mor phism (e.g., Brearley and Jones, 1998; Huss et al., 2006). It
is broadly ac cepted that this pro cess led to at tain ing equi lib rium, 
both compositional and tex tural, in the rocks com pris ing the
bod ies, i.e. chondrites. Sys tem atic changes in the equi lib rium
de gree and tex tural mat u ra tion in chondrites have been used to
de velop a clas si fi ca tion scheme cat e go riz ing chondrites into
pet ro logic types: from 3 (not ther mally pro cessed) to 6 (highly
meta mor phosed; Van Schmus and Wood, 1967; Brearley and
Jones, 1998). By def i ni tion, the scheme should de scribe the
pro gres sion of accretional meta mor phism that a par tic u lar
chondrite type ex pe ri enced on its par ent body. How ever, large
in con sis ten cies are ob served when try ing to de duce the ther mal 

evo lu tion of chondritic par ent bod ies from fea tures of
chondrites ar ranged ac cord ing to pet ro log i cal clas si fi ca tion
scheme (e.g., Lux et al., 1980; Grimm, 1985; Kessel et al.,
2007; Kovach and Jones, 2010).

To gain in sight into the con nec tion be tween pet ro log i cal
clas si fi ca tion and the early ther mal evo lu tion of chondrites, sci -
en tific stud ies have been un der taken by such means as
thermochronological con straints (e.g., Pellas and Storzer,
1981; Trieloff et al., 2003; Bouvier et al., 2007), Ar-Ar gas re ten -
tion mea sure ments (Swin dle et al., 2009; Bogard, 2011) or
quantifications of metallographic cool ing rates (e.g., Scott et al., 
2014 and ref er ences therein). Un for tu nately, none of these pro -
vided a clear link and all they show that pet ro logic types never
sys tem at i cally cor re late with any meta mor phic fac tor (e.g.,
Grimm, 1985; Scott et al., 2014).

To ac count for the in con sis ten cies ob served, dif fer ent mod -
els of chondritic par ent bod ies struc ture were pro posed, ex -
plain ing the dif fer ences be tween pet ro logic types as caused as
a re sult of their lo ca tion in the par ent body. First, the on ion shell
model as sumes a con cen tric struc ture of the body and meta -
mor phic tem per a ture and cool ing rate dis tri bu tion ac cord ing to
depth (Miyamoto et al., 1981; Trieloff et al., 2003; Bouvier et al.,
2007; Henke et al., 2012). The other, rub ble pile model, in tro -
duces a re-ar range ment of the body by im pact, pos si bly by cat -
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a strophic dis tri bu tion and re-as sem bly (Grimm, 1985; Kessel et 
al., 2007; Ganguly et al., 2013; Scott et al., 2014). Nei ther
model is, how ever, fully sat is fac tory.

One of the weak est points of the clas si fi ca tion scheme (Van 
Schmus and Wood, 1967) is that the pa ram e ters used there are 
broadly qual i ta tive (e.g., chon drule ap pear ance) and, more im -
por tant, ar bi trary in terms of ge net i cally link ing them to par tic u -
lar meta mor phic pro cesses (e.g., plagioclase grain size, low-Ca 
pyroxene crys tal lo graphic struc ture; see e.g., Buseck and
Iljima, 1975). Thus, many in con sis ten cies re ported when pet ro -
log i cal clas si fi ca tion is ap plied as a di rect proxy of chondrite
meta mor phic evo lu tion may be a sim ple re sult of hid den am bi -
gu ities of tex ture in ter pre ta tion.

The Pu³tusk chondrite fell in 30th of Jan u ary 1868. It was
one of the big gest falls of stony me te or ites ob served, with
276 kg of ma te rial re cov ered. It is as signed as H5 (Van Schmus 
and Wood, 1967), but from the first stud ies, it was known to be a 
brecciated, veined chondrite, and many re ports noted that it
con tains H4 and H5 type ma te rial (Binns, 1968; Manecki, 1972;
Siemi¹tkowski, 2004).

The aim of the work pre sented here is two-fold. Firstly, it is
fo cused on a de tailed de scrip tion of the Pu³tusk brec cia and the
re clas si fi ca tion re sult ing from this. Sys tem atic study of this me -
te or ite en abled doc u men ta tion within it of unequilibrated in clu -
sions, and also of clasts that had par tially melted. Sec ondly, the
wide spec trum of pet ro logic types ob served in the brec cia per -
mit ted in quiry into the con di tions that the rock was meta mor -
phosed in, and to semi-quan ti ta tively con strain the tem per a -
ture–time path it ex pe ri enced. This is im por tant, as it links tex -
tural fea tures of the chondrite to var i ous meta mor phic con di -
tions and fac tors, an as pect that has re ceived lit tle at ten tion so
far (e.g., Lux et al., 1980; Kessel et al., 2007; Kovach and
Jones, 2010; Tait et al., 2014; Guignard and Toplis, 2015). Re -
con struc tion of meta mor phic evo lu tion of the Pu³tusk chondrite
may shed some light on pa ram e ters not cov ered by the pet ro -
log i cal clas si fi ca tion scheme (Van Schmus and Wood, 1967).

SAMPLES AND METHODS

The re search was con ducted based on mesoscopic rec og -
ni tion of 599 sam ples of the Pu³tusk me te or ite and fur ther de -
tailed anal y sis of thin sec tions pre pared from se lected spec i -
mens.

SAMPLES

The sam ples come from the col lec tions of the S.J. Thugutt
Geo log i cal Mu seum of the Fac ulty of Ge ol ogy (Uni ver sity of
War saw); the Geo log i cal Mu seum at the In sti tute of Geo log i cal
Sci ences PAS in Kraków; the Mu seum of the Earth, Pol ish
Acad emy of Sci ences in War saw; the Min er al og i cal Mu seum at
the Uni ver sity of Wroc³aw; and the Mu seum of Geo log i cal Sci -
ences at the Jagiellonian Uni ver sity in Kraków and from the In -
sti tute of Geo log i cal Sci ences, Pol ish Acad emy of Sci ences.
The sam ple weights range from 1.9 to 8100 g. 23 thin sec tions
were pre pared from se lected sam ples and were fur ther stud ied
by op ti cal and elec tron mi cros copy.

METHODS

Pet ro logic types of the chondritic rock frag ments were as -
signed ac cord ing to the scheme of Van Schmus and Wood
(1967), with spe cial at ten tion to chon drule ap pear ance,

plagioclase grain size and compositional ho mo ge ne ity of the
min er als. Data on phase com po si tion were col lected by Elec -
tron Microprobe mea sure ments with a 3 µm fo cussed elec tron
beam ap plied. The anal y ses were ob tained on Cameca SX-100 
at the Lab o ra tory of Elec tron Microanalysis, State Geo log i cal
In sti tute of Dionýz Štúr, Bratislava, Slo vak Re pub lic and
Cameca SX-100 at the In sti tute of Geo chem is try and Pe trol ogy, 
War saw Uni ver sity. In both cases, beam cur rent was set on
20 nA, and ac cel er at ing volt age of 15 keV was cho sen for anal -
y ses of sil i cate ox ide and sul fide min er als, and 20 keV for na tive 
al loys. Count ing times of up to 10 s per el e ment were used for
all but Zn ana lysed. For Zn in spinel group min er als count ing
time was set on 60 s, in or der to min i mize the ma trix ef fect. Nat -
u ral and syn thetic stan dards were used to trans form count rates 
into el e ment con cen tra tions in all mea sure ments. For na tive
FeNi al loy and sul fide anal y ses cal i bra tion on GaP for P, py rite
for Fe, chal co py rite for Cu and S, sphalerite for S, Ni for Ni, and
Co for Co were ap plied. For anal y ses of sil i cates the fol low ing
stan dards were used: Na cal i brated on al bite, Ca on
wollastonite, Mg on for ster ite, Fe on faya lite, Mn on rodonite, Si
and K on orthoclase, Al on co run dum, Ti on rutile, Cr on Cr, Ni
on Ni, and Co on Co. Ox ide min eral anal y ses were col lected
with the set of stan dards as for sil i cates with the ad di tion of wil -
lem ite for Zn and V for V.  The pro ce dure of X-Phi cor rec tion
(Merlet et al., 2003) was ap plied to cor rect ex ist ing peak over -
laps. For anal y ses of Fe,Ni na tive al loys, ad di tional cor rec tion
was done to re move in ter fer ence of the Fe-Kb peak on the
Co-Ka peak.

Elec tron Microprobe (EMP) anal y ses were fur ther used to
cal cu late equil i bra tion tem per a tures of sil i cate and ox ide min er -
als on the ba sis of the ol iv ine-spinel ther mom e ter (Sack and
Ghiorso, 1991). The ther mom e ter is based on Fe-Mg par ti tion -
ing be tween ol iv ine and spinel and it was shown to be a rel e vant 
tool for anal y sis of equil i bra tion tem per a tures of ter res trial and
chondritic rocks (e.g., Irvine, 1965; Kessel et al., 2007). The
cor rec tion of Wlotzka (2005) for high chro mium con tent in spinel 
was here ap plied and the ther mom e ter equa tion was as fol lows:
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YCr – mole ra tio Cr/(Cr+Al) in spinel.

Ther mo met ric cal cu la tions were done for pairs of ol iv ine
and chro mite con tact ing with each other, and chro mite grains
abut ted kamacite and met the con di tions: SiO2 con tent be low
0.5 wt.%, Fe2O3 con tent be low 3 wt.% (<0.5 Fe3+ cat ion for 24
cat ions in spinel for mula unit), TiO2 be low 2 wt.%.

RESULTS

BRECCIATION OF THE CHONDRITE

Most of the Pu³tusk sam ples are com plex brec cias. The
most dis tinct as pect of brecciation of the me te or ite is the pres -
ence of black-col oured zones rich in bro ken and crushed,
cataclased lithic frag ments (Fig. 1), formed due to late,
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post-accretional im pact events (Krzesiñska and Fritz, 2014;
Krzesiñska et al., 2015), the tex tures and pro cesses which are
be yond the scope of this pa per.

Among the light-col oured ma te rial, two type of rock may be
dis tin guished. First, a fine-grained rock with well-de lin eated
chon drules rep re sents the host and com prises 56.4% of the
spec i mens (Ta ble 1). The sec ond type of ma te rial is made of
lithic frag ments (of var i ous tex tures and with a high de gree of
recrystallisation). Very rare relic chon drules are vis i ble in them
with the na ked eye. The clasts are oval in shape, 0.7–1.5 cm in
size, and the larg est one reaches 1.1 ́  2.2 cm. These clasts are 
al ways en closed in the above-men tioned dark-col oured prod -
ucts of de for ma tion. This type of ma te rial con sti tutes 10.9% of
the Pu³tusk rock (Ta ble 1 and Fig. 1).

Op ti cal mi cros copy shows that the host rock and clasts dif fer
greatly from each other in chon drule ap pear ance, de gree of
recrystallisation of ma trix and mesostasis ma te rial, plagioclase
grain size and struc ture of low-Ca pyroxene. Some dif fer ences in

chem i cal com po si tion of the main min eral phases are ob served
in the host rock and clasts. More over, in the host rock, in clu sions
rich in spinel group min er als are pres ent (Ta ble 1). The in clu -
sions dif fer strongly from the host in re tain ing zonal,
unequilibrated com po si tion of min er als. The in clu sions are ~500
mm across, they have rather blurred bound aries and they con sti -
tute a very mi nor frac tion of the me te or ite (<0.1%; Ta ble 1).

De tailed in spec tion of the frag ments rec og nized clearly
shows that they rep re sent dif fer ent pet ro logic types in the clas -
si fi ca tion of Van Schmus and Wood (1967) and were formed
due to di verse ther mal pro cesses.

The Pu³tusk chondrite is weakly-mod er ately shocked (S3
shock de gree in the clas si fi ca tion of Stöffler et al., 1991). It re -
veals ir reg u lar and mi nor pla nar frac tur ing in ol iv ine grains,
undulose light ex tinc tion in plagioclase and the pres ence of lo -
cal ized shock melt pock ets. Among the suite of sam ples ana -
lysed it ap pears that rock de fined as host is slightly less
shock-de formed (S2 de gree) than the equil i brated clasts (S3
de gree). The most im por tant ob ser va tion for this re search is
that the shock event in the Pu³tusk chondrite is re corded mainly
as brit tle frac tures (Krzesiñska et al., 2015) and apart from lo -
cal ized melt pock ets it did not cause melt ing nor lead to
compositional changes. Thus, the min er al ogy of the me te or ite
is as sumed to be not af fected by late shock pro cesses and
serves as a proxy for ear lier, accretional his tory.

H4/H5 TYPE HOST ROCK – TEXTURE AND COMPOSITION

The host por tion of the Pu³tusk chondrite con sists usu ally of
well-de fined and well-rep re sented chon drules (Fig. 2A), usu ally
300–700 mm across. In many of them, polysynthetically twinned
low-Ca pyroxene crys tals are pres ent (Fig. 2B), along with a very
fine-grained feldspatic groundmass. At the con tacts of pyroxene
grains and chon drule mesostasis, tiny (30–60 mm-sized) di op -
side microcrystals oc cur (Fig. 2C).
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Fig. 1. Brecciated specimens of the Pu³tusk meteorite

A – host rock of H4/5 type cut by cataclstic zone bear ing H6 clast; B – host rock cut by cataclastic zone,
which bears H5 clasts; the H5 clast in the top part of the im age is likely en closed in the cataclastic zone,
al though the re la tion ship is not shown, this is be cause of the clast's size ex tend ing the size of the frag -
ment most likely; host rock, cataclastic zones and clasts em bed ded in the zones are marked

Sur face analysed: 96 cm2 (9593 mm2)  [%]

Unequilibrated ma te rial H3.8 <0.1

Host rock H4/H5 56.4

Clasts H5   8.2

Clasts H6   2.

Prod ucts of im pact de for ma -
tion and crush ing of all the pet -
ro logic types

32.7

Cal cu la tions done on the sur face of 96 cm2 i.e., to tal area of all
the cut me te or ite spec i mens in cluded in the study

T a  b l e  1

Unequilibrated and equil i brated pet ro logic type rocks of the
Pu³tusk chondrite and their vol ume % amount



The ma trix of the rock is com posed of a mix ture of iso lated
grains and cryptocrystalline or very fine-grained feldspathic ma -
te rial (Fig. 2A–C). It con tains anhedral–subhedral,
20–80 mm-sized (and up to 750 mm) ol iv ine grains and
20–60 mm long (spo rad i cally up to 650 mm), anhedral low-Ca
pyroxene crys tals. The pyroxene is rep re sented by both
monoclinic and orthorhombic poly morphs (as rec og nized op ti -
cally). Ol iv ine is ho mo ge neous in ma jor and mi nor el e ment
com po si tion (18.8 ± 1.2 mol% of Fa; 0.35–0.59 wt.% MnO and
no other de tect able mi nor el e ments; Fig. 3B and Ap pen dix 1*).
Low-Ca pyroxene has a com po si tion of: En80.8–83.8Fs14.6–18.3 -
Wo0.3–3.2, but as com pared to ol iv ine it is compositionally more
het er o ge neous (Ap pen dix 2). Di op side has a com po si tion of
En47.2–49.6Fs5.5–6.3Wo44.6–46.4 (Ap pen dix 3).

Ac ces sory ox ide min er als are subhedral chro mite and il -
men ite, 20–90 mm in size. Chro mite is pre dom i nantly
compositionally ho mo ge neous, how ever, some grain to grain
vari abil ity is ob served. In gen eral, chro mite re veals a nar row
range of com po si tion both be tween and in side grains. Atomic
ra tios Cr/(Cr+Al) (Cr#, here af ter) and Fe/(Fe+Mg) (Fe#, here af -
ter) are 0.83–0.84 and 0.81–0.82, re spec tively (Fig. 4). Some

grains, how ever, re veal lower val ues of Cr# and Fe#, down to
0.68 and 0.67, re spec tively (Fig. 4), be ing rather spinelian chro -
mites. Both chro mite and spinelian chro mite grains are rich in
MnO (0.65–1.12 wt.%), ZnO (0.13–0.55 wt.%) and TiO2

(1.15–2.45 wt.%), the con tent of which is cor re lated to Fe# (Ap -
pen dix 4). Il men ite is ho mo ge neous and it con tains slight en -
rich ment of pyrophanite (Mn-par ti cle; 5–6 mol%), and geikielite
(Mg-par ti cle; 15–17 mol%; Ap pen dix 5).

FeNi-metal and troilite form ir reg u lar, 10–240 mm large (and
up to 1000 mm) ag gre gates. The pre dom i nant na tive metal is
kamacite (4.96–6.69 wt.% Ni; 0.35–0.58 wt.% Co), which co ex -
ists with lamellar tetrataenite (48.2–51.8 wt.% Ni,
0.05–0.13 wt.% Co and 0.35–0.38 wt.% Cu). Iso lated grains of
zoneless taenite (21.10–42.65 wt.% Ni, 0.10–0.22 wt.% Co and
0.14–0.21 wt.% Cu) are also fre quent. For all the FeNi-min er als
a strong neg a tive cor re la tion of Co and Ni con tent is ob served
(Fig. 5 and Ap pen dix 6), as well as a pos i tive cor re la tion of Cu
and Ni con tent. 

The in ter sti tial feldspathic mass is glassy or very
fine-grained, and in places be comes devitrified and crys tal line;
anhedral plagioclase grains are 5–10 mm-sized. Both the
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Fig. 2. Textures of the Pu³tusk host rock

A – well-dis tin guished chon drules and fine-grained ma trix, pho to mi cro graph, crossed polars; B – twinned crys tal of low-Ca pyroxene of
monoclinic struc ture, pho to mi cro graph, crossed polars; C – chon drule with devitrified glassy and cryptocrystalline mesostasis and
micorcrystallites of di op side in the host part clas si fied into type 4, BSE im age; D – fully crys tal line part of the host clas si fied into type 5, iso -

lated plagioclase grains up to 50 mm in size are pres ent, BSE im age; BO – chon drule with barred ol iv ine struc ture, cpx – low-Ca
clinopyroxene, kam – kamacite, mes – mesostasis, ol – ol iv ine, opx – low-Ca pyroxene, pl – plagioclase, tr – troilite

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1267
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feldspathic microcrystalline mass and in di vid ual plagioclase
crys tals have a quite uni form com po si tion of al bite–oligoclase:
Ab75.6–87.1An5.6–17.9Or3.6–9.6 (Fig. 6 and Ap pen dix 7).

Tex tural fea tures of the host rock change from place to
place and in some cases chon drules are very well-de fined,
while in many other they ap pear blurred with very dif fuse bound -
aries (Fig. 2C vs. Fig. 2D).

H5 AND H6 TYPE, HIGHLY EQUILIBRATED CLASTS

The recrystallised, light-col ored clasts, which are em bed -
ded in dark ened, cataclastic zones dif fer tex tur ally and
compositionally from the host rock (Fig. 1). More over, the
crystallinity de gree and tex tures dif fer among the clasts. Some
dif fer ences in chem i cal com po si tion of min eral may be also ob -
served, which are ac com pa nied by an in crease in the tex tural
mat u ra tion of the clasts.

H5 type tex ture. In one kind of clasts (H5 type rock, here af -
ter) chon drule relicts are de tected, how ever, as com pared to
the host rock, they are highly blurred and recrystallised
(Fig. 7A). Ol iv ine and low-Ca pyroxene form anhedral–sub -
hedral, 40–90 mm-sized (up to 250–300 mm) crys tals. Most con -
tacts be tween ol iv ine and orthopyroxene form ~120° tri ple junc -
tions. Subhedral–anhedral chro mite and il men ite grains are
larger than the host ox ides i.e., they are 70–150 mm in size and
even larger crys tals (>150 mm) are quite com mon. Both chon -
drule mesostasis and ma trix are fully crys tal line, com posed of
15–40 mm-sized, anhedral plagioclase crys tals in ter sti tial to ol -
iv ine and pyroxene (Fig. 7B). In di vid ual plagioclase grains are
up to 90 mm in size. Opaque min er als in the ma trix form iso -
lated, anhedral, ir reg u larly shaped grains.

H6 type tex ture. The other type of clasts (H6 type rock,
here af ter) dif fers from the for mer ones in that chon drule relicts
are ab sent, and the chondritic struc ture is al most oblit er ated
(Fig. 8). Ol iv ine and opx crys tals form tri ple junc tions, but ad di -
tion ally in places re veal a bi modal grain size dis tri bu tion, with in -
di vid ual large grains (80–200 mm) em bed ded in a fine-grained
mass (20–40 mm). Large orthopyroxene grains of ten poikili -
tically en close ol iv ine (Fig. 8A, B).

The plagioclase form ing the ma trix of the clasts is fully crys -
tal line. The crys tals are lobate in shape, 50–90 mm, or spo rad i -
cally up to 200 mm in size. In some places, it ap pears that
plagioclase crys tals form a net work, which in ter sti tially en closes 
ran domly dis trib uted tiny ol iv ine and orthopyroxene grains
(Fig. 8A, B). Plagioclase is very of ten polysynthetically twinned,
and twinning seems to con tinue in grains next to each other.
Also, large (up to 150 mm in size) rounded grains of FeNi-metal
and troilite are en cap su lated in in ter sti tial plagioclase, usu ally in 
the wid est parts of in ter stices (Fig. 8A, B). A char ac ter is tic fea -
ture of this ma te rial is that the ol iv ine crys tals en closed in
plagioclase in ter stices have rounded cor ners (Fig. 8A) and
large ol iv ine crys tals out side the in ter stices are of ten curved-in
at the con tact with the plagioclase (Fig. 8B).

Il men ite crys tals, al though gen er ally not dif fer ing from type
5 ilmenites, in in di vid ual cases are as so ci ated with rutile, form -
ing 5–10 mm blebs or 3–10 mm wide lamellae (Fig. 8D). Il men ite
then con tacts with FeNi-metal.

Com po si tion of min er als in the clasts. Both types of
recrystallised clasts rep re sent rock that is chem i cally well-equil -
i brated. The chem i cal com po si tion of the sil i cates does not vary 
sig nif i cantly; ol iv ine com po si tion peaks at 18.9 ± 0.9 mol% Fa
(Fig. 3C and Ap pen dix 1), and orthopyroxene is ho mo ge neous
En80.4–83.7Fs14.9–18.1Wo0.9–1.7. CaO con tent in orthopyroxene is
gen er ally low, but in some crys tals in H6 type clasts it reaches
up to 0.88 wt.% (Ap pen dix 2).

Crys tal line plagioclase in the ma trix of clasts is
compositionally sim i lar to glass in the host rock: Ab81.0An12.2Or5.7. 
In type 6 clasts, plagioclase grains in par tic u lar in ter stices are
compositionally ho mo ge neous, but some dif fer ences may be ob -
served be tween in ter stices. The rim parts of some in ter sti tial
plagioclase crys tals con tain al kali feld spar patches
(Ab10.0An6.5Or83.5). The con tent of An in the patches is rather con -
stant, while the con tent of Or may vary (Fig. 6 and Ap pen dix 7).

Fig. 3. Histograms of the compositional distribution of olivine
grains based on EMP data

A – olivine in spinel-bearing inclusions H3.8; B – olivine in the
host H4/H5; C – olivine of the equilibrated clasts H5 and H6; n.a.

– number of analyses
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Spinel group min er als are highly ho mo ge neous and only
pure chro mite oc curs. The ho mo ge neous com po si tion of this
min eral is man i fested by very nar row ranges of (Cr#) and (Fe#): 
0.84–0.86 and 0.84–0.87, re spec tively (Fig. 4 and Ap pen dix 4).
Il men ite is en riched in pyrophanite (6 mol%) and geikielite
(16 mol%). When as so ci ated with rutile in type 6 ma te rial, il -
men ite re veals higher en rich ment in MnO (25 mol% of
pyrophanite) and strong de ple tion in FeO (56 mol% Fe par ti cle)
(Ap pen dix 5).

Among FeNi-rich min er als, kamacite ac com pa nied by
tetrataenite dom i nates. Zoneless taenite also oc curs, but is
much less abun dant than in the host rock. Ni con tent in the
kamacite is lower (4.52–6.86 wt.%) than in the host rock and Ni
con tent in tetrataenite (46.72–52.22 wt.%) is higher. Sim i larly to 

the host rock, co balt and cop per amounts in FeNi-metal min er -
als cor re late with the nickel con tent (Fig. 5 and Ap pen dix 6).

OLIVINE-SPINEL EQUILIBRATION TEMPERATURES OF THE HOST ROCK 
AND THE CLASTS

Both the host rock and the clasts are cer tainly well-equil i -
brated rocks, and the ol iv ine-spinel ther mom e ter (Sack and
Ghiorso, 1991; Wlotzka, 2005) was ap plied to cal cu late the
tem per a tures they were equil i brated in. Ol iv ine and chro mite
con sid ered for cal cu la tions re veal ho mo ge neous com po si tions
and no chem i cal zon ing was ob served in them. The cal cu la -
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Fig. 4. Plot of atomic Fe/(Fe+Mg) and Cr/(Cr+Al) ratios of spinel group minerals in the Pu³tusk H4/H5 host rock, H5 and H6 clasts 
and inclusions of unequilibrated rock H3.8

Ferric iron in spinel group minerals is negligibly low; spinels of spinel-bearing inclusions vary widely in composition, but all the atomic
ratios form a trend line; numbers with arrows relate to point analyses of zonal spinel grains in H3.8 inclusions (marked in Fig. 10)

Fig. 5. FeNi-metal composition in the Pu³tusk host chondritic
rock H4/H5, clasts H5 and H6 as well as H3.8 spinel-bearing

inclusions

tae – taenite or disordered FeNi phase with Ni content in the
range of 20–35 wt.%; t-tae – tetrataenite; other explanations as in

Figure 2

Fig. 6. Ternary diagram for Ab-An-Or molar content of
feldspathic glass and plagioclase crystals in the H4/H5 host

rock, clasts H5 and H6 as well as H3.8 inclusions
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Fig. 7. Textures of equilibrated H5 clasts

A – relict chondrule embedded into crystalline matrix, photomicrograph, crossed polars; B – crystalline matrix with blurred

crystal boundaries and plagioclase grains ~10–50 mm in size, BSE image; chr – chromite, other explanations as in Figure 2

Fig. 8. Equilibrated H6 type clast with obliterated chondritic texture

A – tex tures of recrystallisation (right-hand side) and par tial melt ing (left-hand side); large, likely skel e tal plagioclase grains are in ter -
sti tial to rounded ol iv ine and pyroxene and en cap su late kamacite-troilite ag gre gates (left part), by con trast, the recrystallised-only
part (righ-hand side) is com posed of large ol iv ine and pyroxene grains, BSE im age; B – recrystallised, re-equil i brated tex ture of clast; 
large kamacite grain en cap su lated in plagioclase sug gest the in flu ence of lo cal ized par tial melt ing, ol iv ine and pyroxene crys tals
form ~120° tri ple junc tures, curv ing-in of ol iv ine at con tact with in ter sti tial plagioclase (rect an gles); sug gests re-equil i bra tion of crys -
tals with par tial melt, BSE im age; C – po tas sium feld spars (kfs, ar rows) form ing patches at the mar gins of in ter sti tial plagioclase in
clast, BSE im age; D – il men ite with rutile lamella; also some chro mite lamella are pres ent, il men ite con tacts with FeNi-metal, BSE im -
age; di – di op side, ilm – il men ite, kfs – po tas sium feld spar, rtl – rutile, other ex pla na tions as in Fig ures 2 and 7



tions were done for 35 min eral pairs in the host rock and 37 min -
eral pairs in the H5 and H6 clasts. Ex am ple EPM in put data and 
ther mo met ric cal cu la tions for ol iv ine-chro mite pairs are given in 
Ap pen dix 8.

For the host rock, cal cu lated equil i bra tion tem per a ture is in
the range of 619–724°C, with the most com mon val ues around
660–690°C. Tem per a tures of >700°C were re corded only in
case of two ol iv ine-chro mite pairs (Fig. 9). Ol iv ine and chro mite
in the H5 and H6 clasts pro vide tem per a tures in the range of
643–730°C, and the most com mon are tem per a tures of
>680°C.

Cal cu lated equil i bra tion tem per a tures in both types of ma te -
rial do not dif fer sub stan tially. In both host rock and clasts, it is
marked, how ever, that the equil i bra tion tem per a ture cor re lates
with chro mite grain size. To be pre cise, the larger the chro mite
grain size, the higher the tem per a ture cal cu lated (Fig. 9). The
trend ap pears to be sim i lar for host rock and clasts tem per a ture
cal cu la tions. The high est equil i bra tion tem per a tures
(700–710°C) are re tained by those min eral pairs in which chro -
mite is >80 mm. The low est tem per a tures are al ways re lated to
the min eral pairs with chro mite grains <40 mm. How ever, if
chro mite grains are >90 mm, the trend in in crease of tem per a -
ture re corded ap pears to cease. The size of ol iv ine seems to
have no in flu ence on the ther mom e try and cal cu la tions.

UNEQUILIBRATED SPINEL-BEARING INCLUSIONS

The pri mary fea ture of the tiny in clu sions, caus ing them to
be dis tin guished from the host rock (Ta ble 1), is their
out-of-equi lib rium chem i cal com po si tion and pres ence of zonal
spinel group min eral grains (Fig. 10). The spi nels oc cur as
pheno crysts in chon drules (Fig. 10A) or as subhedral–euhedral 
crys tals ac com pa nied by sil i cates (Fig. 10B–C). Spinel-bear ing
chon drules are 320–450 mm-sized, their mesostasis is glassy
or cryptocrystalline and bound aries are very dis tinct (Fig. 10A).
Min eral ag gre gates are in turn 300–600 mm across, with spinel

grains 60–130 mm-sized (in one case up to 400 mm; Fig. 10C)
and ol iv ine and pyroxene grains are 30–320 mm-sized. The ma -
trix of the ag gre gates is opaque, feldspathic (Fig. 10B). Nearly
55–70% of the ma trix is microcrystalline, while the rest is
glassy.

Spinel group min er als – ma jor and mi nor el e ment com -
po si tion. Spinel group min er als show ex tremely wide
compositional vari a tions both be tween and in side the grains,
ex pressed by broad ranges of atomic ra tios Fe/(Fe+Mg) (Fe#)
and Cr/(Cr+Al) (Cr#). The Fe# var ies from 0.31 to 0.81 and the
Cr# ranges from 0.05 to 0.68 (mean ing a com po si tion from
nearly pure MgAl2O4 to the typ i cal host chro mite). The Cr# and
Fe# ra tios are pos i tively cor re lated with each other, and the
spinel group min er als fall into field of chromian spinel
(0.2<Fe#<0.5 and/or 0.2<Cr#<0.5), picotite (0.5<Fe#<0.75 and 
0<Cr#<0.5) and spinelian chro mite (0.3<Fe#<0.8 and/or
0.5<Cr#<0.8; see Fig. 4 and Appendix 4). Since EMP mea sure -
ments of these min er als gave es sen tially stoichiometric in com -
po si tion re sults, fer ric iron (mag ne tite com po nent) is neg li gi bly
low (up to 0.55 mol% of mag ne tite).

The spinel grains show con tin u ous, large in crease of the
atomic ra tios of Fe# and Cr# from the core to the rim parts
(Fig. 10A–C). How ever, zonation pro files are asym met ri cal for
in di vid ual grains, and Cr# and Fe# in crease in those parts of the 
crys tals that are in con tact with ol iv ine grains or lo cated near est
to the chon drules’ bound aries (Fig. 10A, C, D). Cores of the
grains are usu ally of chromian spinel com po si tion (Fe#
0.31–0.46 and Cr# 0.05–0.26), while their rims are rather much
higher in Mg and Al. At the con tact with ol iv ine, spinelian chro -
mite com po si tion is usual (Fe# and Cr# in the ranges 0.5–0.74
and 0.45–0.64, re spec tively), while at the con tact with
plagioclase, chromian spi nels and picotites rather oc cur (Fe#
and Cr# as low as 0.36–0.5 and 0.13–0.4, re spec tively;
Fig. 10D; also see points at Fig. 4 and com pare the data from
Fig. 10A, B). It is im por tant to note that the com po si tion of spinel 
rim parts at the con tact with ol iv ine ap proaches the com po si tion 
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Fig. 9. Calculated olivine-spinel equilibration temperatures for the host rock and equilibrated
clasts of the Pu³tusk chondrite

Data are shown in correlation with the shortest dimensions of chromite grains having taken into
calculation
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of in di vid ual spinelian chro mite grains in the host rock, those
that re vealed lower Fe# and Cr# ra tios than typ i cal host chro -
mites (Fig. 4 and Ap pen dix 4).

Spinel group min er als al ways con tain mi nor amounts of
TiO2 (0.13–2.35 wt.%), MnO (0.29 1.05 wt.%), and V2O3

(0.29–0.86 wt.%), the con tents of which gen er ally cor re late with
ma jor el e ment pat terns. They also con tain sig nif i cant amounts
of ZnO (0.15–0.62 wt.%), the con tent of which, how ever, is not
com pat i ble with ma jor el e ments (Ap pen dix 4).

Com po si tion of sil i cates in the in clu sions. The mean
com po si tion of ol iv ine (17.6 mol% Fa), as pheno crysts in
spinel-bear ing chon drules and grains in spinel-bear ing ag gre -
gates ap proaches the com po si tion of ol iv ine grains in the
Pu³tusk host (Fig. 3A, com pared to Fig. 3B and Ap pen dix 1).
How ever, some ol iv ine grains ac com pa ny ing the spi nels re tain
zonation (Fig. 10A), with a broad compositional range of
6.9–30.2 mol% Fa (Fig. 3A). Dis equi lib rium of ol iv ine is well-ex -
pressed by a stan dard de vi a tion value of 3.6 mol% Fa. Stan -

dard de vi a tion of Fa con tent in ol iv ine ex pressed as a per cent -
age of the mean value (PMD pa ram e ter de fined by Sears and
Dodd, 1988 and used be low for clas si fi ca tion) gives value of
20.5 mol%. Ol iv ine con tains mi nor amounts of MnO of
0.42–0.55 wt.% and, in some cases, Cr2O3 above EMP de tec -
tion limit (0.12–0.26 wt.%; Ap pen dix 1).

Low-Ca pyroxene has mean com po si tion En82.4Fs16.1Wo1.7

but grains are usu ally zonal in com po si tion. Zonality re lates to all
the ma jor el e ments: Fe, Mg and Ca; 7.7–17.1 mol% Fs and
0.3–3.2 mol% Wo). As mi nor en rich ments, pyroxene con tains
MnO (0.17–0.53 wt.%) and Cr2O3 (0.10–0.35 wt.%; Ap pen dix 2).

Feldspathic mesostasis of spinel-bear ing chon drule and the
ma trix-form ing glass in in clu sions is of com po si tion of al bite-an -
de sine Ab61.5–87.1An9.3–36.0Or2.2–5.4 (Fig. 6 and Ap pen dix 7). The
small crys tals of an or thite-bytownite (Ab16.1–57.1An41.4 –83.7Or0.2–1.5)
and Al-di op side (En47.6Fs5.5Wo46.9; en riched in re frac tory el e -
ments: 5.82 wt.% Al2O3, 1.04–2.62 wt.% TiO2 and up to 1.75
wt.% Cr2O3; Ap pen dix 3) are em bed ded into the glass (Fig. 10B).
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Fig. 10. Textures of spinel-bearing inclusions

A – chon drule with chromian spinel phenocryst; FeO and Cr2O3 are en riched at the grain edge i.e., to wards the chon drule ex te rior, while 
Al2O and MgO are de pleted; the chon drule mesostasis com prises a microcrystalline feld spar, ol iv ine crys tals and opaque phases;
zonal ol iv ine and pyroxene crys tals in the vi cin ity of the chon drule are pres ent (marked by ar rows), BSE im age; B – spinel-bear ing ag -
gre gate; lath-like an or thite and Al-di op side microcrystals and al bite-an de sine glass em bed the spinel grain; C – spinel-bear ing ag gre -
gate; the large spinel grain re veals strong asym me try of compositional zonation, X–Y – compositional pro file across the spinel grain
shown in Fig ure 10D, BSE im age; D – rim-to-rim zon ing pro file for the ma jor el e ments Al2O3, Cr2O3, FeO and MgO across the zoned
spinel grain in the spinel-bear ing in clu sion; ex treme compositional asym me try is ev i dent, as the part of spinel be ing in con tact with ol iv -
ine crys tals (pro file end Y) is rich in Cr2O3 and FeO, while the other crys tal edge con tacts with plagioclase-rich ma trix (pro file end X),
BSE im age; num bers in BSE im ages re late to point anal y ses in zonal spi nels, the atomic ra tios Fe# and Cr# of which are shown in Fig -
ure 4, point anal y ses in di cate the asym met ri cal zonation of spinel group min er als; An – an or thite-rich plagioclase, FeNi – iron-nickel
metal al loys, mes – glassy mesostasis, px – low-Ca pyroxene, sp – Mg,Al-rich spinel, other ex pla na tions as in Fig ures 2, 4 and 7
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Opaque min er als com po si tion. Opaque min er als ac com -
pa ny ing spi nels in in clu sions are troilite and zoneless taenite
(20.62–35.86 wt.% Ni). Co balt con tent in taenite var ies sub -
stan tially from grain to grain (0.03–1.04 wt.%; Fig. 5 and Ap pen -
dix 6). One in di vid ual kamacite grain was ad di tion ally found in
in clu sions and its Ni and Co con tents were mea sured as
4.48 wt.% and 0.48 wt.%, re spec tively. The mea sured Co con -
tent is low as com pared with the min er als in the host rock and
clasts. In con trast to the host grains, FeNi-metal grains in
spinel-bear ing in clu sions do not re veal any cor re la tion for Co
and Ni (Fig. 5 and Ap pen dix 6).

DISCUSSION

The Pu³tusk me te or ite brec cia con tains frag ments of
unequilibrated and highly equil i brated ma te rial, as sem bled al to -
gether. Anal y sis of the brec cia gives an op por tu nity to re con -
struct the ther mal evo lu tion of in di vid ual clasts. Com par i son of
this re cord with stan dard pet ro log i cal clas si fi ca tion (Van
Schmus and Wood, 1967) of the same ma te rial shows
inprecision the classi fi ca tory pa ram e ters re flect accretional
meta mor phic con di tions af fect ing the me te or ite on its par ent
body.

STANDARD PETROLOGICAL CLASSIFICATION 
OF THE PU£TUSK CHODNRITE

Host rock of H4/H5 type. Well-dis tin guished chon drules,
their sharp bound aries, pre served glassy mesostasis and ma -
trix, and only some tiny plagioclase grains in the Pu³tusk host
rock (Fig. 2A–C) are the fea tures typ i cal for rock of type 4 in the
Van Schmus and Wood (1967) clas si fi ca tion. These fea tures
agree with the monoclinic struc ture of the low-Ca py rox enes
(Fig. 2B) and with the wide, but well-clus tered compositional
range of Fa con tent in the ol iv ine (Fig. 3B). Polysynthetic
twinning ob served in some pyroxene crys tals might in prin ci ple
re sult also from trans for ma tions driven by a later shock event.
How ever, in the Pu³tusk host rock the re cord of weak-mod er ate
shock sug gests that shock pres sures were not suf fi cient to
have led to such trans for ma tion (e.g., Stöffler et al., 1991), thus
the fea ture is re lated to accretional meta mor phism.

The host rock is, how ever, not tex tur ally ho mo ge neous, and 
based on the plagioclase grain size and the blur ring of chon -
drule bound aries (Fig. 2C vs. D), some parts of the host rep re -
sent rather type 5, which is in agree ment with ear lier ob ser va -
tions (Binns, 1968; Manecki, 1972; Siemi¹tkowski, 2004). The
tex tural dif fer ences are not ac com pa nied by any me chan i cal
bound aries (which rules out a clastic or i gin), and un am big u ous
dis tinc tion be tween H4 and H5 rock is prob lem atic, even at the
scale of in di vid ual spec i mens.

Equil i brated clasts H5 and H6. The clasts rep re sent
well-equil i brated and recrystallised ma te rial of high pet ro logic
types in the Van Schmus and Wood (1967) clas si fi ca tion. This is
con firmed by the nar row compositional ranges of very well-equil i -
brated ol iv ine grains (Fig. 3C) as well as by sys tem atic in crease
(as com pared to the host rock) of Ni in tetrataenite, de crease of
Ni con tent in kamacite (Fig. 5), and ob served straight en ing of
bound aries of FeNi-metal grains (Figs. 7B and 8A; Gattacceca et 
al., 2014; Guignard and Toplis, 2015).

The study pre sented in this pa per shows that clasts, de spite 
be ing compositionally very sim i lar, dif fer greatly tex tur ally with
each other. Clasts with pre served rel ict chon drules and
plagioclase grains up to 40 mm in size (Van Schmus and Wood,
1967) re flect type 5 ma te rial (Fig. 7A), while clasts with al most

oblit er ated chondritic tex tures and plagioclase crys tals >50 mm
are rather of type 6 (Fig. 8A, B).

The fea tures of in ter sti tial plagioclase (Fig. 8A–C) may sug -
gest that the ma te rial in type 6 rock was af fected by very ini tial
par tial melt ing (see dis cus sion be low). If more ad vanced, the
re cord of par tial melt ing would al low clas si fi ca tion of the par tic u -
lar Pu³tusk clasts as of type 7 (Tait et al., 2014). How ever, the
orthopyroxene lacks exsolution of Ca-pyroxene, and only mi nor
in crease of Ca con tent in the low-Ca pyroxene is ob served (Ap -
pen dix 2), sug gest ing par tial melt ing was not so evolved. In
sup port of this, the net work ing of in ter sti tial plagioclase in clasts
is lim ited and only weak zonation of plagioclase is ob served.

Unequilibrated H3.8 ma te rial. The com po si tion of the min -
er als in spinel-bear ing in clu sions in the Pu³tusk chondrite sug -
gests they have not reached the meta mor phic con di tions typ i cal 
of the H4 type. This cor re sponds well to the sharply out lined
chon drules, and the oc cur rence of glassy–microcrystalline ma -
trix pre serv ing an or thit ic lamellae (Sears and Dodd, 1988).

The in clu sions in the Pu³tusk chondrite are as cribed to the
3.8 sub type, ac cord ing to clas si fi ca tion of Sears and Dodd
(1988), based on the 20 mol% Fa value of per cent mean de vi a -
tion in ol iv ine (i.e., stan dard de vi a tion ex pressed as a per cent -
age of the mean; Fig. 10A) and the prev a lence of finely crys tal -
line ma trix ma te rial. Due to the lim ited size of the in clu sions,
only 6 point anal y ses were taken of FeNi-metal grains, and only
one of these re ports the com po si tion of kamacite (Fig. 5 and
Ap pen dix 6). Thus, the re sults ob tained can not pro vide quan ti -
ta tive in for ma tion on the spread of co balt con tent in the
kamacite (Sears and Dodd, 1988), which is the classi fi ca tory
pa ram e ter. How ever, it is known that in crease in pet ro logic sub -
type links to co balt re dis tri bu tion, pre cisely to in crease of Co
con tent in kamacite and its de crease in taenite (e.g., Ru bin,
1990; Kimura et al., 2008). Given the qual i ta tively, sig nif i cantly
higher Co amount in taenite and the lower Co con tent in
kamacite in in clu sions as com pared to the host taenite (Fig. 5)
agrees with the pet ro logic sub type 3.8 of the in clu sions.

As sum ing that the at tain ing of equi lib rium by sil i cate min er -
als on a chondritic par ent body needs interdiffusion pro cesses
with ox ide min er als (Bunch et al., 1967; Matsunami et al.,
1990), spinel group min er als should also pro vide classi fi ca tory
pa ram e ters (e.g., Grossman and Brearley, 2005). It is known
that the con tent of ma jor and mi nor (es pe cially ZnO) ox ides in
spinel group min er als be comes more ho mo ge neous with in -
creas ing pet ro logic sub type, and that the av er age atomic ra tio
Fe/(Fe+Mg) gen er ally in creases in spi nels (John son and Prinz,
1991; Kimura et al., 2006). Spinel group min er als of the Pu³tusk
in clu sions re veal rather low ma jor el e ment atomic ra tios (see
Fe# in Figs. 4 and 10; Ap pen dix 4) and broad ranges of con -
tents of mi nor ox ides like TiO2, V2O3, and ZnO. Com par ing
Pu³tusk spinel com po si tions to com po si tions of sim i lar ob jects
in other H chondrites (Fudali and Noonan, 1975; Kimura et al.,
2002), a clas si fi ca tion of the in clu sions as type 3.8 is rea son -
able. Ac cord ingly, ol iv ine of the Pu³tusk in clu sions is quite rich in 
Cr2O3. Com pared to the re sults of Grossman and Brearley
(2005), the ol iv ine com po si tion would sug gest an even lower
pet ro logic sub type of the Pu³tusk in clu sions i.e., sub type
3.5–3.6.

TEXTURAL AND COMPOSITIONAL PROPERTIES OF THE PU£TUSK
CHONDRITE BEYOND ITS PETROLOGICAL CLASSIFICATION

The sim plest in fer ence re sult ing from the above clas si fi ca -
tion of the Pu³tusk chondrite and from def i ni tion of the clas si fi ca -
tion scheme it self (Van Schmus and Wood, 1967) should be
that the clasts of higher pet ro logic type ex pe ri enced more ad -
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vanced ther mal meta mor phism than the host ma te rial of lower
type. More pre cisely, the higher the pet ro logic type, the higher
peak tem per a tures at tained dur ing meta mor phism. Taken all
to gether, how ever, the tex tural and compositional fea tures of
the Pu³tusk clearly do not cor re late with each other and the tex -
tural/compositional ma tu rity does not evolve with the tem per a -
ture ranges at tained.

The as pects in ex pli ca ble by in crease of peak meta mor phic
tem per a ture solely are:

– the lack of con sid er able dif fer ences in sil i cate and ox ide
com po si tion in the host and clast rock, com pared with
the ob served dif fer ences in tex tures that the min er als
oc cur in (see Fig. 2 vs. Figs. 7 and 8);

– the lack of sub stan tial dif fer ences in ol iv ine-chro mite
equil i bra tion tem per a ture for type 4 host ma te rial and
type 5 and 6 chondritic clasts (see Fig. 9), man da tory to
raise the ob served tex tural dif fer ences if the tem per a -
tures are as sumed to be peak meta mor phic val ues;

– the pres ence of patchy al kali feld spar crys tals and il men -
ite-rutile as so ci a tions in type 6 only ma te rial (Fig. 8), tak -
ing into ac count that both are known to be prod ucts of
low- rather than high tem per a ture pro cesses;

– the tex tural inhomogeneity of the host rock at small scale 
(i.e., am big u ous clas si fi ca tion as type 4/5; see Fig. 2);

– the pres er va tion of tiny unequilibrated spinel-bear ing in -
clu sions in the host ma te rial (with no clastic or i gin;
Fig. 10) and an ob served gen eral con tin u ous trend of
com po si tions of spinel group min er als in in clu sions and
host (Fig. 4).

THERMAL METAMORPHIC HISTORY OF THE PU£TUSK BRECCIA

In ter pre ta tion of ol iv ine-chro mite equil i bra tion tem per -
a tures. Ol iv ine-chro mite ther mo met ric cal cu la tions in the
Pu³tusk host rock and clasts of type 5 and type 6 pro vide val ues
close to each other (620–720°C, 640–730°C, re spec tively). If
the tem per a tures cal cu lated had rep re sented peak meta mor -
phic val ues, the meta mor phic con di tions would not have been
suf fi ciently dif fer ent to cause the tex tural dif fer ences ob served
(Fig. 9). The ol iv ine-chro mite clo sure tem per a tures form broad,
im pre cise ranges of val ues and these ap pear to cor re late with
spinel grain size. A likely ex pla na tion is that, af ter at tain ing peak 
tem per a tures, chro mite re-equil i brated with ol iv ine dur ing cool -
ing, the mech a nism pro posed ear lier to take place dur ing the
ther mal evo lu tion of H chondrites (Kessel et al., 2007). The
model sub stan ti ates that the ti ni est chro mite grains re-equil i -
brated eas ily with de creas ing tem per a tures dur ing cool ing,
while the larg est crys tals im peded re-equil i bra tion and pre -
served equil i bra tion state at tained in higher tem per a tures. The
con clu sion com ing from this sce nario is that the host H4/H5 at -
tained a peak meta mor phic tem per a ture of at least ~720°C and
clasts of type 5 and type 6 were meta mor phosed at tem per a -
tures higher than ~730°C, and the real val ues might have been
much higher. Af ter the peak con di tions, the rock must have
slowly cooled down to ~620°C.

A model of two-phase meta mor phism, in ferred from in ter -
pre ta tion of the ol iv ine-chro mite clo sure tem per a tures, is ca pa -
ble of ac count ing for ap par ent tex tural and compositional in con -
sis ten cies in the Pu³tusk brec cia, these be ing be yond pet ro log i -
cal clas si fi ca tion.

Pro gres sive meta mor phism and at tain ing the peak
tem per a ture. A pro gres sive meta mor phic phase ac counts for
tex tural mat u ra tion of the clasts, such as the for ma tion of tri ple
junc tions be tween sil i cates in type 5 and 6 clasts in the Pu³tusk

chondrite (Figs. 7B and 8A, B). The tem per a ture of
~720–730°C, as in ferred above, was suf fi cient to con clude the
compositional ho mog e ni za tion of the main sil i cate min er als in
the host rock and clasts (Huss et al., 2006; Kovach and Jones,
2010). In par tic u lar it ex plains well that the com po si tions of
feldspathic mesostasis and plagioclase are con stant through
the Pu³tusk host and all the clasts (Fig. 6 and Ap pen dix 7). This
im plies that the tem per a tures were high enough for glass com -
po si tion ho mog e ni za tion in the early evo lu tion of the par ent
body. It also sug gests that dif fu sion of el e ments af fected the
mesostasis glass rather than the plagioclase and that the lat ter
crys tal lised fur ther from the glass that had al ready
compositionally equil i brated.

Strong ev i dence ex ists that type 6 clasts ex pe ri enced much
higher tem per a tures than re corded by ol iv ine-chro mite pairs
i.e., ~1000°C. The shape of the plagioclase grains in type 6
clasts sug gests they formed lo cal ized net works of skel e tal crys -
tals crys tal lised be tween ol iv ine and pyroxene grains
(Fig. 8A–C). The as so ci a tion of en larged FeNi-metal and troilite 
grains en cap su lated in plagioclase (Fig. 8A, B) im plies that both 
phases were once in a liq uid state (Tait et al., 2014). Those tex -
tures sug gest the on set of par tial melt ing in the rocks. The tem -
per a ture re quired to melt con joined grains of troilite and metal of 
H chondrite com po si tion is ~960°C (Tomkins, 2009), and sil i -
cate par tial melt ing com mences at ~1050°C (e.g., Dodd, 1969;
Takeda et al., 1984). It is, how ever, im por tant to note that tex -
tures of par tial melt ing are lo cal ized in the Pu³tusk chondrite,
thus tem per a tures were likely not higher than those re quired for
the on set of par tial melt ing. Sup port ing ev i dence co mes from
rutile-il men ite as so ci a tions in type 6 ma te ri als (Fig. 8D). Since
il men ite is as so ci ated with kamacite, the as so ci a tions are most
likely a prod uct of the break down of pseudobrookite-armalcolite 
(Buseck and Keil, 1966; Kimura et al., 1991), this min eral be -
com ing highly un sta ble in cool ing be low 1140°C.

Peak tem per a tures of ~1000°C for the Pu³tusk type 6 clasts
agree well with the cal cu la tions of two-pyroxene equil i bra tion
tem per a tures ob tained for other H6 chondrites by Har ri son and
Grimm (2010).

Ret ro grade meta mor phism. There are sev eral lines of ev -
i dence that prograde meta mor phism in the Pu³tusk ma te rial
was fol lowed by a ret ro gres sive phase. Com mon re-equil i bra -
tion of ol iv ine and chro mite down to tem per a tures of ~620°C
sug gests that ret ro gres sion af fected all the types of chondritic
ma te rial in the Pu³tusk par ent body. The re cord of ret ro gres sion
is, how ever, best pre served in type 6 clasts, where cool ing rates 
most likely were the slow est. In these clasts slow ret ro gres sion
is re corded by curv ing-in of ol iv ine grains at the con tact with
plagioclase (Fig. 8B), likely due to grain bound ary re-equil i bra -
tion with par tial melt. Patchy crystallisation of po tas sium feld -
spar (Fig. 8C) from par tial plagioclase melt is prob a bly re lated
to frac tion ation dur ing growth (Takeda et al., 1984; Friedrich et
al., 2014), a pro cess which closes at ~600°C, ac cord ing to the
feld spar phase di a gram. More over, pseudobrookite-armalcolite 
break down to il men ite and rutile, which is con sid ered to have
oc curred in type 6 Pu³tusk ma te rial, re quires slow cool ing down
to ~700°C (Buseck and Keil, 1966; Hayob and Essene, 1995).

There are no dis tinct compositional or tex tural fea tures in
any pet ro logic type ma te rial in the Pu³tusk chondrite pro vid ing
in for ma tion on cool ing rate be low 600°C, sug gest ing that at this
stage cool ing was rather rapid.

Early im pact event as a trig ger for two-phase meta mor -
phism. The two-phase meta mor phism in ferred re quires a heat
source on the Pu³tusk par ent body en er getic enough to pro vide
high peak tem per a tures and at the same time suf fi ciently con -
stant to sus tain the long-last ing ret ro grade ac tiv ity. For
chondritic par ent bod ies two heat sources are rec og nized: de -
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cay of short-lived radionuclides, no ta bly 26Al (e.g., Miyamoto et
al., 1981; Trieloff et al., 2003; Bouvier et al., 2007) and col li -
sions be tween planetesimals (e.g., Ru bin, 1995; Davison et al.,
2013; Ciesla et al., 2013). The for mer is ca pa ble of main tain ing
a rel a tively long meta mor phic ep i sode, but is not en er getic
enough to lead to high tem per a ture in crease (in the case of
Pu³tusk ~1000°C is re quired), while the lat ter source, ex actly
the op po site, leads to rapid high tem per a ture in crease and sim -
i larly rapid quench ing. Thus, the only rea son able cause for the
in tro duc tion of two-phase meta mor phism of the chondritic par -
ent body of Pu³tusk may be jux ta po si tion of both pro cesses i.e.,
an im pact event af fect ing a body that was be ing in ter nally
heated. In such a sce nario, rapid post-im pact tem per a ture rise
might have led to in crease of peak meta mor phic tem per a ture in 
the chondrite, but later tem per a ture changes (i.e., de crease af -
ter im pact ces sa tion) were con trolled by per sis tent, static con di -
tions. Par tial melt ing in the Pu³tusk type 6 rock was very lo cal -
ized, in di cat ing that the peak tem per a ture was at tained lo cally,
more or less in stantly and that peak con di tions must have been
rel a tively short-term. The plau si bil ity of this sce nario is sup -
ported by ex per i men tal work (Davison et al., 2013; Ciesla et al.,
2013), which showed that im pact pro cesses on a warm
chondritic par ent body dra mat i cally changes ther mal con di tions 
around the tar get point but fol low ing post-im pact ther mal equil i -
bra tion leads to sys tem atic, per va sive ther mal mod i fi ca tions of
the im pacted body.

It is im por tant to note that the re sults of the study pre sented
here nei ther pro vide ev i dence for early dis rup tion of the H
chondrite par ent body, nor ex clude it. The cool ing rate of the
type 6 Pu³tusk ma te rial was much slower than that of type 5 and
4, slow enough to cause break down of un sta ble phases and
for ma tion of po tas sium feld spar patches, which might have
been achieved due to the lo ca tion of type 6 ma te rial in the deep -
est parts of the par ent body dur ing cool ing, in agree ment with
an on ion-shell model. On the other hand, this may have also
been a re sult of the lo ca tion of type 6 rocks deep in the crater
base ment, while other types of ma te rial moved onto the sur face 
of the par ent body dur ing the cratering event. Such ma te rial
move ment is in agree ment with the re sults of Scott et al. (2014)
and Ganguly et al. (2013), who sug gested that the H chondrite
ma te rial of dif fer ent pet ro logic types must have been ran domly
mixed be fore the par ent body cooled be low 500°C. Brecciation
of the Pu³tusk chondrite, and par tic u larly the lo ca tion of type 5
and 6 frag ments as clasts in dark-col oured cataclastic zones,
which were formed in late im pact de for ma tion (Krzesiñska,
2011; Krzesiñska et al., 2015), sug gests that the brec cia ma te -
rial was re-ar ranged many times on the par ent body, and prob a -
bly not dur ing its early evo lu tion.

Al though the meta mor phic his tory of the Pu³tusk brec cia is
prob a bly not rep re sen ta tive of en tire H chondrite par ent body, it
pro vides an ad di tional piece of ev i dence in sup port of im pact as 
an ap peal ing heat source in the early ther mal evo lu tion of this
body.

In flu ence of the pri mary com po si tion of min er als. The
tex tural inhomogeneity of the Pu³tusk host rock re veals the role
of some lo cal fac tors in meta mor phism. The most im por tant
ques tion arises re gard ing the pres er va tion of in clu sions clas si -
fied as H3.8 type, as co ex is tence of ho mo ge neous sil i cates and 
chro mite to gether with other, strongly het er o ge neous spinel
group min er als is gen er ally per mit ted within a frame work of
stan dard chondritic meta mor phism.

The tex tures and com po si tion of spinel-bear ing in clu sions
in di cate that the min er als there had never at tained chem i cal
equi lib rium. How ever, the lack of equi lib rium seems to mostly
re sult from the pri mary com po si tion of the min er als.

It is likely that the spinel grains re tained in the Pu³tusk
chondrite as in clu sions rep re sent one of the ear li est So lar Sys -
tem sol ids (Bis choff and Keil, 1984), formed in the neb ula be -
fore iron-mag ne sium min er als had started to crys tal lise (Bis -
choff and Keil, 1984; MacPherson and Huss, 2005) and they
be came ag glom er ated into the Pu³tusk par ent body along with
typ i cal Fe-Mg min er als. The dif fer ence in pri mary com po si tion
of the accreted min er als must have had con se quences dur ing
the sub se quent meta mor phism, as par ti tion ing of Fe2+ and Mg2+

be tween ol iv ine and spinel is de pend ent on tem per a ture, but
also on the Cr/Al ra tio in spinel (Wlotzka, 2005; Suzuki et al.,
2005). As a re sult, Fe–Mg ex change was slower in the case of
Al-rich spi nels than it was for Cr-rich chro mites. Con se quently,
chro mites equil i brated with sil i cates more eas ily and rap idly
than spi nels sensu stricto, and the lat ter were eas ily pre served.
Ob vi ously, dur ing a strong meta mor phic event, all the spinel
group min er als, re gard less of their pri mary com po si tion, would
have equil i brated. This is for in stance shown by the pres er va -
tion of some grains of spinelian chro mite com po si tion in H4/H5
rock (Fig. 4), com pared with the com plete lack of such grains in
H5 and H6 clasts.

In the case of the Pu³tusk in clu sions, spinel group min er als
were cer tainly meta mor phosed af ter be ing as sem bled in the
host, as they re tain asym met ri cal zonation, with the asym me try
be ing strictly de pend ent on the com po si tion of the min er als at
the con tacts (Fig. 10). The in clu sions, de spite be ing
unequilibrated, cer tainly were af fected by meta mor phic tem per -
a tures of ~720°C, as was the host rock.

CONCLUSIONS

1. The Pu³tusk chondrite brec cia com prises ma te rial rep re -
sent ing an en tire suite of pet ro logic types. It should be clas si fied
as a H3.8–6 chondrite. Unequilibrated H3.8 type ma te rial, rec og -
nized and doc u mented in the Pu³tusk brec cia for the first time, is
pre served as tiny in clu sions in H4 host rock. Highly equil i brated
H5 and H6 type ma te rial was brought as clasts and em bed ded in
the brec cia among prod ucts of im pact de for ma tion.

2. The meta mor phic ther mal evo lu tion of the Pu³tusk brec -
cia is much more com pli cated than its pet ro log i cal clas si fi ca tion
sug gests. Meta mor phic con di tions were only partly a func tion of 
peak tem per a tures achieved by dif fer ent parts of the brec cia but 
equi lib rium was ap proached also ow ing to the pri mary com po si -
tion of the min er als and the cool ing rates.

3. H3.8 ma te rial in Pu³tusk, al though compositionally
unequilibrated, bears a re cord of meta mor phic interdiffusion
pro cesses in volv ing sil i cate and ox ide min er als as sem bled in
the rock. Spinel-group min er als com pos ing the in clu sions re -
veal strong compositional zonation and asym me try strongly
cor re lated to the com po si tion of the sur round ing min er als.

4. Lo cal pres er va tion of H3.8 in clu sions is a re sult of the pri -
mary com po si tion of the accreted ma te rial. Al,Mg-spi nels equil i -
brated less ef fi ciently with sil i cates than did the Cr,Fe-chro -
mites, even if they were re pro cessed at the same meta mor phic
tem per a tures.

5. Accretional meta mor phism re corded in the Pu³tusk me te -
or ite is shown to oc cur in two phases. First, a pro gres sive phase 
was re lated to tem per a ture in crease and led to dif fer ent chem i -
cal and tex tural equil i bra tion. The peak meta mor phic tem per a -
tures were at least ~720°C for the host rock, as re vealed by ol iv -
ine-spinel ther mom e try and sup ported by tex ture. For H6 type
ma te rial, peak tem per a tures might have reached ~1000°C, as
these are val ues re quired for the on set of par tial melt ing of
plagioclase and metal-troilite, the pro cess re corded in the tex -
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tures of those min eral as sem blages. Such tem per a ture ranges
were also re quired for the for ma tion of pseudobrooki -
te-armalkolite, which is shown to have been pres ent in type 6
Pu³tusk clasts.

6. Af ter the peak meta mor phic tem per a tures were at tained,
ret ro grade meta mor phism played a role. It led to compositional
re-equil i bra tion of the main sil i cates and ox ides and tex tural
equil i bra tion of relic solid min er als with cooled par tial melts in
type 6 ma te rial. Cool ing rate was the slow est in type 6 clasts,
where it was slow enough to trig ger for ma tion of po tas sium feld -
spar patches in Na-plagioclase. The pro cess must have lasted
for a long time and sup ported break down of pseudobrooki -
te-armalcolite to the il men ite and rutile ob served. The most
likely cause of in duc ing ret ro gres sion and sus tain ing slow cool -
ing was an early im pact event on to a warm par ent body.
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