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Cr-spinel is a rel a tively wide spread ac ces sory min eral in the Me so zoic ophiolites of the West ern Carpathians (mainly in the Meliata Unit) 
and in the Penninic Unit (Rechnitz tec tonic win dow group). Cr-spinel chem i cal com po si tion in both these oc cur rences (Meliaticum,
Penninicum) shows the lherzolitic char ac ter of the orig i nal ultrabasites. It was found im pos si ble to dis tin guish the source rocks (peri dot -
ites) of these two oce anic do mains on the ba sis of the chem i cal com po si tion of the Cr-spi nels. Many Cr-spi nels from both tec tonic units
are af fected by var i ous lev els of al ter ation (in gen eral, de crease of Al2O3, Cr2O3, MgO, en rich ment in FeO, Fe2O3, SiO2, lo cally also in
MnO and ZnO). 
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INTRODUCTION

Cr-spinel is a com mon ac ces sory min eral in the Me so zoic
ultramafites of the West ern Carpathians (e.g. Rojkoviè et al.,
1978; Hovorka et al., 1985) or in the ultra mafic com plexes of the 
East ern Alps. The chem i cal com po si tion of Cr-spi nels from the
West ern Carpathian ultra mafic rocks was stud ied by Rojkoviè et 
al. (1978), Spišiak et al. (2000) and oth ers. Cr-spi nels from the
Penninic ultramafites were stud ied by Pober and Faupl (1988).

The chem i cal com po si tion of Cr-spi nels from Me so zoic
ultra mafic bod ies (Meliaticum and Penninicum) was ex am ined 
be cause these ultra mafic rocks are sup posed to be one of the
pos si ble sources for de tri tal spi nels of ten oc cur ring in
siliciclastic Cre ta ceous and Paleogene flysch sed i men tary
rocks and car bon ate peb bles in the Cen tral West ern Car -
pathians (e.g. Mišík et al., 1980; Jablonský et al., 2001). One of 
the aims of this study was to find out if it is pos si ble to dis crim i -
nate ultra mafic rocks of the Meliatic tec tonic unit from those of
the Penninic Unit on the ba sis of Cr-spinel com po si tion.

Cr-spinel al ter ation in serpentinized ultra mafic rocks has
been rec og nized in var i ous tec tonic set tings (e.g. Michailidis,
1990; Burkhard, 1993; Mellini et al., 2005). As the host rocks
of the spi nels are al tered, the chem i cal com po si tion of the al -

tered spinel was also stud ied, be cause in the ab sence of de tailed 
min er al og i cal con trol, spinel com po si tion should not be in ter -
preted uniquely in terms of ig ne ous pro cesses. The de gree of
serpentinization of the host rock can have a pro nounced ef fect
on the spinel chem is try. 

GEOLOGY AND PETROLOGY 
OF ULTRAMAFIC BODIES

The temporal and spa tial dis tri bu tion of Me so zoic ultra -
mafic bod ies in the West ern Carpathians and East ern Alps is re -
lated to the clos ing of two subduction zones, i.e. the Kimmerian 
of the Meliata ocean in the south (Callovian, Oxfordian) and
the Penninic su ture of the Penninic ocean in the north (Up per
Cre ta ceous; Plašienka et al., 1995). We have stud ied Cr-spi nels 
from dif fer ent ultra mafic bod ies in the West ern Carpathians
and from ultrabasites from the Penninic unit of the Rechnitz
and Bernstein win dows (East ern Alps). 

MELIATA UNIT

Ultra mafic bod ies of the In ner West ern Carpathians
(Slovakia) are known from sev eral Me so zoic tec tonic units.
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Fig. 1. Location of the sam ples stud ied

A — ;B — geo log i cal map of the Penninic Win dow at the east ern end of the Alps ac cord ing to Koller and Pahr (1980), lo cal i ties stud ied: 1 — Steinbach, 2
— Kinberg, 3 — Kanitzriegel, 4 — Rumpersdorf; C — sim pli fied sketch of the Slo vak part of the West ern Carpathians ac cord ing to Biely et al. (1996), lo -
cal i ties stud ied: 1 — Dobšinská ¼adová Jaskyòa, 2 — Dobšiná, 3 — Jaklovce, 4 — Hodkovce, 5 — Sedlice



Most of these are widely dis trib uted in the (anchime -
tamorphosed) Tri as sic for ma tions of the Meliata unit (Fig.1).
The bod ies rep re sent in com plete ophiolite for ma tion. They
typ i cally oc cur in the schis tose se quence of the Lower Tri as sic
of the north-Gemeride zone and around the bound ary be tween
this se quence and the Mid dle Tri as sic car bon ate rocks. The
con tacts of the ultra mafic bod ies with the sur round ing rocks are 
tec tonic. The best-known bod ies are at Dobšiná and Jaklovce.
Peridotite bod ies have dif fer ent shapes (len tic u lar, platy etc.)
and sizes (deca- to hectometre di men sions, Hovorka and
Zlocha, 1974). The pre vail ing rock type is spinel peridotite. All 
known bod ies are char ac ter ized by their in ten sive hydratation
(serpentinization up to 70–90%). Lizardite, chryso tile,
pyroxene rel ics, chlorites and cal cite are the main rock-form ing 
min er als of serpentinites (Hovorka et al., 1985). 

At Sedlice, there is a peridotite body with an ex cep tional geo -
log i cal po si tion. The grade of serpentinization is lower (30–70%).
This peridotite olistolite (a few-hun dreds of metre across) is lo -
cated within basal Paleocene-Oligocene sed i men tary rocks. The
geo log i cal po si tion of this body has not been de ter mined. 

The Hodkovce body is the larg est ultra mafic body
(90–100 km2) in the en tire Carpathian belt and crops out in the
west ern part of the Košice de pres sion. It is cov ered by Ter tiary
sed i men tary rocks. With its de gree of serpentinization and
lithological char ac ter, this ultra mafic body is fully equiv a lent to 
bod ies in the Meliaticum (Hovorka and Spišiak, 1998).

Cr-spi nels from Up per Cre ta ceous Gosau-type con glom er -
ates from the Dobšinská ¼adová Jaskyòa vil lage (Slovenský
Raj Mts.) have also been stud ied. Ophiolitic rocks are the prin -
ci pal clast type in the low er most part of the se quence. The con -
glom er ate is poorly sorted with a ser pen tin ite ma trix (Hovorka
et al., 1990). A tec tonic mélange in the Meliaticum is thought
to be the source of the de tri tal ultra mafic ma te rial (e.g. Hovorka
et al., 1990; Ivan, 2002).

PENNINIC UNIT

Ma jor oc cur rences of ophiolites and re lated rocks in the
East ern Alps are re stricted to the Penninic win dows, that
emerge lo cally from be neath Austro-Al pine units. We have
stud ied Cr-spi nels from Me so zoic rocks at the east ern end of
the Alps — the Rechnitz win dow group (Aus tria). From the
north to the south, four small win dows can be named: Möltern,
Bernstein, Rechnitz and Eisenberg. They con tain
metasedimentary rocks to gether with sev eral ophiolites (Koller 
and Pahr, 1980; Koller, 1985). The Rechnitz win dow group
con sists of tec toni cally frag mented ophiolite, in ter preted as a
frag ment of the south Penninic ocean. The max i mum thick ness
of ultra mafic rocks does not ex ceed 270 m. The
metasedimentary rocks are rep re sented by cal car e ous mica
schists (thick ness 2000 m), quartz phyllites, and to a lesser ex -
tent by gra phitic phyllites, marls, con glom er ates and
rauhwackes. The ultra mafic rocks are com pletely serpentinized 
harzburgites. Ser pen tine min er als are rep re sented by chryso tile 
and lizardite (Koller and Höck, 1992).

The Cr-spinel sam ples from the Bernstein tec tonic win dow
were col lected from the serpentinites crop ping out in the
Kinberg and Kanitzriegel lo cal i ties (Fig. 1). A rel a tively less al -
tered ultra mafic body is sit u ated in Steinbach and be longs to the 
Sieggraben unit (Mittelostalpin). The Rumpersdorf sam ple co -
mes from the Rechnitz tec tonic win dow. 

METHODS OF STUDY

Spinel grains (oc ta he dral crys tals and frag ments) were
hand-picked from crushed serpentinized ultra mafic rocks
(<2 mm frac tion), mounted in ep oxy resin, pol ished and coated
with car bon. The spi nels were an a lyzed us ing a wave-dis per -
sion (WDS) elec tron microprobe and im aged us ing back-scat -
tered elec trons (BSE) at the De part ment of Min er al ogy in the
Nat u ral His tory Mu seum, Lon don (UK). The microprobe used
was a Cameca SX50 probe. The op er at ing con di tions were as
fol lows: 20 kV ac cel er at ing volt age, 20 nA beam cur rent, beam 
di am e ter 2–5 mm, ZAF cor rec tions, stan dards (n —nat u ral, sy
— syn thetic): TiO2 (sy), CaTiO3 (sy), V (sy), wollastonite (n),
Cr2O3 (sy), Mn (sy), he ma tite (sy), Co (sy), Ni (sy), ZnS (sy),
Al2O3 (sy), di op side (n), MgO2 (sy). Fe2+ and Fe3+ in Cr-spi nels
were cal cu lated as sum ing an ideal stoichiometry.

RESULTS

SPINEL TEXTURES

Var i ous spinel tex tures af fected by serpentinization are
shown in Fig ures 2 and 3. Stages of al ter ation were sug gested
ac cord ing to the op ti cal and chem i cal het er o ge ne ity of the
Cr-spinel. Spinel chem i cal het er o ge ne ity re sult ing from al ter -
ation will be de scribed later in the text. Cr-spi nels from
Dobšiná and Jaklovce are char ac ter ized by their cataclastic tex -
tures. Euhedral mag ne tite rims formed dur ing serpentinization
are com monly ob served (e.g. Fig. 2A, B). The al tered spinel
tex tures are inhomogeneous. The con nec tion of the al tered
zones with cracks or veinlets shows that these played an im por -
tant role in pro vid ing path ways for the flu ids in volved. Many
al tered Cr-spinel grains show pro gres sive al ter ation
(Fig. 2A–C). Cr-spinel grains are op ti cally and chem i cally
zoned. Re ac tion bound aries be tween zones are ir reg u lar.

Pri mary sil i cate in clu sions (cpx —di op side, hbl —
hornblende) trapped in Cr-spi nels as bub bles are rare and com -
monly serpentinized. Some spinel grains from Hodkovce and
Sedlice are sheared and frac tured with cracks filled with mag -
ne tite. The pre vail ing un al tered grains are mi cro scop i cally as
well as chem i cally ho mo ge neous. Cr-spinel from Sedlice oc -
curs in as so ci a tion with cpx (di op side), opx (en sta tite) and ol iv -
ine (ol; Fig. 2D). Anhedral grains sug gest in ter sti tial crys tal li -
za tion from a re sid ual magma. Most Cr-spi nels from Steinbach
show post-mag matic subsolidus exsolution (Fig. 2E).
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Fig. 2. Var i ous tex tures of Cr-spi nels from Dobšiná (A–C), Sedlice (D), Steinbach (E) and Kanitzriegel (F–H)

A–C — var i ous stages of Cr-spinel al ter ation at Dobšiná; Al-rich (A), al most com pletely al tered core (B) and com pletely al tered
spinel core (C) with po rous struc ture over grown by an euhedral mag ne tite rim; D — as so ci a tion of sil i cate min er als (ol — ol iv ine,
cpx — di op side, opx — en sta tite, spl — spinel) oc cur ring with un al tered Cr-spinel from the Sedlice body; E — postmagmatic
subsolidus exsolutions of Cr-Fe3+ phase in Al-rich spinel, Steinbach; F, G, H — be gin ning and prog ress of al ter ation at the
Kanitzriegel lo cal ity; cracks are con ve nient struc tures for cir cu la tion of al ter ation flu ids; BSE im ages
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Fig. 3. Var i ous tex tures of al tered Cr-spi nels from Kanitzriegel (A, D, E), Jaklovce (B, C) and Kinberg (F, G, H)

A — al most com pletely al tered spinel grain re placed by mag ne tite; B, C — po rous tex ture and al ter ation prog ress via cracks, spl —
spinel, serp — serpentine, mgt — magnetite; D — prog ress of al ter ation from the grain mar gins, dark phase rep re sents an un al tered
ho mo ge neous Al-richer phase; E — un al tered ho mo ge neous Al-richer spinel core sur rounded by a po rous het er o ge neous spinel
phase; F — al tered phase fills microfractures; G, H — po rous spinel struc ture with the high est SiO2 con tent; BSE im ages



Exsolutions (size up to 40 mm) of oval shape (blebs, dots etc.)
are ran domly dis trib uted in the host spinel. The larg est
exsolutions are near in clu sions of sil i cate min er als (ol, opx,
cpx, amph — am phi bole).

THE COMPOSITION OF CR-SPINELS FROM ULTRAMAFIC BODIES 
IN THE MELIATIC UNIT

Spi nels from the Me so zoic ultra mafic bod ies show sig nif i -
cant vari a tion in chem is try, mainly in terms of the most im por -
tant pa ram e ters such as Mg# (Mg/Mg + Fe2+), Cr# (Cr/Cr +
Al), TiO2 and Fe2+/Fe3+ (Ta ble 1). To dis tin guish be tween fresh 
spi nels, the most use ful vari ables are TiO2 con tent com bined
with the Fe2+/Fe3+ ra tio (Lenaz et al., 2000; Kamenetsky et al.,
2001). “Man tle” spi nels (from ophiolitic peri dot ites and man tle 
xe no liths) have sta tis ti cally (>95%) lower TiO2 (<0.2 wt%)
and higher Fe2+/Fe3+ (>3) over the whole in ter val in Al2O3

(6–56 wt%) than vol ca nic spi nels (Kamenetsky et al., 2001).
Vol ca nic spi nels with TiO2 <0.2 wt% are un com mon (some
suites of low-Ti MORB, arc tholeiites and boninites) and those
with TiO2 <0.1 are ex cep tion ally rare (some low-Ca boninites). 
Lenaz et al. (2000) have set a compositional bound ary be tween 
peridotitic and vol ca nic spi nels at TiO2 = 0.2 wt%. Vol ca nic
spi nels tend to have a Fe2+/Fe3+ ra tio of usu ally up to four
(Kamenetsky et al., 2001).

Cr-spi nels from all the sam ples from ultra mafic bod ies
(Meliaticum, Penninicum) show TiO2 con tents <0.20 wt% and
Fe2+/Fe3+ ra tios >4; there fore, these spi nels are peridotitic spi -
nels (Lenaz et al., 2000).

 In or der to char ac ter ize the di ver sity of the orig i nal tec tonic 
set tings of the ophiolites, the Cr-spinel-based clas si fi ca tion of
peri dot ites by Dick and Bullen (1984) was used. Rep re sen ta -
tive microprobe anal y ses are given in Ta bles 1 and 2. Char ac -
ter is tic spinel tex tures are shown in Fig ures 2 and 3. Chem i cal
vari a tions are de picted in Fig ures 4, 5, 6, 7 and 8. 

Cr-spi nels from Dobšiná and Jaklovce have very sim i lar
chem i cal com po si tions. The Al2O3 con tent is 27–35 wt%
(Fig. 4) and the Cr2O3 con tent is 32–37 wt%. Cr# val ues are be -
tween 38–54 mol% and Mg# val ues are be tween 63–70 mol%. 

Cr-spi nels from the Hodkovce and Sedlice bod ies com prise 
an other group with sim i lar chem i cal com po si tions (Ta ble 1).
The Al2O3 con tent is 38–44 wt% (Fig. 4) and the con tent of
Cr2O3 is 23–29 wt%. Cr# val ues (24–38 mol%) are lower than
in the first group. Mg# (69–75 mol%) is slightly higher. 

Cr-spi nels from the Dobšinská ¼adová Jaskyòa con glom er -
ates (DLJC) have ex cep tional chem i cal com po si tions among
the sam ples stud ied. These spi nels show the high est Al2O3

(51–59 wt%; Fig. 4) con tent. There fore, their Cr# val ues are
the low est (13–50 mol%) and the Mg# val ues are the high est
(63–81 mol%). Only a few spinel grains are of vol ca nic or i gin
(TiO2 = 0.49 and Fe2+/Fe3+ = 2.1) ac cord ing to the Kamenetsky
et al., (2001) clas si fi ca tion. The Al2O3 con tent is 27–32 wt%
(Ta ble 1). These com po si tions are well within the field of
spinel from MORB-type back-arc rocks or BABB. 

THE COMPOSITION OF CR-SPINELS FROM ULTRAMAFIC BODIES 
IN THE PENNINIC WINDOWS

In gen eral, Cr-spi nels from all the oc cur rences stud ied in
the Bernstein and Rechnitz tec tonic win dows show lower
Al2O3 con tents than Cr-spi nels from the West ern Carpathians
ultra mafic com plexes (Fig. 4). The Al2O3 con tent var ies within
the range of 26–30 wt% in the Kanitzriegel and Kinberg lo cal i -
ties (Ta ble 2). The Cr2O3 con tent is be tween 36–40 wt%.
Cr-spi nels from the Kinberg lo cal ity show a rel a tively higher
TiO2 con tent (0.33 wt%; Fig. 4). Cr# val ues are 42–52 mol%
and Mg# val ues are 62–67 mol%. 

Cr-spi nels from the Steinbach lo cal ity (Mittelostalpin unit)
(Ta ble 2) have the most vari able com po si tion which is, at the
same time, dif fer ent from those of the other lo cal i ties. Ho mo ge -
neous Cr-spi nels show the high est Al2O3 con tent (41–43 wt%).
The Cr2O3 con tent is be tween 16–18 wt% and Cr# and Mg#
val ues are be tween 20–22, 64–67 re spec tively. The Al2O3 con -
tent in these spi nels is sim i lar to those of the spi nels from
Sedlice and Hodkovce (West ern Carpathians; Fig. 4). How -
ever, all of these sam ples have higher Cr2O3 (23–29 wt%) con -
tents. 

Host Cr-spi nels and exsolutions are dif fer ent mainly in their 
Al2O3, MgO and Fe2O3 con tents. Exsolved spi nels (Fe-Cr
phase) are rich in Fe2O3 (40.44–52.77 wt%), FeO
(26.85–28.88 wt%) and have even higher TiO2 (0.40–0.80
wt%) and V2O35 (0.39–0.64 wt%) con tents. 

Al most all Cr-spi nels stud ied from the West ern Carpathians 
show af fin ity to abys sal peri dot ites (Dick and Bullen, 1984;
Fig. 5). Only sev eral Cr-spi nels from the east ern most part of the 
East ern Alps show con tin u ous tran si tion from abys sal spinel
peridotite to fore-arc spinel harzburgite.

The most im por tant Cr-spinel compositional vari a tions fol -

low the ef fects of tet ra he dral Mg « Fe2+ sub sti tu tion (Fig. 6A)

and oc ta he dral Cr « Al sub sti tu tion (Fig. 6B), whereas

2Fe3+ « Fe2+ + Ti4+ ex change is not so ev i dent, but takes place

in al tered spi nels and magnetites (Fig. 6C). Cr « Al sub sti tu -
tion is the dom i nant mech a nism for Cr-spinel chem i cal vari -
abil ity (Fig. 7). This trend of widely vari able Cr/(Cr+Al) at gen -
er ally low Fe2+/(Mg+Fe2+) and at low con cen tra tions of Fe3+

and TiO2 is re ferred as the Cr-Al trend (Barnes and Roeder,
2001). It is par tic u larly ev i dent in the var i ous man tle and
lower-crustal sam ples (xe no liths, ophiolites and ocean-floor
peri dot ites). This slop ing trend cor re sponds to spi nels
equilibrating with ol iv ine of con stant com po si tion at con stant
tem per a ture (Irvine, 1967).

CR-SPINEL ALTERATION

Al tered Cr-spi nels can not re flect pri mary ig ne ous crys tal li -
za tion con di tions al though they may be use ful in un der stand ing 
post-mag matic pro cesses. Ac cord ing to de grees of op ti cal and
chem i cal het er o ge ne ity three stages of Cr-spinel al ter ation may
be sug gested:
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Stage I: This stage is typ i cal of Cr2O3, Fe2O3 and FeO en -
rich ment, and a mod er ate de crease in Al2O3 and MgO (e.g.
anal y sis 103, Ta ble 1).

Stage II: Dur ing this stage spinel has lost al most all its
Al2O3 con tent and is start ing to lose Cr2O3 (e.g. anal y sis 94, Ta -
ble 1). The MgO con tent is con tin u ously de creas ing. Spinel is
ex tremely en riched in Fe2O3 while the FeO con tent is ris ing
only slightly. At this stage, spi nels are en riched in ZnO
(<1.34 wt%) and the MnO con tent reaches con sid er able val ues
(13–16.87 wt% — Jaklovce or 2.76–6.39 wt% — Dobšiná).
The SiO2 con tent de tected in spinel (up to 4.39 wt%) will be
dis cussed in the fol low ing text. Cr-spinel tex ture at this stage is
very po rous (Fig. 2C).

Stage III: The fi nal prod uct of al ter ation is a phase with a
dom i nant mag ne tite com po nent (91–97 mol%). 

The trend of Cr-spinel al ter ation from Hodkovce is sim i lar
to those from Dobšiná and Jaklovce. Only stage I was ob served 
(de crease in Al2O3 and MgO, en rich ment in Cr2O3, FeO,
slightly in Fe2O3). Spinel is en riched in ZnO (1.37–1.41 wt%)
dur ing this stage (Ta ble 1).

Sim i larly, Cr-spi nels from the East ern Alps (Rechnitz and
Bernstein tec tonic win dows) are also al tered. There were ob -
served only two stages of al ter ation which are com pa ra ble with
stages II and III in the West ern Carpathians (e.g. Dobšiná). The 
en tire pro cess can be prop erly de scribed at the Kanitzriegel lo -
cal ity (Fig. 2F–H). Al ter ation flu ids have at tacked spinel grains 
from their mar gins or via cracks and microfractures. Com -
pletely al tered spinel grains are not (Fig. 3A). En rich ment in
Cr2O3 was not ob served.

Dur ing stage II spi nels are en riched in FeO and show a very 
high proportion of Fe2O3 (29–38 wt%). Al ter ation flu ids en -

riched spinel in MnO (2.61–8.17 wt%) and ZnO
(1.30–2.68 wt%). The SiO2 con tent is up to 5.41wt %. Tex tures 
at this stage of al ter ation are full of pores.

The last stage III is pro duced a phase which cor re sponds to
mag ne tite with a Cr2O3 con tent of up to 1.65 wt%. The SiO2

con tent is within the range of 0.82–1.02 wt%.
The sce nario of al ter ation at the Kinberg lo cal ity, where al -

most all spinel grains are al tered, is sim i lar to that in Kanitzriegel. 
A small dif fer ence was ob served at the be gin ning of stage II,
when spinel is en riched in TiO2 (0.9–6.62 wt%). Euhedral mag -
ne tite rims con tain up to 15 wt% of Cr2O3. Some spinel grains
are so strongly serpentinized that their po rous struc ture is full of
ser pen tine min er als (Fig. 3G, H). This is the rea son why spinel
shows high con tent of SiO2 (7–16 wt%) and MgO (7–15 wt%).
These two ox ides are the main com po nents of ser pen tine. 

In the Rumpersdorf lo cal ity, only al tered spi nels were iden -
ti fied (Fig. 7). Both al ter ation stages were rec og nized (Ta ble 2). 
A typ i cal fea ture of spi nels in stage II is a high con tent of Fe2O3

(40–45 wt%). Cr2O3 con tent ranges be tween 23–28 wt%.
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Fig. 4. Al2O3 vs. TiO2 compositional re la tion ships in fresh spi nels
from the Me so zoic ultra mafic bod ies in the West ern Carpathians

and East ern Alps (Penninic Win dow)

Spi nels are com pared with compositional fields of spinel from vol ca nic
rocks and man tle peri dot ites (ac cord ing to Kamenetsky et al., 2001);*1—
Dobšinská ¼adová Jaskyòa con glom er ates; *2 — Cr-spinel anal y ses from
Merník and Zbudza pub lished by Soták et al. (1990; 1995); black stars rep -
re sent al tered spi nels

Fig. 5. Re la tion ship be tween Mg/(Mg+Fe2+) vs. Cr/(Cr+Al) in the
fresh peridotitic spi nels studied

Compositional fields are used ac cord ing to the clas si fi ca tion of Dick and 
Bullen (1984); ex pla na tions as in Fig ure 4



Magnetites (III stage) have a dif fer ent Cr2O3 con tent, which is
con tin u ously de creases from 12 wt% to pure mag ne tite.

The al ter ation pro cess, by which Mg-Al-Cr rich spinel
changes to mag ne tite can be de scribed as a sta ble de crease in
Mg, Al and Cr (ex cept Cr-en rich ment dur ing stage I). These
cat ions are sub sti tuted by Fe2+ and Fe3+ (Mg Û Fe2+, Cr3+ and
Al3+ Û Fe3+; Fig. 7). 

DISCUSSION 

PRIMARY MAGMATIC CR-SPINELS

On the ba sis of the chem i cal com po si tion, de gree of al ter -
ation and tex tural fea tures of the Cr-spi nels from the Me so zoic
ultra mafic bod ies in the West ern Carpathians, two slightly dif -
fer ent groups can be dis tin guished (Figs. 4 and 5). The first
group of Cr-spi nels shows a lower amount of Al2O3

(27–35 wt%; e.g. Jaklovce, Dobšiná). Ac cord ing to their com po -
si tion (Cr# and Mg#), they should be clas si fied as spi nels from a
mid-ocean ridge set ting (MORB) type I peridotite (lherzolitic af -
fin ity; Dick and Bullen, 1984). The same chem i cal com po si tion
is shown by Cr-spi nels from Zbudza and Merník (Figs. 4 and 5).
A large amount of Cr-spi nels in this group are strongly al tered
(serpentinized). A dif fer ent lo cal i ties only small dif fer ences in
the spinel MnO, ZnO con tents were ob served. 

The sec ond group of Cr-spinel shows higher Al2O3

(38–44 wt%) con tents. The sam ples from Sedlice and
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Fig. 7. Changes in con tent of tri va lent cat ions dur ing al ter ation

Grey fields rep re sent the most densely packed of the spinel data points
(pale grey 50%, dark grey 95%) ac cord ing to Barnes and Roeder (2001);
ar rows in di cat ing spinel trends are taken from the same work; spots within
the dot ted area rep re sent al tered spi nels; this area is black in the smaller tri -
an gle with grey ar rows in di cat ing al ter ation trend: loss of Al and Mg, Cr
de crease and en rich ment in Fe3+; other ex pla na tions as in Fig ure 4

Fig. 6. Cor re la tions of ma jor el e ments in the peridotitic spi nels 
from the West ern Carpathians and East ern Alps

A — con tents of Mg (p.f.u — per for mula unit) ver sus Fe2+ (p.f.u); B — Al
(p.f.u) ver sus Cr (p.f.u); C — 2*Fe3+ ver sus Ti+Fe2+; note the ex is tence of
dif fer ent sub sti tu tion mech a nisms dis played for un al tered and al tered spi -
nels (see the text for ex pla na tion)



Hodkovce fall into this group. Their com po si tion (Cr#
24–38 mol%, Mg# 69–75 mol%) cor re sponds best to that of
spi nels from a mid-ocean ridge set ting (MORB type I
peridotite) ac cord ing to Dick and Bullen, (1984) clas si fi ca tion.
Cr-spi nels from this group are rarely al tered, which is a dis tin -
guish ing fea ture among the lo cal i ties stud ied. Non-al tered spi -
nels were found only at the Sedlice lo cal ity from all the lo cal i -
ties stud ied. This ob ser va tion is con sis tent with the low est ob -
served de gree of serpentinization of the host ultra mafic body. 

The high est con tent of Al2O3 (51–59 wt%) from all the
sam ples stud ied is shown by MORB-type peridotite Cr-spi nels
from the Dobšinská ¼adová Jaskyòa con glom er ates (DLJC).
Such a high Al2O3 spinel con tent in the West ern Carpathians
was ob served in MORB-type peridotitic spi nels (in part of
man tle xe no lith origin) from Me so zoic (Cre ta ceous) al kali bas -
alts (hyaloclastites) at the Podmanín lo cal ity (Mikuš et al.,
2006). Cr-spi nels of vol ca nic type from DLJC which cor re -
spond to spinel from a BABB set ting are con sis tent with geo -
chem i cal data from Meliatic bas alts ob tained by Ivan (2002).

Cr-spi nels from the Penninic ultra mafic com plexes
(Rechnitz and Bernstein win dows) have sim i lar chem i cal com -
po si tions to the Cr-spi nels of the first group (Dobšiná,
Jaklovce) from the Meliaticum (West ern Carpathians). Many
have, also, the same com po si tion as Cr-spi nels from Jaklovce.
They are char ac ter is tic in hav ing the low est con tents of Al2O3

(25–30 wt%) among all the sam ples stud ied. Spinel com po si -
tions from Kanitzriegel and Kinberg cor re spond to spi nels
from tran si tional type II peridotite or to those from a mid-ocean 
ridge set ting (MORB type I peridotite), ac cord ing to Dick and
Bullen, (1984; Fig. 5). Sim i lar Cr-spinel com po si tions as in the
Rechnitz and Bernstein win dows were ob served in the Tauern
Penninic Win dow (Pober and Faupl, 1988) and also in the

Penninic ophiolite of the Val Malenco and Arosa-platta nappe
in the Cen tral Alps (Burkhard, 1993). 

How ever, the in ten sity of al ter ation is stron ger in the
Bernstein and Rechnitz win dows than in the first Cr-spinel
group in the Meliaticum (Dobšiná, Jaklovce). A high de gree of
Cr-spinel al ter ation in the east ern most end of the East ern Alps
(Bernstein, Rechnitz win dows) can be di rectly linked with the
strong de for ma tion and meta mor phism of the ophiolite com -
plexes (Koller and Hock, 1992). 

TESTING THE VALIDITY OF ALTERED CR-SPINELS 
AS A PETROGENETIC INDICATOR

Prob lems may oc cur when al tered spi nels are plot ted on
dis crim i na tion di a grams (Figs. 4 and 5) of Kamenetsky et al.
(2001) and Dick and Bullen, (1984). As shown, a num ber of
anal y ses plot well within the fields of SSZ peri dot ites or into
the harzburgite (type III peridotite) field (Figs. 4 and 5). How -
ever, most of the fresh spi nels cor re spond to MORB peri dot ites
or mostly to lherzolite (type I peridotite). If serpentinization has 
a sig nif i cant ef fect on the chem is try of the in situ Cr-spi nels,
this will in ev i ta bly im pact upon the de tri tal spinel chem is try,
es pe cially as prov e nance stud ies usu ally rely on the ~125 mi -
cron size frac tion (i.e. es pe cially where the en tire grain is al -
tered or only an al tered frag ment is pre served) where the con -
text of the grain is lost. In this case, the re salts of prov e nance
stud ies would be mis lead ing. 

The ophiolite dis crim i na tion fields are valid for in situ
Cr-spinel within unserpentinized ophiolilic rocks. How ever,
Cr-spi nels un dergo subsolidus reequilibration as a re sult of
solid-solid and solid-liq uid re ac tion dur ing cool ing, hy dro ther -
mal ac tiv ity and serpentinization of the host rock. It is im por -
tant to con sider these fac tors in or der to de ter mine the ex tent of
chem i cal change of the Cr-spinel (Power et al., 2000). There -
fore, the use of these fields in prov e nance and petro gen etic
stud ies of dis mem bered and de formed ultra mafic com plexes,
where some or all of these fac tors can not be as sessed, is not rec -
om mended (Power et al., 2000).

CR-SPINEL ALTERATION

Cr-spinel is com monly re garded to be re sis tant to low-grade 
al ter ation. It is dif fer ent with in ten sively serpen tinized ultra -
mafic bod ies that show strongly al tered Cr-spi nels. In gen eral,
three op ti cally and chem i cally het er o ge neous spinel phases
were rec og nized, which cor re spond to pro posed al ter ation
stages: (1) un al tered Al-rich spinel cores, (2) the low-alu mina
chro mite formed dur ing stages I and II which is of ten termed
“ferritechromite” and (3) Cr-mag ne tite or pure mag ne tite rims
or grains. This rep re sents a grad ual trans for ma tion of Al-rich
spinel to ferritechromite and fi nally to Cr-bear ing mag ne tite.
The cri te ria for al ter ation are the same as those sug gested by
Burkhard (1993): (1) op ti cal and chem i cal inhomogenity; (2)
tex tural changes (zonation with de crease in Mg, Al, Cr to wards
the mar gins, po rous tex tures, mag ne tite rims, etc.); (3) de tec -
tion of SiO2, ZnO and MnO in Cr-spi nels. Cr2O3 en rich ment
dur ing Cr-spinel al ter ation was ob served only at the Dobšiná
and Hodkovce lo cal i ties. The ob served Cr-en rich ment is in ter -
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Fig. 8. Cor re la tion be tween SiO2 vs. Cr2O3 and MgO con tent 
in al tered Cr-spi nels



preted as a reprecipitation caused by lo cally ox i diz ing con di -
tions, be cause serpentinizing fluid con tains CO2 and has ox i -
diz ing po ten tial (Burkhard, 1993).

The Cr/(Cr+Al) of pri mary ig ne ous mag ne tite is dis tinct
from that of mag ne tite mod i fied by meta mor phism. This ra tio
is low for pri mary ig ne ous mag ne tite: be cause mag ne tite ap -
pears on the liquidus of mafic mag mas there is lit tle Cr (<100
ppm) but still a sig nif i cant amount of Al pres ent in the melt.
Thus pri mary ig ne ous mag ne tite plots along the Al-Fe3+ join of
Cr-Al-Fe3+ (Barnes and Roeder, 2001). Mag ne tite tends to lose
Al dur ing meta mor phism and the re sult ing spinel plots along
the Cr-Fe3+ join of Cr-Al-Fe3+ (Fig.7).

A com pa ra ble al ter ation trend of Cr-spi nels in her ited in
laterites from weath ered ultra mafic rocks from North ern
Greece (Edessa area) was re ferred to by Michailidis (1990).
Three main zones in chro mites were dis tin guished (an in ner
chro mite zone, an in ter me di ate ferritechromite zone and a mag -
ne tite rim). The ma jor ox ides MgO and Al2O3 de crease from
the chro mite core to the “ferritechromite” zone, while FeO in -
creases and Cr2O3 ei ther in creases or de creases. A char ac ter is -
tic chem i cal fea ture of the “ferritechromite” zone is the very
high Mn-con tent (up to 20 wt% MnO) and this zone is also en -
riched in Si and im pov er ished in Mg and Al. The zon ing and
high Mn-con tent of chro mite is con sid ered as a re sult of
serpentinization in the pres ence of Mn-rich flu ids. Such a high
Mn con tent was found also at the Jaklovce lo cal ity (MnO is up
to 17 wt%). The al ter ation pro cess is a metasomatic phe nom e -
non, though in re al ity a “solid state dif fu sion” in which Mg and
Al dif fuse out as Fe and Mn ions dif fuse in.

Another sim i lar al ter ation trend was de scribed in
serpentinized harzburgites from south ern It aly (Mellini et al.,
2005). Three dif fer ent kinds of spinel were found: (a) relic,
mag matic Al-spi nels, (b) hy dro ther mally al tered spi nels oc cur -
ring as “ferritechromite” rims, (c) syn- and post-serpe -
ntinization magnetites. As was also found our study, re place -
ment of Al-spinel by ferritechromite rims starts along frac tures
and pro gres sively af fects the Al-spinel sub-grains. 

The in ten sity of al ter ation (serpentinization) is to a con sid -
er able de gree re flected by the SiO2 con tent in the spinel
(Fig. 8). Since we do not ex pect a high Si con tent in Cr-spinel,
the de tec tion of SiO2 in Cr-spinel sug gests the pres ence of a
sub-mi cro scopic sil i cate phase (ser pen tine-group min er als).
Di rect cor re la tion be tween the amounts of MgO and SiO2 (in -
crease of MgO with in crease of SiO2; Fig. 8) points to the pres -
ence of sub mi cro scopic ser pen tine (Mg6[(OH)8 ´ Si4O10]). A
larger por tion of the de tected MgO should be long to ser pen tine, 
be cause, dur ing serpentinization, spinel loses MgO. TEM ob -
ser va tions show, that ferritechromite ac tu ally con sists of a
com plex, nanometric as so ci a tion of Cr-mag ne tite, chlorite and
lizardite. Mg and Al, re leased dur ing the Al-spinel ®
ferritechromite re place ment, in ter act with mesh-tex tured ser -
pen tin ite, giv ing rise to chloritic au re oles (Mellini et al., 2005).

Sta ble spinel in antigorite-serpentinites is Al-poor mag ne -
tite, Cr-mag ne tite or ferritechromite, de pend ing on the lo cal
Cr/Fe3+ ra tio in the rock (Ev ans and Frost, 1975). With in creas -

ing meta mor phic grade up to mid dle am phi bo lite fa cies con di -
tions, more chromiferous spi nels are en coun tered, con tain ing
mod est amounts of Al, due to the fact that chro mite is the only
phase where Cr could be ac com mo dated. Whether a pri mary
chro mite al ters dur ing serpentinization to mag ne tite or
ferritechromite is not so much a func tion of tem per a ture as of
the abun dance and avail abil ity of Cr at the site of al ter ation (Ev -
ans and Frost, 1975).

Over all ob ser va tions in di cate that Al-spinel un der goes dis so -
lu tion, giv ing rise to the ferritechromite rim; the new spinel re tains
Cr and Fe (Cr-mag ne tite), whereas Al and Mg are fixed in the co -
ex ist ing layer sil i cates (chlorite/lizardite). The chem i cal change re -
flects hy dro ther mal meta mor phic re ac tions be tween mag matic
spi nels and sur round ing post-serpentinization sil i cate ma trix. 

CONCLUSIONS

1. The chem i cal com po si tion of un al tered Cr-spi nels from
ultra mafic bod ies from the West ern Carpathians and East ern
Alps (Meliatic and Penninic units) sug gests a lherzolitic char -
ac ter for the orig i nal rocks.

2. Harzburgite pa ren tal rocks of the Meliaticum or
Penninicum have not been con firmed by analysis of  Cr-spinel
chem i cal com po si tion. 

3. It is not pos si ble to dis tin guish ultra mafic rocks of the
Penninic and Meliatic units on the ba sis of de tailed study of ac -
ces sory Cr-spinel chem i cal com po si tion. Con se quently, it is
not pos si ble to con strain the tec tonic set ting of the Sedlice body 
(Meliatic or Penninic?). 

4. It was found that a large num ber of Cr-spi nels are al tered. 
Al ter ation trends of Cr-spinel from ultra mafic bod ies in the
West ern Carpathians and the east ern most end of the East ern
Alps are com pa ra ble with those from the Cen tral Alps
(Burkhard, 1993), North ern Greece (Michailidis, 1990), and
south ern It aly (Mellini et al., 2005). Al ter ation of Cr-spinel is
in ter preted here as a grad ual trans for ma tion of Al-rich spinel to
“ferritechromite” and fi nally to Cr-bear ing mag ne tite. In al -
tered spi nels from in di vid ual lo cal i ties, small dif fer ences were
ob served only in MnO, ZnO or SiO2 con tents. 

5. The use of de tri tal spinel chem is try in prov e nance stud ies
must be care fully treated in cases where spi nels are op ti cally and
chem i cally het er o ge neous or have higher Mn, Zn, Si con tents,
es pe cially if the en tire grain is al tered or only al tered frag ments
are pre served where the tex tural con text of the grains is lost.

Ac knowl edge ments. We thank Dr. M. R. Power and Dr.
D. Lenaz for crit i cal re views and con struc tive com ments on a
pre lim i nary draft of this pa per which greatly im proved the fi nal
ver sion. We are grateful to J. Spratt, A. Kears ley and Dr. T.
Wil liams from the Nat u ral His tory Mu seum in Lon don for help
with elec tron microprobe analyses. This study also rep re sents a
par tial out put from the grants VEGA 2/6092/26,
APVV-51-046105, APVT-51-012504 and APVV-51-011 305.

268 Tomáš Mikuš and Ján Spišiak



REFERENCES

BARNES S. J. and ROEDER P. L. (2001) — The range of spinel com po si -
tion in ter res trial mafic and ultra mafic rocks. J. Petrol., 42:
2279–2302. 

BIELY A., BEZÁK V., ELEÈKO M., GROSS P., KALIÈIAK M.,
KONEÈNÝ V., LEXA J., MELLO J., NEMÈOK J., POTFAJ M.,
RAKÚS M., VASS D., VOZÁR J. and VOZÁROVÁ A. (1996) —
Geo log i cal map of Slovakia, 1 : 5 000 000. Geol. Surv. Slo vak Rep.
Dionýz Štúr Publ. Bratislava. 

BURKHARD D. J. M. (1993) — Ac ces sory chro mium spi nels: Their co ex -
is tence and al ter ation in serpentinites. Geochim. Cosmochim. Acta,
57: 1297–1306.

DICK H. J. B. and BULLEN T. (1984) — Chromian spinel as a petro gen -
etic in di ca tor in abys sal and al pine-type peri dot ites and spa tially as so -
ci ated lavas. Contrib. Miner. Petrol., 86: 54–76.

EVANS B. W. and FROST B. R. (1975) — Chrome spinel in pro gres sive
meta mor phism — a pre lim i nary anal y sis. Geochim. Cosmochim.
Acta, 39: 959–972.

HOVORKA D., IVAN P., JAROŠ J., KRATOCHVÍL M.,
REICHWALDER P., SPIŠIAK J. and TURANOVÁ L. (1985) —
Ultra mafic rocks of the West ern Carpathians (Czecho slo va kia).
GÚDŠ Publ. Bratislava.

HOVORKA D., IVAN P., MOCK R., ROZLOŽNÍK L. and SPIŠIAK J.
(1990) — Sed i ments of Gossau type near Dobšinská ¼adová Jaskyòa
vil lage: ideas for their non-tra di tional in ter pre ta tion. Miner. Slov., 22
(6): 519–525.

HOVORKA D. and SPIŠIAK J. (1998) — Me so zoic Meliata ocean dis -
mem bered ophiolites. In: Geodynamic de vel op ment of the West ern
Carpathians (eds. M. Rakús): 81–89. Geol. Surv. Slo vak Rep. Dionýz
Štúr Publ. Bratislava.

HOVORKA D. and ZLOCHA J. (1974) — Tec ton ics and or i gin of
ultrabasic bod ies of the Gemeride Me so zoic (West Carpathians). Sbor. 
Geol. Vìd, Ø. Geol., Praha, 26: 185–195. 

IRVINE T. N. (1967) — Chromian spinel as a petro gen etic in di ca tor, part
2. Pet ro logic ap pli ca tions. Ca na dian J. Earth Sc., 4: 71–103.   

IVAN P. (2002) — Rel ics of the Meliata ocean crust: Geodynamic im pli ca -
tions of min er al og i cal, pet ro log i cal and geo chem i cal prox ies. Geol.
Carpath., 53 (4): 245–256. 

JABLONSKÝ J., SÝKORA M. and AUBRECHT R. (2001) — Detritic
Cr-spi nels in Me so zoic sed i men tary rocks of the West ern Carpathians
(over view of the last knowl edge). Miner. Slov., 33 (5): 487–498.  

KAMENETSKY V. S., CRAWFORD A. J. and MEFFRE S. (2001) — Fac -
tors con trol ling chem is try of mag matic spinel: an em pir i cal study of
as so ci ated ol iv ine, Cr-spinel and melt in clu sion from prim i tive rocks.
J. Petrol., 42: 655–671.

KOLLER F. (1985) — Petrologie und Geochemie der Ophiolite des
Penninikums am Alpenostrand. Jb. Geol. Bundes., 128: H1.  

KOLLER F. and HÖCK V. (1992) — The Me so zoic ophiolites in the East -
ern Alps — a re view. In: The East ern Cen tral Alps of Aus tria —

ALCAPA field guide, 1992 (ed. F. Neubauer): 115–125. IGP/KFU
Graz.

KOLLER F. and PAHR A. (1980) — The Penninic ophiolites on the east ern 
end of the Alps. Ofioliti, 5: 65–72. 

LENAZ D., KAMENETSKY V. S. CRAWFORD A. J. and PRINCIVALLE 
F. (2000) — Melt in clu sions in de tri tal spinel from the SE Alps (It -
aly-Slovenia): a new ap proach to prov e nance stud ies of sed i men tary
bas ins. Contrib. Miner. Petrol., 139: 748–758.

MELLINI M., RUMORI C. and VITI C. (2005) — Hy dro ther mally re set
mag matic spi nels in ret ro grade serpentinites: for ma tion of
“ferrichromite” rims and chlorite au re oles. Contrib. Miner. Petrol.,
149: 266–275.

MICHAILIDIS K. M. (1990) — Zoned chro mites with high Mn-con tents
in the Fe-Ni-Cr-laterite ore de pos its from the Edessa area in North ern
Greece. Miner. Deposita, 25: 190–197.

MIKUŠ T., SPIŠIAK J., SÝKORA M. and DEMKO R. (2006) — Chem i cal 
com po si tion of spi nels from Me so zoic al kali bas alts of the West ern
Carpathians — im pli ca tions for sources of de tri tal spi nels in flysch
sed i ments. Geol. Carpath., 57 (6): 447–460.

MIŠÍK M., JABLONSKÝ J., FEJDI P. and SÝKORA M. (1980) —
Chromian and ferrian spi nels from Cre ta ceous sed i ments of the West
Carpathians. Miner. Slov., 42 (2): 101–112. 

PLAŠIENKA D., SOTÁK J. and SPIŠIAK J. (1995) — Penninic units of
the Cen tral West ern Carpathians: lithological, struc tural and meta mor -
phic sig na tures. Proc. XV Congr. CBGA. Geol. Soc. Greece, Spec.
Publ. 4 (1): 80–85.

POBER E. and FAUPL P. (1988) — The chem is try of de tri tal spi nels and its 
ap pli ca tion for the geodynamic evo lu tion of the East ern Alps. Geol.
Rundsch., 77: 641–670.

POWER M. R., PIRRIE D., ANDERSEN J. C. Ø. and WHEELER P. D.
(2000) — Test ing the va lid ity of chrome spinel chem is try as a prov e -
nance and petro gen etic in di ca tor. Ge ol ogy, 28: 1027–1030. 

ROJKOVIÈ I., HOVORKA D. and KRIŠTÍN J. (1978) — Spinel group
min er als in the West Carpathian ultrabasic rocks. Geol. Zbor., Geol.
Carpath., 29: 253–274.

SOTÁK J., BIROÒ A., ÈVERÈKO J., RUDINEC J. and SPIŠIAK J.
(1995) — Pe trol ogy, litostratigraphy and tectonometamorphosis of
rock com plexes of the Pozdišovce-Iòaèovce unit. In: III Geologické
dni Jána Slávika (ed. M. Kalièiak): 23–31. Geol. Surv. Slo vak Rep.
Dionýz Štúr Publ. Bratislava.

SOTÁK J., KRIŽÁNI I. and SPIŠIAK J. (1990) — On po si tion and ma te -
rial com po si tion of the Merník con glom er ates. Acta Geol. Geogr.
Univ. Comen., 45: 55–69. 

SPIŠIAK J., SOTÁK J., MAGYAR J. and ROJKOVIÈ I. (2000) —
Ultrabasites from the East Slovakian ba sin base ment. Miner. Slov., 32
(3): 305–306.

Chemical composition and alteration of Cr-spinels from Meliata and Penninic serpentinized peridotites 269


