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ARTICLE INFO ABSTRACT

Keywords: Ultramafic and mafic rocks of the Variscan Sleza ophiolite (Bohemian Massif, Sudetes, SW Poland) contain
Ophiolite abundant Cr and Fe-Ti mineralizations. The occurrence of chromitites is related with serpentinites of refractory
Variscan harzburgitic protoliths. Chromite I from chromitites has variable Cr and Mg numbers (Cr# = 0.41-0.58,
E;rr?ri?gzo Mg# = 0.62-0.83) and low TiO, contents (< 0.20 wt%). Chromite II surrounds chromite I or fills fissures in it

and is enriched in Cr and depleted in Al relative to chromite I (Cr# = 0.54-0.68). Chromite I grains contain
spherical grains of diopside, phlogopite, pargasite, pyrite and chalcopyrite, occurring as mono- or polyphase
solid inclusions. Metagabbros with isotropic fabric contain locally up to 14.6 vol% of magnetite and ilmenite.
Magnetite has variable TiO,, Al,O3 and V5,03 contents (0.19-9.82 wt%, 0.13-1.67 wt% and 1.08-1.61 wt%,
respectively). It forms xenomorphic grains with trellis or sandwich exsolutions of ilmenite, as well as aggregates
with individual ilmenite grains.

The moderate Cr# of chromite I points to its origin from a MORB-type melt. The occurrence of hydrous
inclusions and nodular textures indicates chromitite formation and alteration under low pressure conditions.
Primary sulfide, phlogopite and pargasite inclusions suggest that the parental melt was moderately hydrous and
sulphur-rich. Water in the magmatic system originated supposedly from interaction of primary MORB melt with
hydrothermal fluids and a significant influence of fluids on chromite composition is expressed by its very low Ti
content.

Metagabbros containing abundant Fe-Ti oxide mineralization may be classified as ferrogabbros. High V and Ti
contents in magnetite indicate a magmatic origin. Its xenomorphic and intragrain mode of occurrence suggest
crystallization between pre-existing gabbroic minerals like pyroxene and plagioclase. Ilmenite exsolutions in-
dicate its growth at the expense of magnetite under oxidizing conditions. Occurrence of chromitites in harz-
burgites and ferrogabbros related to isotropic gabbros may suggest various spreading conditions during for-
mation of the mafic and ultramafic members of the Sleza ophiolite.

Silicious inclusions
Spreading rate

1. Introduction

Ophiolites are mafic-ultramafic massifs representing fragments of an
ancient upper mantle and oceanic crust (Coleman, 1977). Their in-
corporation into orogens takes place due to continent-continent and
arc-continent collisions, ridge-trench interactions or subduction-accre-
tion events (Dilek and Furnes, 2011 and references therein). Ophiolitic
massifs host various types of ore deposits. Primary deposits are related
to magmatic and hydrothermal processes operating during the forma-
tion and emplacement of ophiolitic rocks (Coleman, 1977). They in-
volve chromitites associated with ultramafics (e.g. Gonzélez-Jiménez
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et al., 2014), Ti-Fe ore mineralizations related to gabbros (Natland
et al., 1991) and massive sulfides restricted to extrusive volcanics
(Coleman, 1977). Ophiolitic ore minerals (Cr-spinel, Fe-Ti oxides) are
useful petrogenetic indicators, which provide information on parental
magma chemistry, oxidation state and other crystallization conditions
(Dick and Bullen, 1984; Ballhaus et al., 1990). Their occurrence and
features depend on their position in the ophiolitic sequence and the
structure of ophiolites, which is related to specific spreading rate con-
ditions (Leblanc and Nicolas, 1992; Dick et al., 2000; Ahmed and Arai,
2002; Nicolas and Boudier, 2003). Presence of hydrous inclusions
within chromite grains indicates also a significant influence of fluids on
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formation of chromitite bodies (Lorand and Ceuleneer, 1989), as well as
on formation of transitional harzburgite-dunite zone in the ophiolitic
sequence (Rospabé et al., 2017).

This paper presents petrological and geochemical studies of Cr and
Fe-Ti ore mineralizations from the Variscan Sleia ophiolite (SW
Poland). It is an unique ophiolitic sequence comprising a highly re-
fractory harzburgitic mantle section with chromitites and a gabbroic
section consisting mostly of isotropic rocks with ferrogabbroic inter-
calations. Occurrence of such mineralizations in the Sleza ophiolite is
puzzling because chromitites and ferrogabbros could be interpreted to
have formed in various ophiolite types and spreading rates (Nicolas and
Boudier, 2003; Leblanc and Nicolas, 1992; Dick et al., 2000). The aims
of this article are (1) to interpret the origin of chromitites and their
silicate solid inclusions, as well as Fe-Ti oxide accumulations related to
metagabbros and (2) to show some contrasting features of the mafic and
ultramafic members of the ophiolite.

2. Geology

The Sleza massif is one of the mafic-ultramafic massifs interpreted
to be the Central-Sudetic ophiolites (Narebski et al., 1982). They occur
in the Central Sudetes, NE part of the Bohemian Massif, in a collage of
crustal blocks or exotic terranes with contrasting geological evolution
(Figs. 1a and b). These units were squeezed between the Saxo-Thuringia
and Brunia microplates and supposedly represent the fragmented ac-
cretionary wedge (Mazur et al., 2015). The Central-Sudetic ophiolites
are localized around the Sowie Gdry Block, which consists of gneisses
containing granulites and garnet peridotites metamorphosed under
high temperature and ultra-high pressure (HT-UHP) conditions (Kryza
and Pin, 2002). According to geophysical and tectonical studies,
ophiolitic rocks dip beneath and underlie the Sowie Goéry Block
(Znosko, 1981).
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The Sleza ophiolite represents one of the best preserved and most
complete fragments of Palaeozoic oceanic crust within the Variscan belt
(Pin et al., 1988). Its pseudostratigraphic sequence (from S to N) con-
sists of serpentinites, serpentinized rocks rich in pyroxene and amphi-
bole, metagabbros, amphibolites and metamorphosed radiolarian
cherts (Figs. 2 and 3, Majerowicz, 1979). These rocks are interpreted
respectively as mantle peridotites, ultramafic cumulates, gabbros, a
volcanic member (involving sheeted dyke complex and pillow lavas)
and oceanic sediments (Majerowicz, 1979; Floyd et al., 2002). Previous
works by Pin et al. (1988) demonstrated the N-MORB-type geochemical
and Nd-Sr isotopic affinities of the gabbroic and volcanic rocks of the
Sleza and Nowa Ruda massifs, although these authors did not preclude
a subduction-related setting. However, studies of melt percolation
phases in serpentinized peridotites of the Sleza and Braszowice-Brzes-
nica massifs point to a transitional affinity between MORB and back-arc
basin basalts (Wojtulek et al., 2016a, 2017).

The age of the ophiolitic rocks was estimated by various authors.
Zircon dating of plagiogranites within the Sleza gabbroic member by
the conventional U-Pb method yielded a protolith age of 423 + 20 Ma
(Oliver et al., 1993). Abraded single zircon grains from the contact zone
between rodingite dyke and serpentinite were analyzed by Dubiriska
et al. (2004). That U-Pb age of 400 +4/—3Ma was interpreted as
dating crystallization of zircon during metasomatic processes associated
with serpentinization of peridotites of the Sleia (Dubiniska et al., 2004).
More recently, U-Pb SHRIMP dating of zircons from metagabbroic and
metavolcanic rocks yielded the ages of 400 = 10 Ma and 403 + 6 Ma,
related to magmatic crystallization of rocks forming plutonic and vol-
canic members of the Sleza ophiolite (Kryza and Pin, 2010).

2.1. Ultramafic rocks

The ultramafic member of the Sleza ophiolite comprises heavily
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Fig. 1. a - Location of Sudetes within the Bohemian Massif in Central Europe. b — Position of the Sleza Ophiolite relative to major geological units of Sudetes,

modified from Mazur et al. (2015).
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Fig. 2. Geological sketch map of the Sleza Ophiolite (based on the map of Majerowicz, 2006).

serpentinized rocks (Figs. 2 and 3). Serpentinites occur as pseudo-
morphic or non-pseudomorphic varieties with various amounts of the
non-serpentine minerals. Ultramafic rocks neighboring the gabbroic
outcrops (the Radunia and Czernica Hills — Fig. 2) are rich in olivi-
ne—clinopyroxene-chromite aggregates, whereas other rocks (in the
Oleszenka and Gozdnik Hills) are completely serpentinized. Although
the whole rock normative compositions of the serpentinites indicate
harzburgite and subordinate dunite protoliths, they contain neither
orthopyroxene nor residual clinopyroxene. Interstitial clinopyroxene
from olivine-clinopyroxene-chromite aggregates has distinctly lower
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Al,03 and Cr,03 contents (2.20-4.00 wt% and 0.80-1.40 wt%, respec-
tively) than residual clinopyroxene typical for abyssal peridotites. Its
interstitial mode of occurrence and composition is similar to melt im-
pregnation phases originating from the basaltic melt percolation
through peridotite (Wojtulek et al., 2016a).

A metamorphic evolution of the serpentinites involved the following
stages: (1) alteration of peridotite due to ocean floor metamorphism
and formation of pseudomorphic texture of serpentinites, indicative of
low-T conditions (bastite and mesh textures after pyroxenes and olivine
with abundant magnetite), (2) high-T recrystallization of
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Fig. 3. Ideal stratigraphic outline of the Sleza ophiolite sequence (modified from Majerowicz, 2006).

pseudomorphic serpentines, which were replaced by high-T, non-
pseudomorphic antigorite rosette crystals (Dubiniska and Gunia, 1997)
and (3) dehydration of serpentine phases and formation of magnetite-
bearing olivine and clinopyroxene, which mark an increasing degree of
alteration (Wojtulek et al., 2016a).

2.2. Chromitites

Podiform type chromitites occur within serpentinites containing
melt impregnation olivine-clinopyroxene-chromite aggregates on the
Czernica Hill, ~1500m below the paleo-Moho of the Sleza ophiolite
(Fig. 2). They form veins and pockets with stock-type morphology and
irregular boundaries. The ore bodies are elongated in a NE-SW direction
and the fabric of the ores mimics this elongation trend (Spangenberg,
1944). The mined pockets were 8-12 X 4-3 X 2-4m in size, whereas
the veins were up to 22 m long and up to 2 m wide (Birecki, 1962). Ore
bodies are typically surrounded by alteration zones (salbands) con-
taining less chromian spinel (Spangenberg, 1943). Chromian ore occurs
as the following varieties: (1) massive ore, (2) laminated ore, (3) nod-
ular ore, (4) disseminated ore, (5) brecciated ore and (6) chromitite
veinlets within serpentinite (Delura, 2012). Particular types of chro-
mitite ore contain between 30 and 90 vol% of chromite. Chromitites are
very poor in platinum-group elements, they contain 42-79 ppb of total
PGEs (Wojtulek et al., 2016b).

Chromitites from the Sleza consist of high-Al chromite I
(Cr# = 0.50-0.52, Mg# = 0.60-0.70), high-Cr  chromite II
(Cr# = 0.57-0.69, Mg# = 0.39-0.63), ferritchromite and chlorite.
Chromite I represents supposedly a primary phase of chromitites,
whereas occurrence of chromite II, ferritchromite and chlorite is a re-
sult of the greenschist-facies metamorphic overprint (Delura, 2012). A
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secondary genesis is also suggested for sulfides (millerite, godlevskite
and polydymite) occurring within chlorite (Wojtulek et al., 2016a).
However, previous publications concerning the Sleza chromitites did
not describe silicate solid inclusions within chromite (except for rare
clinopyroxene and olivine inclusions), thus interpretation of their origin
could not be complete.

2.3. Gabbroic rocks

The Sleza gabbroic body is ~12km long and ~ 6 km wide. Contacts
between metagabbros and serpentinites (to the south) and between
metagabbros and metabasalts (to the north) are intrusive and locally
tectonic (Majerowicz, 2006). To the west, metagabbros are in intrusive
contact with younger biotite granodiorite of the Strzegom-Sobdétka
massif, dated at 299.3 = 2.4 Ma (Turniak et al., 2014). The plutonic
member of the Sleza ophiolite comprises medium- to coarse-grained,
mostly isotropic rocks. Locally, metagabbros display an igneous, ophitic
or subophitic texture. The occurrence of leuco- and melanocratic kinds
of metagabbros as well as gabbroic pegmatoids is random. Rocks dis-
playing macrorhytmic magmatic layering defined by an alternation of
light (plagioclase-rich) and dark (clinopyroxene-rich) cm-scale bands
occur mostly in the vicinity of the paleo-Moho (Abdel Wahed, 1999).

Rocks belonging to the gabbroic member of the Sleza ophiolite are
only selectively and not penetratively deformed (Majerowicz, 2000).
The gabbros were altered under the greenschists and lower amphibolite
facies metamorphism, which caused advanced saussuritization of pla-
gioclase and replacement of pyroxene by secondary Mg-hornblende and
actinolite (Kryza and Pin, 2010). The same conditions apply to the al-
teration of metabasalts of the éleia ophiolite (Kryza and Pin, 2010).
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Whole-rock major (wt%) and trace (ppm) element analyses of metagabbros from the Sleza ophiolite.

Sample Detection limit Zlomiska Ztomiska Olbrzymki Ztomiska Ztomiska Olbrzymki Tapadla valley Tapadta valley
TV07 TV08a OL3 TV09 TV20 OL4 G20 PW15
Rock type Metagabbro with Metagabbro with Gabbroic pegmatite Isotropic Isotropic Isotropic Laminated Laminated
ore mineralization  ore mineralization with ore metagabbro metagabbro metagabbro metagabbro metagabbro
mineralization
SiO, 0.01 43.59 43.76 46.88 49.79 48.36 49.94 48.83 49.09
TiO, 0.01 4.01 4.28 2.10 0.61 0.43 0.39 0.45 0.25
Al,03 0.01 12.82 12.35 16.57 17.46 17.60 18.55 14.72 15.78
Cr,03 0.01 < 0.002 < 0.002 0.02 0.04 0.08 0.06 0.05 0.06
Fe,03 0.01 20.29 20.12 12.17 6.31 6.61 7.88 8.08 5.82
MnO 0.01 0.25 0.28 0.17 0.13 0.12 0.12 0.14 0.10
MgO 0.01 6.20 6.37 7.27 6.54 9.60 7.30 10.79 10.03
CaO 0.01 8.97 9.18 10.27 14.24 12.90 10.94 12.83 11.97
Na,O 0.01 2.51 2.37 3.18 2.69 2.26 3.43 1.94 2.90
K>0 0.01 0.10 0.10 0.10 0.17 0.12 0.10 0.12 0.06
P,05 0.01 0.02 0.04 < 0.01 0.07 0.01 0.02 < 0.01 < 0.01
LOI - 0.90 0.80 1.00 1.80 1.70 1.10 1.80 3.70
Sum - 99.64 99.66 99.76 99.81 99.78 99.83 99.75 99.76
Be 1.0 <1 <1 <1 <1 1 <1 <1 <1
Sc 1.0 43 49 42 39 42 31 50 50
A 8.0 1116 1011 222 161 458 141 220 187
Co 0.2 64 63 28 39 45 39 48 37
Ni 0.1 36 26 59 133 44 90 117 97
Ga 0.5 20.80 19.90 16.10 12.90 16.50 16.00 12.60 11.60
Rb 0.1 1.20 2.40 9.20 3.60 2.10 2.10 2.90 1.20
Sr 0.5 129 120 282 186 160 174 110 169
Y 0.1 20.40 23.80 18.60 10.20 22.20 8.70 10.80 5.00
Zr 0.1 42.40 54.10 31.60 12.60 39.40 10.10 10.50 1.60
Nb 0.1 0.50 1.00 0.10 <0.10 0.20 <0.10 0.20 <0.10
Cs 0.1 < 0.10 < 0.10 0.10 < 0.10 < 0.10 < 0.10 < 0.10 0.10
Ba 1.0 7 8 41 19 9 13 8 8
La 0.1 1.90 1.50 3.30 1.00 1.20 1.00 0.50 0.20
Ce 0.1 4.50 4.80 4.40 2.00 4.30 1.40 1.50 0.30
Pr 0.02 0.79 0.96 1.15 0.36 0.75 0.32 0.30 0.04
Nd 0.03 4.40 5.70 5.50 2.00 5.10 2.00 1.90 0.40
Sm 0.05 1.73 2.24 1.78 0.79 1.80 0.63 0.95 0.35
Eu 0.02 1.00 1.21 0.98 0.51 1.19 0.73 0.61 0.26
Gd 0.05 2.82 3.64 2.75 1.44 3.08 1.28 1.57 0.66
Tb 0.01 0.51 0.66 0.50 0.27 0.56 0.23 0.29 0.15
Dy 0.05 3.54 4.49 3.30 1.81 3.91 1.70 1.96 0.87
Ho 0.02 0.74 0.96 0.70 0.36 0.82 0.36 0.43 0.19
Er 0.1 2.30 2.82 2.08 1.10 2.38 1.17 1.27 0.53
Tm 0.01 0.31 0.37 0.27 0.14 0.30 0.14 0.18 0.07
Yb 0.05 1.95 2.54 1.80 0.93 2.15 0.91 1.13 0.47
Lu 0.01 0.32 0.37 0.27 0.15 0.33 0.13 0.17 0.07
Hf 0.1 1.30 1.60 1.00 0.40 1.20 0.40 0.40 0.20
Ta 0.1 <0.10 0.10 < 0.10 <0.10 <0.10 <0.10 <0.10 <0.10
w 0.5 < 0.50 < 0.50 < 0.50 < 0.50 < 0.50 < 0.50 0.50 < 0.50

* Total Fe as Fe;Os.
2.4. Fe-Ti Mineralization

First pointed out on a map by Finckh (1928), abundant Ti-Fe ore
mineralization occurs in metagabbros, metadiabases and metabasalts in
an elongated area between the peak of the Sleza mountain and the
village of Kundéw (Fig. 2, Jamrozik et al., 1988; Niskiewicz and
Siemiatkowski, 1993, Abdel Wahed and Mierzejewski, 2000). These
rocks occur in an area ~7 km long and ~ 2 km wide (the Strzegomiany
— Kunéw zone) and their occurrence is related to a magnetic anomaly of
amplitudes ranging from 1000 to 2000 nT (Cholewicka — Meysner et al.,
1989). Ti-ore mineral contents in the mafic rocks is variable: meta-
gabbros from Strzegomiany contain 4.4-12.2% vol. (Niskiewicz and
Siemigtkowski, 1993), whereas metabasalts from Kunéw have up to
12.1% vol. of magnetite and ilmenite (Majerowicz, 2000). Despite the
overall poor exposure of rocks in the $leza, metagabbros abundant in
Fe-Ti oxides are exposed in situ in the B-B and D-D mineralization zones
(Abdel Wahed and Mierzejewski, 1998). The former is ~ 25 m long and
~15m wide, whereas the latter is ~8 m long and up to 2 m wide. The
contact between rocks containing Ti-Fe ore minerals and those without
ore mineralization is sharp and dips towards the SSE (Abdel Wahed and

Mierzejewski, 1998). The B-B and D-D zones are elongated in a SW-NE
direction, similar to the elongation of the whole Strzegomiany-Kunéw
zone.

3. Analytical data

This study is based on 10 samples of chromitites and 34 samples of
metagabbros. Chromitite samples were collected from two dumps lo-
cated in the vicinity of abandoned shafts on the Czernica Hill. In situ
sampling and direct observations of chromitites were not possible due
to the destruction of mines and the lack of chromitite outcrops. We have
selected only 10 nodular, inclusion-bearing chromitites from 110
samples collected in years 2002-2016, because silicate inclusions in
chromitites are very scarce. Metagabbro samples were collected from
outcrops located in the B-B and D-D mineralization zones in the vicinity
of the Sleza mountain peak and in the Tapadta valley.

3.1. Whole rock characterization

We determined whole rock compositions of nodular chromitites,
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R T y Fig. 4. Photomicrographs of solid inclusions within
chromitites occurring in the Czernica Hill area. a —
Chromite grain containing numerous chlorite inclu-
sions, reflected light image (TAAII). b — Chromite
grain cut by chlorite. Solid inclusions within chro-
mite comprise chlorite and diopside, BSE image
(TAP). ¢ - Chromite grain consisting of chromite I
(high-Al) and chromite II (high-Cr) with diopside
inclusion, BSE image (TAA). d — Polyphase inclusion
consisting of diopside, pargasite and chalcopyrite,
BSE image (TAP). e — Polyphase inclusion consisting
of pargasite and diopside, BSE image (TAP). f —
Spherical phlogopite inclusion within chromite I,
BSE image (TAP).
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metagabbros rich in Fe-Ti oxides, isotropic and laminated metagabbros.
Fifteen samples were crushed and then pulverized in an agate mill at
Bureau Veritas Analytical Laboratory in Vancouver, Canada. For the
analytical procedures we used 200 mg samples. The whole rock char-
acterization of samples was determined by inductively coupled plasma
emission spectrometry (ICP-ES — for a major element composition) and
inductively coupled plasma mass spectrometry (ICP-MS - for a minor
and trace element compositions, minimum detection limits are given in
Table 1). The whole rock composition of platinum group elements
(PGESs) in ferrogabbros and chromitites (4 samples analysed) was de-
termined at the Maxxam Analytics International Corporation in Mis-
sissaugua, Canada, by the neutron activation analysis. Minimum de-
tection limits were: 1 ppb for Ir, 5 ppb for Rh, 10 ppb for Os, 20 ppb for
Pd and Pt and 50 ppb for Ru.

3.2. EMP analysis

We used 150 pm thick sections for microscopic and chemical study.
Polished thin sections of the samples were first studied by polarized
optical microscope. Major- and minor-element compositions of mi-
nerals from 3 metagabbro samples have been analysed with a JEOL JXA
8900 electron microprobe at the TU Bergakademie Freiberg, Germany
under standard conditions: acceleration voltage 15kV, beam current of
20nA, and various counting times between 20 and 50s on peak, de-
pendent on the expected element concentrations. Natural silicates,
synthetic oxides and metals were used as standards. The ZAF correction
procedures supplied by JEOL were applied. Chromitite analyses (8

102

samples) were conducted using the Cameca SX-100 electron microp-
robe at Faculty of Geology, University of Warsaw, Poland. Standard
conditions were applied (acceleration voltage 15kV, sample current
15nA, counting times 10 or 20s, natural silicates and synthetic oxides
as standards) and the PAP correction procedure was used (Pouchou and
Pichoir, 1984).

The structural formulae of minerals were recalculated on the basis
of 40 for olivine, 230 for pargasite, 60 for clinopyroxene and 3 cations
for spinel. Chromium number, Cr#, is defined as atomic 100 X Cr/
(Cr + Al) and magnesium number, Mg#, as atomic 100 x Mg/
Mg + Fe?") in mineral formulae. Mineral abbreviations follow Siivola
and Schmid (2007).

3.3. SEM-based automated mineralogy

Eight thin sections were analysed with a Mineral Liberation
Analyzer (MLA), one of the methods of automated mineralogy
(Fandrich et al., 2007). The MLA mapping of mineral grains was con-
ducted using the FEI Quanta 650F field emission scanning electron
microscope (FE-SEM) with two Bruker Quantax X-Flash 5030 energy-
dispersive X-ray (EDX) detectors. The acceleration voltage of the elec-
tron beam was 25 kV and the beam spot was 10 nA. For data processing,
the software version MLA Suite 3.1.686 was used. The grain-based X-
ray mapping (GXMAP) method was applied to distinguish the particular
minerals. The GXMAP routine produces a narrow grid of ~1600 EDX-
ray spectra per mm? to cover the complete thin section. For the clas-
sification of minerals, a list of identified reference EDX-ray spectra was
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Fig. 5. Maps of energy dispersive X-ray (EDX) spectra. a — Brecciated chromitite containing primary solid inclusions (TAA). b — Brecciated chromitite containing
primary solid inclusions, developed from nodular ore (T1). ¢ — Deformed metagabbro containing ilmenite aggregate (OL3). d — Ferrogabbro containing coarse,
xenomorphic ilmenite aggregates (TV17). e — Magnetite-ilmenite aggregates in ferrogabbro (TVO07).

established by collecting the spectra of particular phases. The GXMAP
measurements were classified against the reference EDX-ray spectra list
with a high degree of probability of match and with an algorithm
marking the non-matching spectra as an unknown. Therefore, the
classified spectra represent semi-quantitative compositional data. In the
last step, mineral phases were ordered by labelling with a color scale for
visualization of their distribution in the thin section.

The second SPL (sparse phase liberation) routine was used for the
detection of rare phases occurring as silicate, base metal and PGE in-
clusions in chromitites. This method combines a backscattered electron
grey colour value trigger and single spot EDX-ray spectra analysis. It
enables us to distinguish single grains of the searching phases searched
for and then to analyse them by electron microprobe.

3.4. SEM-based element mapping

Quantitative element distribution maps of Cr-spinel grains were
acquired in the Cryo-SEM/NanoFun laboratory, Faculty of Geology,
University of Warsaw (Poland) using a Zeiss Auriga™ scanning electron
microscope SEM-FE (field emission) equipped with two EDS detectors
XFlash|30 produced by Bruker. An acceleration voltage of 15kV and a
120 um aperture were applied.

4. Petrography and chemical data
4.1. Petrography and chemistry of minerals
4.1.1. Chromitites and their solid inclusions

Chromitites from the Sleza consist mostly of automorphic, coarse
chromite grains up to 1.2 cm in diameter. These grains are irregularly
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fractured, locally their brecciation degree is very high (Figs. 4 and 5).
They consist of highly aluminous chromite I of variable composition
(Cr# = 0.41-0.58, Mg# = 0.62-0.83, Figs. 6 and 7, Table 2) and low
TiO5, V503, MnO and NiO contents (< 0.20, < 0.24, < 0.34 and <
0.25 wt%, respectively). Chromite I displays zonation, its cores are ri-
cher in Fe and poorer in Mg relative to the marginal parts of grains
(Fig. 7). Other elements (Ti, Al and Cr) do not display zonation.
Chromite I is surrounded or cut by high chromian chromite II
(Cr# = 0.57-0.70, Mg# = 0.55-0.68) and ferritchromite.

Numerous solid inclusions of various sizes (10-200 pm) occur in the
nodular or brecciated chromitites. Chromite grains contain either single
or numerous, randomly distributed inclusions (Fig. 4). They are filled
mostly by secondary chlorite forming coarse, up to 0.5 mm inclusions
(Fig. 4a and b), which is poorer in Al relative to chlorite filling inter-
stices between chromite grains (averaged 22.07 wt% and 18.35 wt%
Al,O3, respectively). Part of chlorite grains form also minute inclusions
surrounding phlogopite (Fig. 4f) and are supposedly of primary origin.
Solid inclusions filled by non-chlorite minerals are scarce and are much
smaller than those with chlorite. They are associated with core parts of
chromite I, whereas chromite II does not contain inclusions.

The non-chlorite inclusions occurring within the Sleza chromites are
mono- and polyphase (Fig. 4). They comprise the following minerals:

a) Clinopyroxene occurs as rounded or irregular-shaped grains. It lo-
cally forms intergrowths with pargasite or polyphase inclusions with
pargasite and chalcopyrite. Clinopyroxene has diopside composition
with high Mg# (93.2-96.1 wt%). It contains 1.47-2.84 wt% Al,O3
(Fig. 8, Table 3) and mostly has a low TiO, content (< 0.1 wt%)
with the exception of one titanium-rich inclusion (0.49-0.57 wt%
TiOs). The Cr,03 contents measured in clinopyroxene (1.18-1.95 wt
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Fig. 6. a - Relationships between Cr# and Mg# in chromites from chromitites
of the Czernica Hill area. The fields of abyssal peridotites, fore-arc peridotites,
back-arc basin basalts and boninites after the compilation of Kaczmarek et al.
(2015 and references therein). b — Chromite TiO, versus Al,O3 (Wt%) diagram.
Fields for Cr-spinels from supra-subduction zone peridotites, mid-ocean ridge
type peridotites, mid-ocean ridge basalts (MORB), ocean island basalts (OIB)
and island-arc tholeites (ARC) are after Kamenetsky et al. (2001).

%) may be partly affected by a composition of the host chromite

(Borisova et al., 2018);

Pargasite forms individual grains or occurs together with diopside. It

has high Mg# (0.93-0.95, Table 4). Two kinds of pargasite can be

distinguished by composition: pargasite I has higher TiO,

(3.26-3.40 wt%) and K,O (0.46-0.50) and lower Nay,O

(2.44-2.47 wt%) contents than pargasite II (0.37-0.87 wt%

TiO,, < 0.02 wt% K50 and 3.05-3.21 wt% Na,0).

Phlogopite inclusions are spherical or elongated. In contrast to other

solid inclusions, which have sharp boundaries with hosting spinel,

phlogopite grains are surrounded by a narrow zone consisting of

chromite-chlorite intergrowths. Compositionally, phlogopites are K-

rich and Na-poor - they contain 7.28-9.60 wt% K,O and up to

0.67 wt% Na,O (Table 5).

d) Chalcopyrite occurs in polyphase inclusions with diopside and high-
Na pargasite II. It forms grains up to 8 um in size occurring in
marginal parts of inclusions or as very fine (up to 2pum) grains
within diopside;

e) Galena forms individual inclusions up to 20 um in size. The grains
are xenomorphic and occur within both chromite I and II.

b

(=

—

C
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4.1.2. Ferrogabbros

Metagabbros sampled from the B-B and D-D zones contain
6.8-14.6% Fe-Ti oxides (Fig. 5). Thus, these rocks can be described as
ferrogabbros or as massive ferrogabbros, which are defined as
having > 5% or > 10% Fe-Ti oxides, respectively, according to the
Natland et al. (1991) nomenclature.

Ferrogabbros display ductile deformation structures represented by
mineral folding and local foliation expressed by elongation of mineral
grains (Fig. 9a and b). In contrast to oxide-poor metagabbros neigh-
boring the B-B and D-D bodies, opaque minerals in ferrogabbros form
xenomorphic and interstitial grains with lobate boundaries. The elon-
gation of Fe-Ti oxides from highly deformed samples is concordant with
the deformation trend, although the oxides are not deformed (Figs. 5¢c
and 9b).

Ferrogabbros consist of fine- to medium-grained clinopyroxene,
amphiboles and plagioclase. Clinopyroxene has an augite composition,
with variable Mg#, Al,O5 and Na,O contents (0.47-0.64, 1.42-6.98 wt
% and 0.15-2.25 wt%, respectively, Fig. 10a, Table 3). Clinopyroxene
and plagioclase are commonly replaced by amphiboles ranging in
composition from Mg-hornblende to Fe-actinolite (Fig. 10b, Table 4)
and having variable Mg# (0.33-0.63) and TiO, content (0.17-1.28 wt
%). Typically, Fe-actinolite is poorer in Na,O than Mg-hornblende
(0.49-0.96 vs. 1.43-2.07 wt%). Plagioclase grains are mostly saussur-
itized, some grains display polysynthetic twinning. The anorthite con-
stituent is variable (50-77% An, Fig. 10c, Table 6). Subautomorphic
apatite grains (up to 100 um in diameter) are associated with plagio-
clase domains, whereas xenomorphic ones (up to 200 pm long) occur in
the amphibole groundmass. Some ferrogabbros are rich in epidote
constituting up to 20% vol. of the sample. Epidote commonly over-
growths clinopyroxene, plagioclase and amphiboles. Sulfides are asso-
ciated both with amphibole and plagioclase. They form elongated or
globular grains consisting of pyrite, locally surrounding chalcopyrite.

Fe-Ti oxides in ferrogabbros occur as the following varieties:

1) Single grains or aggregates of ilmenite (Fig. 5c¢), locally with dis-
membered margins. Marginal parts of ilmenite grains are partly
replaced by titanite, which also forms exsolutions within ilmenite
and fills fissures. The fissures are also filled by amphibole and pla-
gioclase. Ilmenite grains contain small zircon, molybdenite and
sphalerite inclusions (up to 10 pm in size). In highly deformed
samples, ilmenite is intergrown with plagioclase and amphibole;

2) Aggregates consisting of ilmenite and magnetite. Ilmenite forms
homogeneous grains containing zircon and rutile inclusions (up to
20 um in size). They are xenomorphic, lobate and have rounded
margins. Magnetite occurs on marginal parts of ilmenite (Figs. 5d
and e, 9c). Locally, magnetite forms individual grains with angular
and dismembered margins. All magnetite grains contain trellis,
worm-like or sandwich ilmenite exsolutions (Fig. 9f). Elongated
types occur in two parallel- and sloping-arranged systems. The
margins of some magnetite grains are partly replaced by ilmenite.
Fissures are filled by amphibole and plagioclase.
Elongated ilmenite grains of various sizes (up to 6 mm long) forming
two parallel- and sloping-arranged systems (Fig. 9d and e). Irre-
gular-shaped ilmenite grains up to 150 um in size occur on their
margins. This ilmenite network occurs in the amphibole ground-
mass, spaces between ilmenite are locally filled by titanite and
sulfides (pyrite and chalcopyrite). The margins of these networks
resemble the outline of former grains.

3)

Ilmenite has a constant chemical composition irrespective of its
mode of occurrence. Its V.03 and MnO contents display weak varia-
bility (0.76-0.90 wt% V03 and 1.08-1.50 wt% MnO - Table 2). Mag-
netite is very poor in MgO (below the detection limit of the applied
method) and MnO (=<0.26 wt). It contains up to 1.61 wt% V,03 and
variable TiO, (0.16-9.82 wt%) and Al,Os; (0.13-1.80 wt%) amounts
(Fig. 11, Table 2). Higher TiO, contents in magnetite were detected in
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Table 2

Representative chemical analyses (wt%) and structural formulae of spinel (sum of cations = 3) and ilmenite (sum of cations = 2) from the Sleza chromitites and

ferrogabbros.
Location Czernica Sleza. B-B zone
Mineral
Sample

1 1 1 1 2 2 3 3 3 3 4 4 4 4
TAP TAA TAA TZD TAA TZD TV07 TV07 TVO08 TVO08 TVO07 TVO07 TV17 TV17

SiO, 0.10 0.03 0.03 0.04 0.00 0.01 0.01 0.00 0.02 0.01 0.01 0.00 0.01 0.00
TiO, 0.21 0.04 0.09 0.10 0.35 0.11 4.25 2.74 0.56 0.16 52.66 52.18 51.39 50.91
Al,03 23.64 26.63 26.98 27.74 14.29 11.70 0.48 0.13 0.92 0.41 0.02 0.04 0.18 0.16
Cry03 46.46 41.95 42.40 41.26 45.40 46.28 0.06 0.05 0.07 0.02 0.00 0.00 0.01 0.00
V203 0.21 0.17 0.18 0.08 0.02 0.04 1.17 1.15 1.07 1.28 0.84 0.84 0.81 0.88
FeO" 13.11 14.88 13.65 13.53 27.84 30.23 87.09 88.54 90.16 91.34 45.76 45.53 46.76 46.98
MnO 0.25 0.18 0.18 0.20 0.35 0.31 0.14 0.08 0.03 0.00 1.41 1.36 1.10 1.08
NiO 0.10 0.07 0.10 0.14 0.24 0.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 14.70 14.93 15.64 15.76 10.00 9.96 0.01 0.00 0.01 0.01 0.03 0.03 0.02 0.02
CaO 0.19 0.02 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99.02 99.03 99.36 98.94 98.52 98.93 93.19 92.70 92.81 93.22 100.71 99.98 100.26 100.03
Ti 0.01 0.00 0.00 0.00 0.01 0.00 0.12 0.08 0.02 0.00 0.99 0.99 0.97 0.96
Al 0.85 0.95 0.95 0.98 0.55 0.45 0.02 0.01 0.04 0.02 0.00 0.00 0.01 0.00
Cr 1.12 1.00 1.00 0.97 1.18 1.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
\% 0.01 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.03 0.04 0.02 0.02 0.02 0.02
Fe3*+P 0.02 0.05 0.04 0.05 0.26 0.34 1.69 1.80 1.89 1.93 0.00 0.00 0.04 0.05
Fe2* 0.32 0.32 0.30 0.29 0.50 0.50 1.12 1.08 1.01 1.00 0.96 0.96 0.95 0.94
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.03 0.03 0.02 0.02
Ni 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.67 0.67 0.70 0.70 0.49 0.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg# 67.7 67.7 69.9 70.7 49.4 49.4 - - - - - - - -
Cr# 56.9 51.4 51.3 49.9 68.1 72.6 - - - - - - - -

* 1 — chromite I, 2 — chromite II, 3 — magnetite, 4 — ilmenite.
2 Total Fe as FeO.
b Calculated by charge balance.

Fig. 7. SEM elemental mapping of chromite grain containing diopside inclusion (TAA). a — BSE image of chromite. b — Fe distribution in chromite. ¢ — Mg distribution

in chromite. d — Cr distribution in chromite.

the vicinity of ilmenite exsolutions and may be partly related to the
secondary fluorescence coming from ilmenite (Borisova et al., 2018).
4.2. Whole rock composition

Metagabbros from the Sleza ophiolite differ in terms of silica

content (averaged 43.68 wt% SiO, in ferrogabbros and 49.36 wt% SiO,
in isotropic and laminated metagabbros — Table 1). Higher SiO, con-
tents correlate positively with Al,03, MgO and CaO and negatively with
Fe503, TiO5 and MnO. Laminated metagabbros are richer in MgO than
isotropic types (averaged 7.81 wt% and 10.41 wt%, respectively).
Chemical analyses of metagabbroic pegmatoids define their
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composition as intermediate between ferrogabbros and oxide-free me-
tagabbros.

The whole rock compositions reveal higher overall trace element
concentrations in ferrogabbros and gabbroic pegmatoids than in oxide-
free metagabbros (Fig. 12). Laminated metagabbros have the lowest
REE contents. Ferrogabbros, gabbroic pegmatoids and isotropic meta-
gabbros are depleted in REEs, Pb, Zr, Hf and Y and enriched in Rb, Ba
and Sr relative to N-MORB (Sun and McDonough, 1989). Their REE
patterns are flat in terms of HREE and slightly decrease towards La and
Ce. Rare earth elements pattterns of laminated gabbros display a dis-
tinct depletion in La, Ce, Pr, Nd and Sm relative to the other REEs.
Averaged vanadium contents are notably higher in ferrogabbros
(1063 ppm) than in oxide-free metagabbros (174 ppm). Ferrogabbros
are extremely poor in all PGEs, whose concentrations are below the
detection limit of the applied method. The same refers to Sn, Th and U.
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5. Discussion
5.1. Chromitites

5.1.1. Formation of inclusions

The occurrence of inclusions within chromitites from the Sleza share
the following features with rocks from other ophiolitic massifs: (1) the
similar mineral composition of inclusions involving hydrous (pargasite,
phlogopite) and anhydrous phases (clinopyroxene, Ni-sulfides), (2) the
occurrence of inclusions mostly within nodular chromitites, (3) the
spherical shape of inclusions, their random arrangement and low
abundances within single chromite grains (Fig. 4, cf. Augé, 1987;
Melcher et al., 1997). The mode of occurrence of the inclusions is si-
milar to those from the Oman chromitites, which are assumed to have
been entrapped contemporaneously with magmatic crystallization of
chromite (Lorand and Ceuleneer, 1989).

Nodular texture is an unique feature of ophiolitic chromitites
(Matveev and Ballhaus, 2002), suggesting their crystallization from a
melt under low-pressure conditions (Cassard et al., 1981; Prichard
et al., 2015). The presence of hydrous primary inclusions confirm such
conditions, because these phases are typically not stable under higher
pressures, e.g. a maximum pressure of pargasite stability in the pre-
sence of orthopyroxene amounts 1.2 kbar at 900 °C (Lykins and Jenkins,
1992). Since the assemblage of solid silicate inclusions from the Sleia
chromitites resembles that from the Oman ophiolite, their crystal-
lization conditions were supposedly similar (minerals of an assemblage
pargasite-aspidolite-phlogopite from the Oman chromitites crystallized
at temperatures =700 °C and a maximum pressure of 2 kbar — Borisova
et al., 2012). However, the Sleza chromitites do not comprise aspidolite
inclusions, thus a certain estimation of their crystallization conditions is
not possible.

5.1.2. Remarks on parental melt and fluid composition

Magmatic models interpreted chromitites as products of crystal-
lization from hydrous, chromite-saturated silicate melts (Irvine, 1975;
Lago et al., 1982). However, presence of hydrous inclusions suggests
that chromitites were not formed from pure MORB magmas, which are

Table 3

Representative chemical analyses (wt%) and structural formulae (O = 6) of clinopyroxene from the éleia chromitites (inclusions) and ferrogabbros.
Location Chromitites (inclusions) Ferrogabbros
Sample TAA TAP TZD TZD TZII TZII TV07 TV07 TV07 TV08 V17 V17
Si0, 53.27 53.89 53.20 53.57 53.42 53.36 52.86 52.66 52.31 51.99 54.27 51.95
TiO, 0.04 0.21 0.12 0.22 0.05 0.04 0.15 0.11 0.21 0.20 0.10 0.15
Al,O3 2.28 1.57 1.73 2.18 2.32 2.50 3.95 3.75 3.80 2.57 1.79 2.56
Cry03 1.49 1.18 1.52 1.57 1.43 1.43 0.01 0.00 0.00 0.01 0.01 0.00
FeO' 1.76 1.25 1.34 1.74 1.94 2.03 15.92 15.71 15.92 13.61 16.26 16.25
MnO 0.05 0.08 0.00 0.06 0.04 0.09 0.25 0.23 0.32 0.32 0.20 0.26
NiO 0.00 0.07 0.01 0.05 0.00 0.00 - - - - - -
MgO 16.71 17.06 16.91 16.73 17.43 17.39 13.77 13.91 13.64 12.30 13.80 11.41
CaO 24.31 24.34 25.06 23.95 22.78 22.60 11.97 11.78 11.89 18.84 12.75 16.72
NaO 0.35 0.47 0.28 0.66 0.41 0.43 0.61 0.54 0.65 0.38 0.22 0.38
K,O 0.00 0.01 0.00 0.00 0.00 0.00 - - - - - -
Total 100.26 100.13 100.17 100.73 99.82 99.87 99.49 98.69 98.74 100.22 99.40 99.68
Si 1.93 1.95 1.94 1.94 1.94 1.94 1.98 1.98 1.97 1.96 2.03 1.98
Ti 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00
Al 0.10 0.07 0.07 0.09 0.10 0.11 0.17 0.17 0.17 0.11 0.08 0.11
Cr 0.04 0.03 0.04 0.04 0.04 0.04 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.05 0.04 0.04 0.05 0.06 0.06 0.50 0.49 0.50 0.43 0.51 0.52
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01
Ni 0.00 0.00 0.00 0.00 0.00 0.00 - - - - - -
Mg 0.90 0.92 0.92 0.90 0.94 0.94 0.77 0.78 0.77 0.69 0.77 0.65
Ca 0.95 0.95 0.98 0.93 0.89 0.88 0.48 0.48 0.48 0.76 0.51 0.68
Na 0.02 0.03 0.02 0.05 0.03 0.03 0.04 0.04 0.05 0.03 0.02 0.03
K 0.00 0.00 0.00 0.00 0.00 0.00 - - - - - -
Mg# 94.4 96.1 95.7 94.5 94.1 93.9 60.6 61.2 60.4 61.7 60.2 55.6

* Total Fe as FeO.
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Table 4

Representative chemical analyses (wt%) and structural formulae (O = 23) of amphiboles from the Sleza chromitites (inclusions) and ferrogabbros.
Location Chromitites (inclusions) Ferrogabbros
Mineral® 1 1 1 1 1 2 2 3 3 3
Sample TZD TZD TAP TAP TAP TV07 TV07 V07 TV17 TV17
SiO, 43.34 45.83 46.14 46.49 45.82 50.69 50.73 42.71 42.69 43.50
TiO, 0.57 0.92 0.98 0.87 0.37 0.25 0.31 0.42 1.09 0.98
Al,O5 13.10 11.43 11.15 10.78 11.03 5.37 4.90 12.49 11.08 11.22
Cry03 3.11 2.28 2.28 2.25 2.56 0.00 0.00 0.03 0.02 0.05
FeO” 2.28 1.62 1.73 1.66 1.78 16.33 16.43 19.97 22.83 20.92
MnO 0.00 0.00 0.00 0.01 0.04 0.25 0.22 0.22 0.19 0.21
NiO 0.00 0.00 0.00 0.00 0.00 - - - - -
MgO 18.58 19.21 19.50 19.63 19.46 12.83 12.76 8.19 6.38 7.36
CaO 13.05 12.99 12.90 12.99 13.12 11.86 11.99 11.60 11.93 11.61
Na,O 3.09 3.21 3.28 3.16 2.92 0.96 0.89 2.07 1.50 1.44
K0 0.51 0.01 0.02 0.00 0.02 0.06 0.08 0.31 0.22 0.17
Total 97.64 97.50 98.08 97.84 97.18 98.59 98.30 98.01 97.93 97.46
Si 6.18 6.47 6.48 6.53 6.50 7.38 7.42 6.47 6.56 6.63
Ti 0.06 0.10 0.10 0.09 0.04 0.03 0.03 0.05 0.13 0.11
Al 2.20 1.90 1.85 1.79 1.84 0.92 0.84 2.23 2.00 2.01
Cr 0.35 0.25 0.25 0.25 0.29 0.00 0.00 0.00 0.00 0.01
Fe 0.27 0.19 0.20 0.19 0.21 1.99 2.01 2.53 2.93 2.67
Mn 0.00 0.00 0.00 0.00 0.01 0.03 0.03 0.03 0.02 0.03
Ni 0.00 0.00 0.00 0.00 0.00 - - - - -
Mg 3.95 4.04 4.08 4.11 4.11 2.79 2.78 1.85 1.46 1.67
Ca 1.99 1.96 1.94 1.96 1.99 1.85 1.88 1.88 1.96 1.89
Na 0.85 0.88 0.89 0.86 0.80 0.27 0.25 0.61 0.45 0.43
K 0.09 0.00 0.00 0.00 0.00 0.01 0.01 0.06 0.04 0.03
Mg# 93.6 95.5 95.3 95.5 95.1 58.3 58.1 42.2 33.3 38.6

@ 1 - pargasite, 2 — magnesiohornblende, 3 - ferrotschermakite.
b Total Fe as FeO.

Table 5
Representative chemical analyses (wt%) and structural formulae (O = 22) of
phlogopite from the Sleza chromitites (inclusions).

Sample TAP TAP T1 T1 T1
SiO, 39.21 38.85 38.33 38.31 39.10
TiO, 0.61 0.48 0.46 0.44 0.45
Al,O3 17.86 17.81 16.56 16.61 15.83
Cry03 1.92 2.15 2.17 2.13 1.81
FeO' 0.88 1.02 0.77 0.76 0.91
MnO 0.00 0.00 0.00 0.01 0.02
NiO 0.00 0.00 0.69 0.72 0.68
MgO 24.11 24.55 26.35 26.20 27.20
CaO 0.02 0.01 0.00 0.01 0.07
Na,O 0.67 0.38 0.07 0.07 0.30
K,0 7.28 7.37 9.48 9.60 8.13
Total 92.55 92.62 94.88 94.86 94.49
Si 5.56 5.51 5.41 5.42 5.50
Ti 0.06 0.05 0.05 0.05 0.05
Al 2.98 2.98 2.76 2.77 2.62
Cr 0.21 0.24 0.24 0.24 0.20
Fe 0.10 0.12 0.09 0.09 0.11
Mn 0.00 0.00 0.00 0.00 0.00
Ni 0.00 0.00 0.08 0.08 0.08
Mg 5.09 5.20 5.55 5.52 5.70
Ca 0.00 0.00 0.00 0.00 0.01
Na 0.18 0.11 0.02 0.02 0.08
K 1.32 1.33 1.71 1.73 1.46

* Total Fe as FeO.

initially very poor in H,O and Cr (Delaney et al., 1978; Roeder and
Reynolds, 1991). These melts may be enriched in water at subsequent
stages of their evolution, when H,0 in aqueous fluids from an external
source interacts with water-poor melts to form a final hydrous, hybrid
MORB melt (Lorand and Ceuleneer, 1989). Low TiO, contents in
chromite grains from the Sleza chromitites (mostly below 0.1 wt% —
Fig. 6b) may confirm such origin, because solubility of TiO, in mantle
fluids is very low (Audétat and Keppler, 2005) and chromite grains
crystallizing from hydrothermal solutions are typically poor in Ti (e.g.

grains from metasomatic diopsidites from the Oman ophiolite — Arai
and Akizawa, 2014).

Water in the mantle may have various origins: (1) remelting of
hydrated, shallow lithospheric source due to the rise of a mantle diapir
(Benoit et al., 1999), (2) dehydration of hydrous phases from rocks in
subduction setting (MacLeod et al., 2013) and (3) hybridization of a
MORB with hydrothermal fluids (Borisova et al., 2012). Since the pri-
mary chromite grains from the Sleza chromitites have moderate Cr#
(Fig. 6), they were formed from melts in the mid-ocean ridge/back arc
basin settings (Kamenetsky et al., 2001). Thus, the third type of water
origin suggested by Borisova et al. (2012) seems to be the most prob-
able for chromitites from the Sleza. These authors suggested three
stages of chromitite formation: (1) serpentinization of the oceanic
mantle, which was a source of chromium and water, (2) deserpentini-
zation of serpentinized mantle peridotites causing liberation of fluids
and (3) assimilation of fluids by MORB melts. However, remnants of the
first two stages are not preserved in the Sleza chromitites, because they
comprise neither primary serpentine nor deserpentinization olivine/
clinopyroxene inclusions (Fig. 8). These phases were supposedly ob-
literated during formation and metamorphic alteration of chromitites.

The presence of K- and Na-rich hydrous minerals (phlogopite and
pargasite) indicates that the hybridizing fluid was supposedly rich in
alkaline ingredients (Lorand and Ceuleneer, 1989). Since these inclu-
sions crystallize at temperatures below 950 °C, this property limits their
maximum thermal stability and may imply crystallization of chromite
in subsolidus conditions (Augé and Johan, 1988; Borisova et al., 2012).

Other information on the melt/fluid composition is provided by the
occurrence of Cu-, Ni- and Pb-sulfides in mono- and polyphase inclu-
sions, which suggest that parental, hybridized melt of the Sleza chro-
mitites contained sulphur and chalcophile elements (cf. Melcher et al.,
1997; Borisova et al., 2012). Although the occurrence of sulfide inclu-
sions is a common feature of ophiolitic chromitites, chalcopyrite is very
scarce in these rocks (Lorand and Ceuleneer, 1989; Melcher et al.,
1997). Polyphase inclusions containing sulfides offer also a possibility
to infer about the mineral crystallization sequence. Since these inclu-
sions are dominated by diopside and pargasite located at the margins
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together with sulfides (Fig. 4d and e), relationships between them
suggest that diopside crystallized earlier than pargasite, which is con-
sistent with the higher solidus temperature of diopside (Bowen, 1915).

5.1.3. Metamorphic overprint

Zonation defined by various amounts of Mg and Fe in chromite
grains is consistent with a trend of the low-grade metamorphism of
chromitites that became depleted in Al and Mg and enriched in Cr and
Fe®™ (Gonzélez-Jiménez et al., 2009). Absence of primary, non-chlorite
inclusions within chromite II shows that they are very sensitive for
metamorphic alteration, which caused their obliteration and replace-
ment by chlorite. Simultaneously, occurrence of primary inclusions
within some chromite I grains may indicate that these grains are less
altered than those without primary inclusions (Fig. 7).

The preservation of primary solid inclusions suggests that the host
chromitites were not significantly altered during post-magmatic de-
formation and densification processes (Lorand and Ceuleneer, 1989).
Presence of pargasite and phlogopite suggest low-grade conditions of
chromitite alteration, because during conversion to high-P chromitites
hydrous inclusions would breakdown and dissolve in chromite
(Yamamoto et al., 2009; Arai, 2013).

108

Ore Geology Reviews 106 (2019) 97-112

Fig. 9. Photomicrographs of ferrogabbros from the
Sleza ophiolite. a — folded amphibole grains, PPL
(TV02). b — deformed rock containing intragrain Fe-
Ti oxides, PPL (TV08). ¢ — Ilmenite-magnetite ag-
gregate on amphibole-plagioclase groundmass, BSE
image (TV07). d - Fine, elongated ilmenite grains
and medium-grained magnetite grains with ilmenite
exsolutions on amphibole groundmass, BSE image
(TV17). e — Paralel-arranged, elongated ilmenite
grains on clinopyroxene, BSE image (TV17). f —
Trellis and sandwich ilmenite exsolutions within
magnetite, BSE image (TV08).

5.2. Ferrogabbros

Since ferrogabbros occur within isotropic, oxide-poor gabbros and
contact them sharply, they were formed later than their gabbroic host.
The flat REE patterns of the ferrogabbros suggests their development
from isotropic rocks, which have similar trace element compositions
(Fig. 12). This pattern resembles that of N-MORB, thus both ferrogab-
bros and oxide-free gabbros originated from N-MORB-type melts. Po-
sitive Cs, Rb, Ba, Pb and Sr anomalies might imply interaction of gab-
bros with fluids, since these elements are recognized as fluid mobile
elements (Kodolanyi and Pettke, 2011). Laminated gabbros should be
excluded as potential precursors for the ferrogabbros, because they
display a distinct depletion in some LREEs (La, Ce, Pr, Nd, Sm) relative
to other REEs and contain extremely low abundances of Zr and P,Os,
indicating their more cumulitic character (cf. MacLeod and Yaouancq,
2000).

To obtain an indication of the origin of the magnetites, we plot their
composition into the Al-Mn vs. V-Ti discrimination diagram (Fig. 11).
Since magnetite has various amounts of Al, Mn, V and Ti, their analyses
fall in three fields typical of magmatic porphyry and magmatic Fe-Ti-V
deposits, as well as in the field of hydrothermal Kiruna-type deposits.
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Fig. 10. Composition of clinopyroxene, amphibole and plagioclase from ferrogabbros of the Sleza ophiolite. a - Classification diagram after Morimoto et al. (1988). b
- Classification diagram after Leake et al. (1997). ¢ — Compositional ranges of plagioclase.

Nevertheless, the majority of analyses are as rich in V and Ti as mag-
matic oxides ones (Dupuis and Beaudoin, 2011; Nadoll et al., 2014).
Thus, we interpret magnetite from the ferrogabbros as a magmatic
phase, similar to previous suggestions by Niskiewicz and Siemigtkowski
(1993), Majerowicz (2000) and Muszer (2000).

The occurence of magnetite in the marginal parts of the magnetite-
ilmenite aggregates and numerous ilmenite exsolutions suggests that
magnetite was replaced by ilmenite. Such replacement is related to the
removal of Ti from magnetite at subsolidus temperatures due to the
oxidation of magnetite—ulvispinel solid solutions. This process triggers
formation of ilmenite and is accompanied by diffusion of Mn towards
ilmenite (Buddington and Lindsley, 1964; von Gruenewaldt et al.,
1985), which explains high amounts of MnO in ilmenite analyses from
the Sleza ferrogabbros. The lack of magnetite in some samples is sup-
posedly caused by its complete replacement by ilmenite (Fig. 9d). Since
ilmenite growth at the expense of magnetite is related mostly to in-
creasing oxygen fugacity, these samples represent the most oxidized
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ferrogabbros. Subsolidus oxidation of Fe-Ti oxides also intensifies loss
of TiO, and V,03 (Verhoogen, 1962; Toplis and Corgne, 2002), which
explains the lower Ti and V amounts in some magnetite analyses falling
in a field of hydrothermal Kiruna in the Al + Mn vs. Ti + V dis-
crimination diagram (Fig. 11).

Xenomorphic textures and the intragranular mode of occurrence of
magmatic oxides indicates their formation between silicate grains from
melt penetrating the host gabbro. The occurrence of parallel-arranged,
elongated ilmenite grains (Fig. 9e and e) suggests that this melt filled
also cleavage fissures in the silicate phases. Since both ferrogabbros and
the host isotropic gabbros display numerous deformational structures
(fissures, foliation, mineral folding), the deformation supposedly af-
fected the conductivity of the gabbros and allowed penetration of melts,
similar to deformed oxide-bearing gabbros from the Lizard ophiolite
(Hopkinson and Roberts, 1995) and the ODP Leg 176 drilling at the
Southwest Indian Ridge (Natland et al., 1991; Agar and Lloyd, 1997;
Dick et al., 2000). In these cases, deformation produced an effective
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Table 6
Representative chemical analyses (wt%) and structural formulae (O = 5) of
plagioclase from the Sleza ferrogabbros.

Sample TVO07 TVO07 TV17 TV17 TV17
SiO, 57.44 59.74 55.72 62.83 59.79
Al,03 25.87 25.48 25.44 22.87 24.99
FeO' 2.03 0.21 0.35 0.05 0.17
CaO 8.40 8.14 11.91 5.30 7.87
NayO0 5.77 7.17 6.49 8.74 7.21
K;0 0.28 0.02 0.00 0.03 0.02
Total 99.77 100.76 99.90 99.82 100.04
Si 2.60 2.65 2.54 2.79 2.67
Al 1.38 1.33 1.36 1.20 1.31
Fe 0.08 0.01 0.01 0.00 0.01
Ca 0.41 0.39 0.58 0.25 0.38
Na 0.51 0.62 0.57 0.75 0.62
K 0.02 0.00 0.00 0.00 0.00
Xan 0.44 0.39 0.50 0.25 0.38
Xor 0.02 0.00 0.00 0.00 0.00
Xab 0.54 0.61 0.50 0.75 0.62

* Total Fe as FeO.
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Fig. 11. Al + Mn versus Ti + V (wt%) discriminant diagram for magnetite
compositions from ferrogabbros of the Sleza ophiolite. Fields representing ty-
pical compositions of skarn, banded iron formation (BIF), iron-oxide-copper-
gold (IOCG), porphyry, apatite-magnetite Kiruna and magmatic Fe-Ti, V de-
posits (Dupuis and Beaudoin, 2011) are shown for comparison.

porosity used by iron- and titanium-rich, magmatic fractionates devel-
oped from melts squeezed during deformation of the gabbros (Natland
et al., 1991; Hopkinson and Roberts, 1995). These melts, due to their
differentiation, segregated as two silicate liquids with either siliceous or
iron-rich compositions which precipitated magmatic Fe-Ti oxides
(Natland et al., 1991). Although gabbroic rocks from the Sleza do not
form highly deformed gabbroic mylonites as in the Lizard, crystal-
lization of oxides might follow a similar scenario but at lower de-
formation intensity.

The occurrence of sulfides as globular or as xenomorphic grains
indicates their formation at two stages. Globular shape of grains is
widely interpreted as a feature of magmatic sulfides (cf. Miller and
Cervantes, 2002; Tomkins et al., 2012). Since these grains in the Sleza
ferrogabbros are associated with silicate minerals, we relate their origin
to the crystallization of gabbro. Formation of such sulfides may be re-
lated to presence of immiscible Fe-S-O liquids in MORB magmas
(Natland et al.,, 1991). The occurrence of chalcopyrite in sulfide
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Fig. 12. N-MORB-normalised (Sun and McDonough, 1989) whole-rock trace
element patterns of metagabbros from the Sleza ophiolite.

aggregates suggests also that these liquids were supposedly rich in
copper.

The association of xenomorphic sulfide grains with magnetite and
ilmenite suggests that crystallization of these sulfides was related to
formation of Fe-Ti oxides. Xenomorphic sulfides might crystallized ei-
ther from the same late melt fractionates as Fe-Ti oxides (cf. Natland
et al., 1991) or as phases precipitated from fluids during post-magmatic
alteration of ferrogabbros. Crystallization of sulfides from late melts
fractionates might be possible after precipitation of Fe-Ti oxides, what
caused depletion of these melts in FeO and oxygen and enrichment in
sulphur (Mathez, 1976; Perfit and Fornari, 1983).

6. Contrasting formation settings of ore deposits?

In the Sleza, the harzburgitic mantle and chromitites suggest for-
mation of the mantle section typical of harzburgite ophiolite type
(HOT) at intermediate to fast spreading rates (Wojtulek et al., 2016b;
Nicolas and Boudier, 2003). However, the crustal plutonic section of
the Sleza does not share features typical for oceanic lithosphere de-
veloped at fast spreading conditions. It is composed mostly of isotropic
gabbros, whereas the plutonic section of the Oman ophiolite, a classical
fast-spreading ophiolite, is predominated by layered gabbros (Pallister
and Hopson, 1981). The gabbroic section at the Oman also does not
contain ferrogabbros, which are found in lherzolite- or lherzolite-
harzburgite ophiolite types (LOT/LHOT), for example the Variscan Li-
zard and Limousin ophiolites (Hopkinson and Roberts, 1995; Berger
et al., 2006; Berger et al., 2010). Thus, the gabbroic member of the
Sleza displays features typical rather of a slow spreading regime, con-
trasting with the spreading conditions suggested for its mantle section.
This difference may suggest that the ultramafic and mafic parts of the
Sleza do not form a continuous ophiolitic sequence.

7. Conclusions

Ultramafic and mafic members of the Variscan Sleza ophiolite
comprise Cr- and Fe-Ti mineralizations. Nodular kind of chromitite ore
suggests its formation from a melt under low pressure conditions.
Moderate Cr# and presence of hydrous inclusions (pargasite, phlogo-
pite) within chromite grains indicates that the parental melt of chro-
mitites was hydrous and of a MORB affinity. It was enriched in H,O
supposedly due to its interaction with fluids, which caused also a very
low TiO, content of chromite. Occurrence of hydrous inclusions con-
firms that presence of fluids is an important factor controlling forma-
tion of large chromitite bodies in ophiolites, what is observed in
ophiolites of various ages.
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The second Fe-Ti mineralization is related to occurrence of ferro-
gabbros in the Sleza. High amounts of Al and V in magnetite suggest its
magmatic origin. Magnetite grains crystallized supposedly from highly
evolved melts of a N-MORB affinity that percolated the deformed,
primary gabbroic rocks. Ilmenite forming grains at margins of magne-
tite aggregates or sandwich/trellis exsolutions within magnetite crys-
tallized supposedly at expense of magnetite due to its subsolidus oxi-
dation. Coexistence of both ferrogabbros and chromitites is an
uncommon feature of ophiolites. It may suggest that mafic and ultra-
mafic members of the Sleza Ophiolite have developed independently.
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