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Abstract

This study describes major and trace element compositions of accessory and rock forming minerals from three Uralian–
Alaskan-type complexes in the Ural Mountains (Kytlym, Svetley Bor, Nizhnii Tagil) for the purpose of constraining the origin,
evolution and composition of their parental melts. The mafic–ultramafic complexes in the Urals are aligned along a narrow, 900 km
long belt. They consist of a central dunite body grading outward into clinopyroxenite and gabbro lithologies. Several of these
dunite bodies have chromitites with platinum group element mineralization.

High Fo contents in olivine (Fo 92–93) and high Cr/(Cr+Al) in spinel (0.67–0.84) suggest a MgO-rich (N15 wt.%) and Al2O3-
poor ultramafic parental magma. During its early stages the magma crystallized dominantly olivine, spinel and clinopyroxene
forming cumulates of dunite, wehrlite and clinopyroxenite. This stage is monitored by a common decrease in the MgO content in
olivine (Fo 93–86) and the Cr/(Cr+Al) value of coexisting accessory chromite (0.81–0.70). Subsequently, at subsolidus
conditions, the chromite equilibrated with the surrounding silicates producing Fe-rich spinel while Al-rich spinel exsolved
chromian picotite and chromian titanomagnetite. This generated the wide compositional ranges typical for spinel from Uralian–
Alaskan-type complexes world wide.

Laser ablation analyses (LA-ICPMS) reveal that clinopyroxene from dunites and clinopyroxenite from all three complexes have
similar REE patterns with an enrichment of LREE (0.5–5.2 prim. mantle) and other highly incompatible elements (U, Th, Ba, Rb)
relative to the HREE (0.25–2.0 prim. mantle). This large concentration range implies the extensive crystallization of olivine and
clinopyroxene together with spinel from a continuously replenished, tapped and crystallizing magma chamber. Final crystallization
of the melt in the pore spaces of the cooling cumulate pile explains the large variation in REE concentrations on the scale of a thin
section, the REE-rich rims on zoned clinopyroxene phenocrysts (e.g. LaRim/LaCore∼2), and the formation of interstitial
clinopyroxene with similar REE enrichment.

Trace element patterns of the parental melt inferred from clinopyroxene analyses show negative anomalies for Ti, Zr, Hf, and a
positive anomaly for Sr. These imply a subduction related geotectonic setting for the Uralian zoned mafic–ultramafic complexes.
Ankaramites share many petrological and geochemical features with these complexes and could represent the parental melts of this
class of mafic–ultramafic intrusions.

Diopside from chromitites and cross cutting diopside veins in dunite has similar trace element patterns with LREE/HREE ratios
(e.g. La/Lu=5–60) much higher than those in diopside from all other lithologies. We suggest that the chromitites formed at high
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temperatures (800–900 °C) during the waning stages of solidification as a result of the interaction of an incompatible element-rich
melt or fluid with the dunite cumulates.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Uralian–Alaskan-type zoned mafic–ultramafic com-
plexes are a class of intrusions which are distinct with
regard to their tectonic setting, internal structure and
petrology (Taylor and Noble, 1960; Noble and Taylor,
1960; Himmelberg et al., 1986; Himmelberg and Loney,
1995). The complexes are known fromconvergentmargin
settings, for example the Ural Mountains (Noble and
Taylor, 1960; Taylor, 1967), the Cordillera of Alaska and
British Columbia (Findlay, 1969; Clark, 1980; Himmel-
berg et al., 1986; Nixon et al., 1990; Himmelberg and
Loney, 1995), and on Northern Kamchatka, Russia
(Batanova and Astrakhantsev, 1992; Batanova and
Astrakhantsev, 1994). The intrusions are distributed
along narrow belts often several hundreds of kilometres
long. Their classical distinctive geologic and petrographic
feature is a zonal distribution of mafic and ultramafic
rocks. Often a central dunite body grades outward into
wehrlite, clinopyroxenite and gabbroic lithologies. Many
of these complexes host a mineralization of platinum
group minerals (PGM) locally of economic importance.

In the Ural Mountains 15 Uralian–Alaskan-type
mafic–ultramafic complexes define a linear belt along
the 60-th meridian, which is about 900 km long (Fig. 1a).
Due to the occurrence of economic platinum deposits
associated with these complexes this chain is called the
“Ural platinum belt” (UPB). This is a narrow belt in the
middle and southern part of the Tagil–Magnitogorsk zone
consisting of island arc related volcanic rocks and plutons
in tectonic contact with ophiolite fragments and different
types of mafic to ultramafic intrusive complexes.

For the Uralian–Alaskan-type complexes of the UPB
important geological and geochemical features such as the
age and mechanism of emplacement or the composition
and evolution of their parental melts are poorly
understood. In addition the origin of the chromitites,
sources for PGM placer deposits, is not well known.

The composition of minerals, rock forming and
accessory phases, is controlled by parameters such as
pressure, temperature and the composition of the parental
magma. This is why the chemical composition of
minerals, such as chromian spinel, give important
information regarding the degree of partial melting in
the mantle or the evolution of mantle melts during their
rise to the surface (e.g. Hill and Roeder, 1974; Sack and
Ghiorso, 1991a,b; Van der Veen and Maaskant, 1995).
The compositional variations of chromian spinel can be
further used to discriminate among different tectonic
settings (e.g. Irvine, 1967; Roeder, 1994; Cookenboo
et al., 1997; Zhou et al., 1997; Lee, 1999; Barnes and
Roeder, 2001). However, one has to keep in mind that the
composition of chromian spinel can be easily re-
equilibrated at subsolidus conditions.

Trace element concentrations, for example those of
the REE, play a key role in monitoring the fractionation
of silicate melts. In particular in cumulate rocks, where
there is no direct access to the melt composition, the
trace element distribution in minerals provides powerful
clues to the origin and evolution of the parental melts.
For example, melt compositions can be calculated with
experimentally determined mineral–melt partition coef-
ficients and calculated trace element patterns can be
compared with those of natural samples from different
tectonic environments (e.g. McKenzie and O'Nions,
1991; Hart and Dunn, 1993; Ionov et al., 1997; Bédard,
2001; Ionov et al., 2002).

In this study we present new major and trace element
data from rocks and minerals from three Uralian–
Alaskan-type complexes in the middle and southern
Urals. The comparison of the chemical composition of
olivine and chromian spinel from the Urals with data from
other localities indicates that they are unique intrusions
having a characteristic spinel chemistry. Laser-ICPMS
analyses of trace element concentrations in clinopyroxene
are used to calculate the melt composition. The mineral
compositions monitor the evolution of the parental
magmas and decipher differences between the complexes.
The data also show that ankaramites could be the parental
magmas of Uralian–Alaskan-type complexes.

2. Samples and analytical methods

2.1. Sample description

For this study dunites, chromitites, wehrlites, clin-
opyroxenites, hornblendites and gabbros were sampled
from three Uralian–Alaskan-type complexes of the UPB.



Fig. 1. Geological maps of the Ural platinum belt (a) and the studied Uralian–Alaskan-type complexes (b–d). Modified after Chashchukhin et al.
(2002) and Garuti et al. (1997).
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The Nizhnii Tagil complex is dominated by dunite of
different grain sizes and textures containing chromitites in
places (Fig. 1d) (Chashchukhin et al., 2002; Savelieva
et al., 2002). The dunites are overlain by clinopyroxenites
with, in places, a few meters of wehrlite at the contact.
Gabbro occurs only in a small body at the south-eastern
rim of the complex.

In the dunitic core of the Svetley Bor complex no
chromitites have been found (Fig. 1c). This core is sur-
rounded by clinopyroxenite that locally contains horn-
blendites. Gabbroic rocks are not exposed in this complex
(Garuti et al., 1997).

The Kytlym complex is the largest of the studied
complexes (Fig. 1b). Several dunite bodies (Sosnovka,
Kosiva Mountain, Tilay Mountain) are surrounded by
clinopyroxenite. Some of the dunite bodies contain
chromitites. Several smaller and at least two larger gabbro
massifs are also present (Garuti et al., 1997; Savelieva
et al., 1999, 2002; Chashchukhin et al., 2002). In places
tectonically induced interlayering between different
lithologies can be observed. Lithological contacts are
sharp and a foliation is often visible.

Dunites consist of 97–99% olivine, and up to 2% of
accessory chromite. Interstitial clinopyroxene is present in
most of the samples as an accessory component. Amphi-
bole was found in one, strongly serpentinizised sample.
The degree of serpentinization is variable (5–50%) and
often is extensive if the rocks are foliated. Dunites from
each complex are crosscut by millimetre to centimetre
wide, coarse grained (up to 1 cm grain size) clinopyrox-
enite veins consisting of pure, green diopside. Dykes of
hornblendite, centimetre to decimetre wide, occur in the
dunite bodies of the Svetley Bor and the Sosnovka dunite
(Kytlym).

Chromitites occur as lenses several millimetres to
decimetres in size and consist of more than 80% chromite.
Relictic olivine and clinopyroxene as well as serpentine,
talc, chlorite and other retrograde minerals are present
along chromite grain boundaries as well as crosscutting
cracks in the chromitite. Sulphides such as pentlandite and
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platinum group minerals such as isoferroplatinum and
tetraferroplatinum occur as idiomorphic grains either in-
cluded in the chromite or along grain boundaries. Most of
the chromitites are surrounded by a millimetre thick green
serpentine rim at the contact to the dunite. According to
Chashchukhin et al. (2002) the occurrence of chromitite
lenses and schlieren is accompanied by a recrystallization
of olivine in the neighbouring dunite.

The clinopyroxenites consist of 90 to 99% clinopyr-
oxene with minor amounts of olivine and hornblende.
Spinel, apatite, titanite and sulphides are accessory
phases. The textures vary from equigranular to porphyric.
A wehrlite zone several centimetres to metres wide is
often present at the contact between the clinopyroxenite
and the dunite. An interlayering of clinopyroxenite with
hornblendite occurs in several places in Svetley Bor. Here
clinopyroxene and hornblende coexist along 0.5 to 1 cm
thick bandswith equilibrated grain boundaries. This could
signify the interaction of a fluid or melt phase with pre-
existing clinopyroxenite.

In the Kosiva Mountain area of Kytlym and in Svetley
Bor hornblendites form centimetres to decimetres wide
dykes crosscutting dunites and clinopyroxenites. How-
ever massive bodies of hornblendite to hornblendite–
pyroxenites can also be found. Clinopyroxene, in places
partially replaced by hornblende, often forms idiomorphic
phenocrysts in a hornblende-rich matrix, which also
contains accessory phases such as sulphides, spinel,
titanite, ilmenite and apatite.

The gabbros consist of 30 to 70% clinopyroxene
phenocrysts in a matrix of olivine, phlogopite, plagio-
clase (bytownite), and pseudoleucite (nepehline-K-fel-
dspar intergrowth). In places with a higher feldspar
content the gabbros are often strongly foliated with a
protomylonitic texture and sharp tectonic contacts to the
clinopyroxenites.

2.2. Major element analysis

After removing weathered crusts, the samples were
powdered in an agate mill for XRF analysis. Polished
thin sections 35 and 150 μm thick were used for the
microprobe and Laser-ICPMS measurements. The XRF
analyses were conducted with a Philips MagiXPRO
spectrometer at the University of Mainz. Minerals were
analysed with the Jeol JXA8200 microprobe of the
Max-Planck-Institute for Chemistry and the Jeol JXA
8900RL microprobe at the Institute of Geosciences of
the University of Mainz. We used natural minerals and
oxides (Si, Ti, Al, Fe, Mg, Mn, Ca, Na, K, Cr, Zn) and
pure element standards (V, Co) for calibration. Silicate
minerals were measured with an acceleration voltage of
15 or 20 kV and a probe current of 12 or 20 nA. For the
spinel analysis voltages and currents of 20 kVand 12 or
20 nA were used. Element maps were obtained with a
20 kV and 20 nA electron beam.

2.3. Trace element analysis

A New Wave UP213 laser system with a wavelength
of 213 nm for the ablation was used to determine the trace
element concentrations in clinopyroxene and hornblende.
Applying a frequency of 10 Hz and energies between 2
and 12 J/cm2 produced ablation pits with diameters of 80
and 120 μm. Helium was used as the carrier gas. The
ablated material was analyzed with a ThermoFinnigan
Element2 sectorfield ICPMS in the low resolution mode
and a measuring time of 20 s on the background and 80 to
100 s on the sample. NIST612, KL2G and GOR132 were
used as standard materials. The analytical procedure is
described in more detail by Jochum et al. (submitted for
publication).

3. Results

Due to the large number of analysis (34 whole rock
analyses, 584 olivine, 1326 spinel, 892 clinopyroxene
with microprobe and 289 trace element analyses of
clinopyroxene) only selected analyses can be here
presented in Tables 1–4. The entire dataset can be found
in the online version.

3.1. Major element composition of whole rocks

The major element composition for selected samples
is shown in Table 1. There are systematic trends among
the major element oxides, e.g. Al2O3, CaO, and TiO2

with MgO, which are controlled by the lithology of the
samples (Fig. 2).

The Al2O3 content rises from less than 1 wt.% in the
dunites and 1.6–3.3 wt.% in the clinopyroxenites to
values between 2.0 wt.% and 16.4 wt.% in the
hornblendites and gabbros. Most dunites also have
low CaO concentrations of less than 1 wt.%, whereas the
clinopyroxenites contain the highest CaO concentra-
tions of all rock types (15.5–23.4 wt.%). The CaO
decreases slightly in the gabbro (11.5–20.0 wt.%) and
the hornblendite (13.7–21.2 wt.%). The TiO2 content is
lowest in the dunites (0.02–0.04 wt.%), but increases in
the clinopyroxenite (0.18–0.72 wt.%) and the gabbro
(0.19–0.77 wt.%), and reaches a maximum in the hornn-
blendite (1.05–1.92 wt.%). A typical feature of all li-
thologies is the high CaO/Al203 ratio. It varies from 0.5 to
1.6 in the dunite, 0.9–2 in the hornblendite and 0.9–2.8 in



Table 1
Whole rock major and trace element contents of selected samples from Uralian–Alaskan-type complexes in the Urals

Sample NT1 NT3 NT8 NT12 NT13 NT14 SB18 SB22 SB23 SB30 KT32 KT37 KT39 KT44 KT46 KT49

Lithology Du Du Gb Du Cp Wh Du Cp Cp Hb Du Du Cp Gb Gb Cp

SiO2 (wt.%) 34.95 36.14 47.64 34.74 46.29 44.98 37.45 51.04 50.87 35.5 37.96 37.85 48.72 45.14 46.65 50.17
TiO2 0.02 0.02 0.53 0.02 0.41 0.31 0.02 0.36 0.18 1.88 0.03 0.02 0.33 0.55 0.67 0.26
Al2O3 0.19 0.21 10.3 0.2 2.75 1.96 0.25 3.42 1.62 10.14 0.26 0.27 2.47 5.42 9.39 3.05
Fe2O3 8.55 8.38 10.6 6.58 12.32 12 9.08 6.22 5.55 20.91 11.66 10.95 9.1 12.82 12.52 7.69
MnO 0.17 0.16 0.19 0.12 0.18 0.2 0.16 0.11 0.12 0.23 0.22 0.19 0.16 0.21 0.21 0.15
MgO 43.05 44.42 13.5 43.67 19.18 20.92 45.78 15.06 19.9 8.44 45.23 45.33 19.61 19.76 12.68 17.3
CaO 0.3 0.3 11.38 0.19 18.19 15.39 0.25 23.16 20.4 20.69 0.32 0.26 19.16 15.71 14.22 19.94
Na2O b.d. b.d. 2.15 b.d. 0.16 0.03 b.d. 0.15 0.06 0.33 b.d. b.d. 0.13 0.4 1.79 0.23
K2O b.d. b.d. 2.86 b.d. 0.01 0.01 b.d. 0.01 0.02 0.15 b.d. b.d. 0.01 0.05 1.26 0.03
P2O5 b.d. b.d. 0.34 b.d. b.d. b.d. b.d. b.d. b.d. 1.49 b.d. b.d. b.d. 0.01 0.24 b.d.
Cr2O3 0.27 0.39 0.09 0.39 0.14 0.17 0.63 0.06 0.19 0.01 0.57 0.35 0.32 0.17 0.08 0.22
NiO 0.15 0.12 0.03 0.21 0.03 0.03 0.19 0.01 0.03 0.01 0.15 0.16 0.02 0.04 0.02 0.02
LOI 13.42 10.23 0.54 14.54 0.59 4.67 6.6 0.31 1.32 0.41 4.46 5.32 0.44 0.06 0.12 1.23
Total 101.02 100.33 100.15 100.60 100.24 100.67 100.36 99.90 100.26 100.19 100.79 100.66 100.47 100.33 99.85 100.29
CaO/Al2O3 1.58 1.43 1.10 0.95 6.61 7.85 1.00 6.77 12.59 2.04 1.23 0.96 7.76 2.90 1.51 6.54
Rb (ppm) 2 3 55 2 3 2 4 3 1 5 3 3 2 4 21 2
Sr 6 3 982 4 174 98 7 56 95 200 4 4 80 294 898 76
Ba 16 23 619 15 22 14 20 26 34 b.d. 20 23 20 16 185 58
Sc 3 4 38 3 89 65 3 135 88 76 2 1 78 63 45 89
V 5 6 244 4 179 121 9 188 69 662 9 12 132 229 280 154
Co 126 121 55 111 69 85 131 31 46 60 147 147 57 74 56 53
Cu b.d. b.d. 94 b.d. 6 4 b.d. 6 3 17 b.d. b.d. 7 11 77 10
Zn 45 44 76 34 51 54 48 22 27 98 68 61 42 72 86 36
Y 3 3 14 3 7 6 2 9 6 26 4 3 8 14 14 7
Zr 17 17 54 18 24 20 17 22 20 73 17 17 23 39 55 21

Fe2O3⁎ = total iron content NT = Nizhnii Tagil, KT = Kytlym, SB = Svetley Bor, Du = Dunite, Wh =Wehrlite, Cp = Clinopyroxenite, Gb = Gabbro, Hb = Hornblendite, b.d. = below limit of detection.
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Table 2
Olivine compositions of selected samples from Uralian–Alaskan-type intrusions

Sample NT1-42 NT2-58 NT3-38 NT4-177 NT5-103 NT5-177 NT6-75 NT7-13 NT8-91 NT9a-43 NT12-132 NT13-112 NT15-121 SB16-73 SB18-47

Lithology Du Du Du Du Ch⁎ Ch Du Du Gb Gb Du Wh Du Du Du

SiO2 (wt.%) 41.28 40.62 40.74 40.74 41.04 40.39 40.28 40.64 38.55 38.36 40.74 39.23 40.64 39.85 40.22
TiO2 0.01 0.02 0.02 0.02 0.03 0.02 0.04 b.d. 0.03 b.d. 0.02 0.02 0.02 b.d. 0.01
Al2O3 b.d. b.d. b.d. 0.01 0.03 b.d. 0.04 0.01 0.05 0.02 0.02 b.d. 0.02 b.d. 0.00
FeO 8.71 7.76 8.11 7.15 4.33 7.44 7.49 6.92 20.74 20.94 6.68 16.28 6.83 10.17 8.38
MnO 0.17 0.17 0.18 0.15 0.06 0.18 0.20 0.11 0.65 0.65 0.15 0.38 0.18 0.20 0.17
MgO 49.86 50.63 50.62 51.29 53.41 50.88 50.91 51.81 39.74 41.33 51.74 43.63 51.68 49.82 50.95
CaO 0.25 0.28 0.33 0.28 0.24 0.27 0.20 0.24 0.04 0.06 0.19 0.04 0.20 0.05 0.07
Cr2O3 b.d. 0.01 b.d. 0.01 0.46 b.d. 1.04 0.01 0.01 b.d. b.d. 0.02 0.04 0.03 b.d.
NiO 0.18 0.15 0.14 0.20 0.16 0.17 0.16 0.22 0.02 0.07 0.25 0.10 0.24 0.32 0.21
Total 100.46 99.65 100.21 99.84 99.74 99.35 100.43 99.99 99.83 101.43 99.84 99.73 99.88 100.44 100.02
Fo (mol) 0.91 0.92 0.92 0.93 0.96 0.92 0.92 0.93 0.77 0.78 0.93 0.83 0.93 0.90 0.92

Sample KT31G-23 KT31G-69 KT32-118 KT33-129 KT33-177 KT35-25 KT36-269 KT36-311 KT37-190 KT38-32 KT40-343 KT42-194 KT46-171 KT49-191 KT51-256

Lithology Ch⁎ Ch Du Ch Ch⁎ Hb Ch⁎ Ch Du Du Du Du Gb Cp Cp

SiO2 (wt.%) 41.05 40.84 39.99 40.91 41.04 39.48 41.84 41.17 40.13 39.88 40.35 40.36 37.88 38.39 38.67
TiO2 b.d. b.d. 0.02 0.01 0.01 b.d. 0.02 0.02 0.03 b.d. 0.02 0.03 b.d. b.d. b.d.
Al2O3 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.02 b.d. b.d.
FeO 5.91 8.43 10.35 9.30 6.73 13.06 4.72 9.50 10.29 13.26 8.28 8.29 23.34 16.91 17.62
MnO 0.08 0.16 0.25 0.23 0.17 0.24 0.11 0.17 0.22 0.30 0.15 0.16 0.69 0.40 0.33
MgO 53.00 50.06 48.81 49.30 51.23 47.27 53.59 49.54 49.19 46.35 50.46 50.56 39.14 44.62 43.47
CaO 0.18 0.24 0.30 0.19 0.18 0.03 0.05 0.08 0.05 0.04 0.26 0.33 0.02 0.03 b.d.
Cr2O3 0.83 0.05 0.02 0.04 0.56 b.d. 0.85 0.03 0.03 0.02 0.05 0.01 b.d. 0.01 b.d.
NiO 0.15 0.18 0.16 0.15 0.15 0.15 0.16 0.11 0.14 0.13 0.18 0.17 0.03 0.12 0.12
Total 101.25 99.96 100.01 100.17 100.08 100.22 101.34 100.66 100.13 99.98 99.74 100.02 101.12 100.53 100.21
Fo (mol) 0.94 0.91 0.89 0.90 0.93 0.87 0.95 0.90 0.89 0.86 0.92 0.92 0.75 0.82 0.81

FeO = total iron content, NT = Nizhnii Tagil, KT = Kytlym, SB = Svetley Bor, Du = Dunite, Ch = Chromitite, Ch⁎ = inclusion in Spinel, Cp = Clinopyroxenite, Wh = Wehrlite, Gb = Gabbro, Hb =
Hornblendite, b.d. = below limit of detection.
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Table 3
Spinel compositions of selected samples from Uralian–Alaskan-type intrusions

Sample NT2-
167

NT5-
106

NT12-
148

SB18-
49

SB20-
28

SB30-
231

KT31G-
8

KT36-
296

KT37-
163

KT35-4b
ex

KT35-4a
ex

KT 35-4
orig.

KT35-1a
ex

KT35-1b
ex

KT35-
1core

KT 35-1
orig.

KT51-
272

KT51-
280

Lithology Du Ch Du Du Cp Hb Ch Ch Du Hb Hb Hb Hb Hb Hb Hb Cp Cp

TiO2 (wt.%) 0.52 0.45 0.39 0.52 0.89 0.73 0.78 0.82 0.75 4.80 0.45 3.78 4.46 0.60 2.55 2.63 0.09 2.06
Al2O3 7.63 7.15 7.37 6.04 4.09 63.94 8.16 9.46 11.65 5.92 37.53 13.31 7.25 33.78 15.31 19.79 46.56 3.75
FeOm 34.41 30.12 30.83 50.10 70.09 16.10 36.51 40.63 46.44 67.62 30.11 58.86 60.80 30.94 53.00 46.69 26.11 76.40
MnO 0.51 0.36 0.51 0.62 0.59 0.45 0.34 0.39 0.56 0.47 0.31 0.43 0.53 0.33 0.42 0.43 0.21 0.29
MgO 8.22 11.83 7.75 4.39 0.37 10.33 9.90 6.74 5.64 3.31 11.33 5.19 3.56 10.74 5.33 6.95 11.25 1.12
Cr2O3 46.40 48.90 51.52 35.58 17.71 0.10 42.61 38.53 33.06 16.52 18.90 17.08 19.76 23.19 20.76 21.38 14.32 9.62
NiO 0.06 0.07 0.10 0.15 0.11 0.05 0.14 0.14 0.13 0.25 0.17 0.23 0.24 0.11 0.19 0.18 0.12 0.16
V2O3 0.06 b.d. b.d. 0.04 0.20 b.d. 0.08 0.10 0.12 0.46 0.16 0.39 0.32 0.13 0.26 0.23 0.03 0.26
ZnO 0.18 b.d. 0.21 0.27 0.12 3.66 b.d. 0.14 0.23 0.06 0.43 0.15 0.10 0.48 0.18 0.28 1.36 0.11
CoO 0.09 b.d. 0.10 0.12 0.03 0.19 0.05 0.03 0.11 0.13 0.11 0.12 0.12 0.12 0.13 0.12 0.12 0.04
Total 98.03 98.87 98.80 97.83 94.19 95.54 98.59 97.11 98.70 99.56 99.56 99.56 97.18 100.42 98.14 99.11 100.18 93.82
Cr/(Cr+Al) 0.80 0.82 0.82 0.80 0.74 b0.01 0.78 0.73 0.66 0.65 0.25 0.46 0.65 0.32 0.48 0.42 0.17 0.63
Fe3+/(Cr+Al+Fe3+) 0.21 0.21 0.15 0.37 0.63 b0.01 0.26 0.24 0.31 0.60 0.12 0.46 0.51 0.13 0.38 0.30 0.06 0.76
Fe2+/(Mg+Fe2+) 0.58 0.42 0.60 0.76 0.98 0.47 0.51 0.49 0.71 0.85 0.50 0.76 0.83 0.52 0.75 0.68 0.51 0.94
FeOcalc 20.04 15.00 20.81 25.90 31.12 16.10 18.61 18.17 25.34 32.26 20.29 29.47 30.73 21.00 27.85 26.13 20.77 31.24
Fe2O3calc 15.96 16.80 11.43 27.90 43.31 b0.01 20.48 19.40 24.12 39.30 10.91 32.67 33.41 11.05 27.95 22.84 5.93 50.18

FeOm = measured iron content, FeOcalc and Fe2O3calc calculated from stichiometry, NT = Nizhnii Tagil, KT = Kytlym, SB = Svetley Bor, Du = Dunite, Ch = Chromitite, Cp = Clinopyroxenite, Gb =
Gabbro, Hb = Hornblendite, ex = exsolved spinel, orig. = composition before exsolution calculated from area analysis, b.d. = below limit of detection.
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Table 4
Clinopyroxene compositions of selected samples from Uralian–Alaskan-type intrusions

Sample NT1-69 N1`T6-14 NT12-114 NT13-115 SB16-64 SB22-88 SB30-246 KT31F-249 KT33-132 KT37-148 KT38 9 KT49-110 KT51-245 KT51-247 KT51-251

Lithology Du Vn Du Cp Vn Cp Hb Ch Ch Du Wh Cp Cp Cp Cp

Position M M M M M M M M M M M M C R M

SiO2 (wt.%) 54.03 54.58 54.06 52.22 53.40 50.88 43.23 53.08 54.38 54.64 53.9 51.63 52.83 51.72 51.45
TiO2 0.10 0.09 0.09 0.32 0.18 0.33 1.63 0.11 0.05 0.09 0.2 0.28 0.12 0.23 0.29
Cr2O3 0.33 0.81 0.39 0.03 0.53 0.07 b.d. 0.17 0.35 0.14 0.4 0.14 0.48 0.52 0.39
Al2O3 0.80 0.93 0.72 2.57 1.46 3.43 10.73 0.52 0.81 0.41 1.5 2.33 1.26 1.95 2.65
FeO⁎ 2.26 1.84 1.39 5.62 2.37 5.46 9.93 1.39 1.85 1.49 3.4 4.54 4.27 4.86 5.08
MnO 0.04 0.04 0.05 0.14 0.07 0.10 0.19 0.02 0.02 0.05 0.1 0.13 0.09 0.13 0.19
MgO 17.60 16.93 17.42 15.17 17.14 15.34 9.48 17.56 16.85 17.30 16.3 16.14 17.41 16.46 16.00
CaO 25.29 24.28 25.31 23.48 24.60 23.31 23.70 25.32 25.25 25.37 23.5 23.89 22.36 22.71 22.35
Na2O 0.24 0.47 0.36 0.33 0.30 0.27 0.37 0.07 0.21 0.07 0.2 0.16 0.20 0.22 0.25
Total 100.70 100.04 99.82 99.93 100.08 99.20 99.30 98.27 99.83 99.59 100.0 99.25 99.06 98.86 98.69
Mg/(Fe+Mg) 0.93 0.94 0.96 0.83 0.93 0.83 0.63 0.96 0.94 0.95 0.9 0.86 0.88 0.86 0.85
Ba (ppm) 1.8 4.6 b.d. 0.1 0.2 0.1 n.m. 1.8 1.3 2.0 1.5 1.5 b.d. b.d. b.d.
Th 0.003 0.046 0.003 0.014 0.020 0.008 n.m. 0.002 0.017 0.026 0.0 0.018 0.007 0.011 0.018
U 0.005 0.018 b.d 0.002 0.012 0.004 n.m. b.d. 0.007 0.004 0.0 0.007 0.002 0.003 0.004
La 0.07 1.45 0.17 1.58 1.04 0.40 n.m. 0.06 1.07 0.42 0.4 0.77 0.41 0.60 0.80
Ce 0.19 3.72 0.42 5.05 3.34 1.67 n.m. 0.22 2.85 1.53 1.8 2.78 1.33 2.14 2.88
Sr 24 191 26 214 140 57 n.m. 8 102 40 65 79 43 47 48
Pr 0.03 0.61 0.07 0.97 0.75 0.43 n.m. 0.04 0.44 0.35 0.4 0.62 0.24 0.41 0.56
Nd 0.2 3.1 0.4 5.3 4.1 2.8 n.m. 0.2 2.1 1.9 2.5 3.7 1.4 2.4 3.4
Hf 0.10 0.15 0.10 0.45 0.16 0.30 n.m. 0.07 0.12 0.90 0.2 0.25 0.05 0.10 0.28
Sm 0.14 0.90 0.29 1.76 1.24 1.08 n.m. 0.08 0.58 0.72 0.8 1.22 0.42 0.77 1.15
Zr 1.7 3.4 1.5 9.3 2.8 5.2 n.m. 0.9 3.2 13.6 3.6 5.0 1.2 2.8 5.9
Eu 0.07 0.32 0.17 0.56 0.41 0.37 n.m. 0.03 0.19 0.22 0.2 0.41 0.16 0.27 0.38
Gd 0.37 0.97 0.66 1.88 1.20 1.24 n.m. 0.15 0.69 0.92 0.8 1.32 0.52 0.90 1.33
Tb 0.09 0.13 0.13 0.25 0.14 0.20 n.m. 0.03 0.10 0.20 0.1 0.19 0.07 0.13 0.21
Dy 0.54 0.71 0.66 1.37 0.73 1.18 n.m. 0.21 0.55 1.38 0.8 1.04 0.43 0.78 1.26
Ho 0.08 0.12 0.12 0.25 0.14 0.23 n.m. 0.04 0.09 0.26 0.1 0.19 0.09 0.17 0.25
Er 0.20 0.26 0.28 0.63 0.33 0.60 n.m. 0.09 0.19 0.83 0.4 0.50 0.22 0.43 0.67
Tm 0.02 0.03 0.03 0.09 0.04 0.08 n.m. 0.01 0.02 0.08 0.0 0.06 0.03 0.06 0.08
Yb 0.16 0.20 0.16 0.48 0.25 0.48 n.m. 0.07 0.14 0.58 0.4 0.42 0.21 0.37 0.57
Lu 0.02 0.03 0.03 0.08 0.04 0.06 n.m. 0.01 0.02 0.07 0.0 0.05 0.03 0.06 0.09

FeO⁎ = all iron measured as FeO. NT = Nizhnii Tagil, KT = Kytlym, SB = Svetley Bor, Du = Dunite, Vn = Diopside vein in dunite, Wh = W rlite, Ch = Chromitite, Cp = Clinopyroxenite, Hb =
Hornblendite, M = matrix, C = core of phenochryst, R = rim of phenochryst, b.d. = below limit of detection, n.m. = not measured.
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the gabbros to 3.6–12.6 in the clinopyroxenites and is
therefore significantly higher than that observed in most
mantle melts and upper mantle peridotites.

3.2. Mineral chemistry

3.2.1. Chemical composition of olivine
Olivine is present in all rock types and Table 2

summarizes its chemical composition in selected
samples. In dunites, olivine shows a rather large
compositional variation as the Forsterite (Fo) content
ranges from 86 to 94 (Fig. 3). It is important to note that
the forsterite content of olivine in the vicinity of the
chromitite is high (Fo90–93), but the highest Fo contents
(Fo93–96) are observed in olivine inclusions in spinel
from the chromitites (Fig. 3). Olivine in the other rock
types has lower Fo values decreasing systematically
from Fo84–86 in the hornblendites, Fo80–83 in the
clinopyroxenites to Fo74–84 in the gabbros.

Nickel in olivine shows a systematic positive
correlation with the Fo content (Fig. 3). This variation
follows the lower limit of a global field defined by
olivine which crystallized from different mantle-derived
Fig. 2. Correlation diagrams for major oxides of rocks from Uralian–Alaskan
Cordillera of Alaska and W-Canada (Wyllie, 1967; Findlay, 1969; Himmelb
magma types. However, Fo-rich olivine (Fob89),
especially inclusions of olivine in chromitite, have
relatively low and rather constant Ni concentrations and
many are outside of this field (Fig. 3).

3.2.2. Chemical composition of spinel
Spinel is present as an accessory phase in all rock

types and as the main component in the chromitites.
This mineral displays a wide compositional range with
regard to its major components, Mg, Fe2+, Cr, Fe3+, Al
and Ti (Table 3; Figs. 4 and 5).

The accessory spinel in the dunites follows charac-
teristic trends, which in most cases can even be observed
in one single thin section (Figs. 4a and 5a). These trends
divide the spinel population into three different groups.
In Fig. 4a the trend starts at a composition of Al13Cr63-
Fe3+24 and evolves in group I due to the exchange of Cr
and Fe3+ towards Al13Cr50Fe

3+
37. At this point Al is

replaced with Fe3+ towards a composition of Al0Cr51
Fe3+49 (group II spinel Fig. 4a). Subsequently Cr is
substituted in group III with Fe3+ until the spinel com-
position reaches the miscibility gap (Al0Cr35Fe

3+
65) or

forms pure magnetite, which can be sometimes observed
-type complexes in the UPB. Comparison with other occurrences in the
erg and Loney, 1995).



Fig. 3. Chemical composition of olivine in different lithologies from the
Uralian–Alaskan-type complexes in the Tagil Magnitogorsk zone of
the Ural mountains. Fo-rich samples (except sample SB16) have lowNi
contents if compared with the global trend. Literature data are from the
GEOROC-database (http://georoc.mpch-mainz.gwdg.de/georoc/).
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as rims around chromite grains (Fig. 4a–c). The TiO2

content (not shown) rises from 0.4 to 0.8 wt.% in groups I
and II spinel until Al is substituted with Cr and Fe3+,
when it decreases to 0.05 wt.% in group III spinel.
Similarly Fe2+/(Mg+Fe2+) and Fe3+/(Cr+Al+Fe3+)
increase from 0.55 to 0.85 and 0.15 to 0.55, respectively
in groups I and II (Fig. 5a). In Al-free spinel (group III)
Fe2+/(Mg+Fe2+) remains fairly constant close to 0.9, but
Fe3+/(Cr+Al+Fe3+) increases to 1 (Fig. 5a, d). The Cr/
(Cr+Al) is constant around 0.8 in group I. However, the
replacement of Al with Fe3+ in group II causes an in-
crease in Cr/(Cr+Al) to about 1.

There is also a systematic chemical difference
between spinel from different complexes. For example,
accessory spinel from Nizhnii Tagil tends to have lower
TiO2 and Al2O3-concentrations and higher Cr/(Cr+Al)
values than those of Kytlym and Sevtley Bor (Figs. 4
and 5e–f, Table 3).

The chemical composition of spinel in the chromi-
tites is considerably less variable than that of accessory
spinel in the dunites. We only observe Cr-rich spinel
(Fig. 4c) and their chemical variations are similar to
those observed for accessory spinel belonging to group
I. In Kytlym some of the spinels have magnetite-rich
compositions. Like the accessory spinel in the dunites,
the chromitite spinel from Nizhnii Tagil has higher Cr/
(Cr+Al) values and lower TiO2 contents than that from
Fig. 4. Distribution of trivalent cations in spinel from Uralian–Alaskan-type
Bor, b) accessory spinel Kytlym and Nizhnii Tagil, c) spinel from chromitite,
exsolved spinel calc. = calculated spinel composition before exsolution, and f
Barsdell, 1989; Nono et al., 1994; Mossman et al., 2000). Compositional fie
(2001). The solvus curve for spinel in e) was calculated for 600 °C and Fo9
Kytlym (Figs. 4c and 5f, Table 3). The cataclastic
deformation of spinel observed in some chromitites has
no influence on their chemical composition.

Spinel from clinopyroxenites, hornblendites and
gabbros generally has low Cr2O3 contents, up to
18 wt.% in clinopyroxenites and less than 4 wt.% in
hornblendites and gabbros (Table 3). Thus, most of the
spinel has a magnetite-rich composition (Fig. 4d). In
hornblendites (SB30, SB29b) some spinels are hercy-
nites and have elevated ZnO contents (up to 3.6 wt.%).

3.2.3. Major and trace element concentrations in
clinopyroxene

Clinopyroxene is present in all rock types. In dunites it
mainly appears as a xenomorphic interstitial phase. It
occurs as an idiomorphic to hypidiomorphic cumulate
phase in clinopyroxenites, hornblendites and gabbros,
where exsolutions of titanomagnetite often form a visible
zonation. Clinopyroxene is also present in the chromitites
as interstitial phase and as inclusions in spinel. Its compo-
sition is similar to that of interstitial grains occurring in the
dunites. In Svetley Bor and Nizhnii Tagil veins of green,
idiomorphic clinopyroxene crosscut some of the dunites.
Almost all clinopyroxenes are diopsides, but some augite
is found in the clinopyroxenites and the dunite (Fig. 6
Table 4).

The clinopyroxene shows chemical variations which
are controlled by the host lithology. For example, a
negative correlation between Al2O3 and Mg/(Mg+Fe) is
displayed in Fig. 7a where clinopyroxene from dunites
has the lowest contents of Al2O3,MnO and TiO2 but they
systematically increase towards clinopyroxenite, gabbro
and hornblendite, while SiO2 contents systematically
decrease (not shown). Clinopyroxene in one hornblen-
dite from Svetley Bor (SB30) has Al2O3 contents up to
12.3 wt.%. This requires an extensive incorporation of
the Tschermak component and explains the high
proportion of the wollastonite component (N50; Fig. 6).

A positive correlation of the middle and heavy REE
contents with Al2O3, FeO, and TiO2 and a negative one
with Mg/(Mg+Fe) can be observed for all lithologies.
The distribution of the middle and heavy REE is similar
to that of Al2O3 in that, for example, Lu concentrations
increase from dunite to clinopyroxenite (Fig. 7b). For
Nb, U, Th and Sr no clear correlation with the major
elements and the REEs is seen.
complexes and ankaramites. These include: a) accessory spinel Svetley
d) accessory spinel from clinopyroxenite, hornblendite and gabbro, e)
) comparison with spinel from ankaramites (Barsdell and Smith, 1989;
lds for Uralian–Alaskan-type complexes are from Barnes and Roeder

0 olivine by Sack and Ghiorso (1991b).

http:////georoc.mpchainz.gwdg.de/georoc/
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Fig. 5. Variation of Fe2+/(Fe2+Mg), Fe3+/(Cr+Al+Fe3+) and Cr/(Cr+Al) in spinel from Uralian–Alaskan-type intrusions. (a, d) accessory spinel in
sample SB18, (b, e) accessory spinel in dunite, (c, f) spinel in chromitite.
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The REE patterns (primitive mantle normalized) for
all diopside, irrespective of rock type and sample
location, have a convex shape with a maximum
enrichment of MREE (Fig. 8). However, the concentra-
tions of different grains within a single sample could
vary by a factor of 2–6, and the total spread is about one
and a half orders of magnitude. All samples show a
linear correlation among the middle and heavy REE
(Fig. 9a). However, correlations with highly incompat-
ible elements (La) are poor, as demonstrated by variable
La/Lu ratios in Fig. 9b.

Many extended mantle normalized trace element
patterns of clinopyroxene run virtually parallel, regardless
of the rock type. The lowest trace element concentrations
are measured on interstitial grains in dunites, diopside
veins crosscutting dunite and in chromitites. The
concentrations increase systematically in the clinopyrox-
enites (Fig. 8). Most of the clinopyroxene grains show
positive anomalies for Sr and negative anomalies for Th,
U, Nb, Ta, Hf, Zr and Ti (Fig. 8).

4. Discussion

Major element composition and mineralogical obser-
vations reveal a successive crystallisation of olivine+
chromite forming dunite, olivine+chromite+clinopyr-
oxene forming wehrlite, clinopyroxene+chromian mag-
netite forming clinopyroxenite and clinopyroxene+
spinel+plagioclase+phlogopite±k-feldspar±nepheline
forming gabbro. The major element composition and



Fig. 6. Classification of clinopyroxene from Uralian–Alaskan-type
complexes.

Fig. 7. a) Al2O3 content and the Mg/(Mg+Fe) in clinopyroxene from
Uralian–Alaskan-type intrusions. Data for Ankaramites are from
Irvine (1973). The systematic decrease of Mg# and the decrease of
Al2O3 monitors the evolution of the parental melt. b) Lu content
decreases with increasing Mg/(Mg+Fe) in clinopyroxene.

31J. Krause et al. / Lithos 95 (2007) 19–42
trends in whole rock samples closely follow published
data from British Columbia and Canada (Fig. 2) (Wyllie,
1967; Findlay, 1969; Himmelberg and Loney, 1995).
The high CaO/Al2O3 ratios in all rock types and their
alkaline affinity are well established features for all
Uralian–Alaskan-type complexes.

Himmelberg and Loney (1995) observed well
defined negative correlations between decreasing MgO
and the increase of incompatible elements, such as
Al2O3, in both whole rocks and minerals. Therefore,
these authors suggested that MgO and Al2O3 represent
good tracers of fractionation processes in the parental
magmas of Uralian–Alaskan-type complexes in Alaska.
However, this study observes remarkably large varia-
tions in the spinel composition and the concentrations of
incompatible trace elements in clinopyroxene even on
the scale of a single thin section. These characteristics
cannot simply be primary features. The concentration of
an element in minerals as well as the mineral composition
in cumulate rocks can potentially be changed by several
late processes including modification due to interaction
with late interstitial or percolating melts and fluids and
subsolidus equilibration with neighbouring grains.

4.1. Subsolidus equilibration of spinel

The chemical composition of spinel from the Uralian
complexes is similar to those from Uralian–Alaskan-
type complexes world wide (Figs. 4 and 5; Barnes and
Roeder, 2001). These complexes are characterized by a
complex and multifaceted spinel chemistry.

In a clinopyroxenite (KT 51) from Tilay mountain
(Kytlym) and an olivine- and clinopyroxene-rich horn-
blendite dyke (KT35) intruding the dunite from Kosiva
mountain (Kytlym) exsolved spinel can be found (Fig. 4e),
which coexist with olivine (Fo80). Spinel in the clinopyr-
oxenite fromTilaymountain (Kytlym) exsolved a picotitic
phase atAl65Cr14Fe

3+
21 and a chromian titanomagnetite at

Al12Cr21Fe
3+

67 with 2.5 wt.% TiO2 (Fig. 4e, Table 3).
Fig. 10 shows the element maps of two exsolved spinel
grains from sample KT35. In the first grain the Al-rich and
Fe–Ti-poor spinel phases occur as blebs in a matrix of Al-
poor and Fe-rich spinel (Fig. 10a). Both phases do not
indicate any zonation. The centre of the other grain from
the same sample is zoned and separated by sharp
boundaries from the rim of the grain which predominantly
consists of an Al- and Mg-rich chromian spinel with low
Fe and Ti concentrations (Fig. 10a). This spinel exsolved
into a chromian picotite Al57Cr23Fe

3+
20 and a chromian

titanomagnetite Al12Cr30Fe
3+

58 with 3–7 wt.% TiO2. The
centre of this grain is zoned, because the Cr content
decreases from the core towards the phase boundary. The
Cr content is a little higher in the Al-rich spinel (Fig. 10b).
On the basis of an area analysis of the element maps, the
initial spinel composition is Al29Cr25Fe

3+
46 for the first



Fig. 8. Average trace element concentrations in diopside for a) Kytlym, b) Svetley Bor (SB) and Nizhnii Tagil (NT). Primitive mantle data are from
Hofmann (1988).
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grain and Al35Cr28Fe
3+

37 for the second grain (Table 3).
These compositions are very similar but they are enriched
in Al2O2 and TiO2 (2.4–4.8 wt.%) compared to
unexsolved spinel in the same sample (Fig. 4e). Similar
spinel exsolutions have been observed in the Uktus
massif, another Uralian–Alaskan-type complex in the
Ural (Garuti et al., 2003), and in the Iwanai-dake peridotite
complex in Japan (Tamura and Arai, 2005).

However, the compositions of the exsolved spinels do
not follow the solvus calculated for chromite coexisting
at 600 °C with an olivine of Fo80, because most of them
are too Al-rich (Fig. 4e; Sack and Ghiorso, 1991b).
Estimates of solvus curves at higher or lower tempera-
tures do not improve the fit. Chashchukhin et al. (2002)
demonstrated that the Ti content of spinel strongly
influences the temperature estimates and that the
commonly used olivine–spinel thermometers underesti-
mate equilibrium temperatures. Thus, the high content of
TiO2 in this spinel potentially explains the difference
between the observed and calculated spinel composi-
tions in Fig. 4e.

The variation seen in group III spinel from dunites can
be entirely ascribed to subsolidus reactions (Fig. 4a, b, c).
It is partly the result of the expansion of the solvus of
ternary spinel towards Cr–Fe3+-rich compositions with
decreasing temperature. In addition, some of the Fe-rich
spinel (magnetite) probably is an alteration product formed
during the serpentinization of the rocks (Figs. 4 and 5).

Group II spinel displays a rather unusual evolution
fromCr–Al-rich to Al-poor spinel (Fig. 4a,b). In addition,
the Al-depletion is accompanied by a coherent increase of
Fe2+ and Fe3+ (Fig. 5). This cannot represent a primary
crystallization trend, because this process should produce
a decrease in Cr, but not affect Al2O3 to any significant
degree. Expansion of the ternary spinel solvus towards
Fe–Cr-spinel at temperatures below 600 °C is also an
unlikely explanation. This exsolution would produce a
spinel with similar Al2O3 contents and not decreasing



Fig. 9. REE variation in clinopyroxene from dunites, clinopyroxenites and chromitites from Uralian–Alaskan-type complexes in the Urals. These
include a) diagram of Lu vs. Dy. b) diagram of Lu vs. La/Lu. Models calculated for two types of periodically tapped and replenished magma chambers
are shown. CER model (blue dotted line): 5 cycles of 40% crystallization, 30% tapping, 30% recharge. CRE model (red dashed lines): 10 cycles of
40% crystallization, 10% recharged, 10% erupted. The last cycle is followed by fractional crystallization of the residual melt. Tick marks indicate the
clinopyroxene composition after 70% fractional crystallization. MC,MF, MP represent end members of mixing lines (green solid lines) which explain
the chemical variation in clinopyroxene from chromitite and diopside veins in dunites. For details see text.
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Al2O3 contents as observed here (Sack and Ghiorso,
1991a,b). Equilibration with surrounding diopside under
subsolidus conditions may influence the composition of
chromian spinel. If this is the case, clinopyroxene could
gather the Al2O3 from the spinel leaving behind Al-poor
chromites.

4.2. Olivine and chromian spinel as monitors of the
evolution of the parental magma

The compositional variation observed in group I spinel
fromdunites,where Fe2+/(Mg+Fe2+) and Fe3+ coherently
increase while Cr/(Cr+Al) decreases (Figs. 4 and 5), is
consistent with the crystallization of Fo-rich olivine and
chromian spinel from a MgO-rich melt (Roeder, 1994).
Interestingly, spinel from different complexes follows
different trends due to variable Cr/(Cr+Al). For example
accessory spinel and spinel from chromitites fromKytlym
have systematically higher Cr/(Cr+Al) than those from
Nizhnii Tagil (Fig. 5e, f). The diverse Cr/(Cr+Al) are due
to variableAl2O3 content in the spinel, and this is probably
a fingerprint of the Al2O3 content of the parental melt.

Olivine also shows a substantial compositional
variation as the Fo-content ranges from 74 to 96 mol%



Fig. 10. Element maps for Al, Fe, Mg, Ti, and Cr and the reflected light image of two exsolved spinel grains from an ol–cpx–hornblendite dike
crosscutting a dunite (Kytlym complex). (a) shows an entirely equilibrated spinel grain. (b) shows a spinel grain with a zoned core.
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(Fig. 3, Table 2). The highest Fo-content (NFo93) occurs
in olivine inclusions in chromite (Fig. 3) together with
unusually high Cr2O3 contents of up to 0.85 wt.%. In
dunite–chromite cumulates from layered intrusions and
ophiolite complexes and particularly in inclusions of
olivine in chromite, the Fo-content increases with



Fig. 11. The mean Fo component in olivine and Cr/(Cr+Al) in spinel
monitor the early evolution of the parental magma from the Uralian–
Alaskan-type complexes. SB = Svetley Bor, NT = Nizhnii Tagil, KT =
Kytlym.
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increasing proportions of chromite due to subsolidus
exchange of Fe–Mg (e.g. Jackson, 1969; Lehmann, 1983;
Melcher et al., 1997). A vacancy coupled subsolidus
substitution of Cr3+ between spinel and olivine could
explain the high Cr concentration for olivine inclusions in
chromite (Lehmann, 1983). At lower Fo contents
(Fob93), however, the combined decrease in Ni and Fo
content in olivine from dunite, clinopyroxenite and
gabbro monitors the crystallization of the parental melts.

Fig. 11 shows the variation of the average forsterite
content in olivine and the average Cr/(Cr+Al) for group I
spinel in each sample. These samples define a positive
correlation as expected during the joint fractional
crystallization of olivine and chromite (Roeder, 1994).
This variation is narrow in Nizhnii Tagil and restricted
to the primitive part of the trend with high Cr/(Cr+Al)
in spinel and high Fo contents in olivine (Cr/(Cr+Al)N
0.76, NFo91). Dunites from Kytlym show a much larger
variation, but the most primitive samples overlap with
those from Nizhnii Tagil. The greater heterogeneity at
Kytlym reflects the larger extent of fractional crystal-
lization of the parental magma. The crystallization of
spinel with high Cr/(Cr+Al) (∼ 0.80) and low Al2O3

contents and MgO-rich olivine (Fo92–93) indicates that
the parental magma of the Uralian–Alaskan-type com-
plexes was of ultramafic composition with a high MgO
(N15 wt.%) and a low Al2O3 content.

Spinel in clinopyroxenite, gabbro and hornblende-
bearing lithologies has variable Al2O3 contents, and is
very Ti–Fe-rich, but Cr-poor (Fig. 4d). This has to be
anticipated for gabbroic and hornblende-rich rocks
considering the evolved nature of their parental melts.
4.3. Clinopyroxene a monitor of the evolution of the
parental magma in Uralian–Alaskan-type complexes

One distinctive feature of the parental magma of
Uralian–Alaskan-type complexes is the early and
prevailing crystallization of clinopyroxene. It is present
in all lithologies and, hence, the mineral is an ideal tracer
for the evolution of the magma. Indeed the clinopyrox-
ene composition monitors the course of crystallization
by its systematic decrease of the Mg/(Mg+Fe) with
increasing Al2O3, TiO2, Mn or REE content from
dunite, clinopyroxenite, and gabbro towards hornblen-
dite (Fig. 7). The strong decrease of Cr/(Cr+Al) in
spinel from clinopyroxenite and gabbro (Table 3) can
also be attributed to the crystallisation of diopside
(Irvine, 1967). Fractional crystallization appears to be
the dominant process controlling this chemical varia-
tion. However, several observations suggest that a more
detailed and complex model is needed in order to
explain, in particular, the trace element distribution in
the clinopyroxene.

4.3.1. Zonation of clinopyroxene — reaction with
interstitial liquid

Clinopyroxene phenocrysts in some clinopyroxenite
and gabbro samples (KT51, SB22, KT46) are zoned
with regard to major and trace elements (Fig. 12).
Although the differences for major elements are rather
small, the cores of phenocrysts often have lower Al2O3,
FeO, and higher SiO2 contents then their rims (Fig. 12a).
However, there are large variations in incompatible trace
elements. For example the rim can be enriched in REE
by a factor of 1.5–2.5 compared to the core (Fig. 12b).
In contrast concentrations of compatible elements, such
as Cr, are higher in the core (Fig. 12a).

This zonation could reflect a magma mixing process.
The crystal core formed in a magma chamber with
relatively primitive liquid, rich in Cr but low in Al2O3,
TiO2, and REE whereas the rim crystallized after the
addition of a more fractionated melt.

Different La/Lu ratios in the core (La/Lu∼13) and rim
(La/Lu∼10) of the phenocrysts from sample KT51 also
suggest the existence of two different magmas. Interest-
ingly, the chemical composition of interstitial clinopyr-
oxene is similar to that of the phenocryst-rims (Table 4,
KT51). This suggests that the interstitial clinopyroxene
and the REE-rich clinopyroxene rims crystallized from
fractionated residual melt in the pore space of the
solidifying cumulate. This process may also explain the
large variation of the REE concentration in clinopyroxene
from a single lithology or even a single sample. For
example, the Dy and Lu contents in clinopyroxene from



Fig. 12. Concentration profiles for a) major and b) trace elements in a
diopside phenochryst from clinopyroxenite KT51.
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dunites or clinopyroxenites can vary bymore than a factor
of 3 in one thin section (Fig. 9a).

4.3.2. Clinopyroxene as monitor of the evolution of the
parental magma

Presuming simple fractional crystallization the in-
creased enrichment in REE concentrations in clinopyr-
oxene from dunites compared to clinopyroxene from
clinopyroxenites necessitates the parental magma to
have been already more than 70% crystallized (F.C. in
Fig. 9b). Such high degrees of crystallization are
unrealistic. Even a crystal mush containing just 50%
crystals would essentially behave like a solid due its high
viscosity, and crystal separation would not be possible.
Fractional crystallization of clinopyroxene also cannot
explain the large fractionation of LREE from HREE that
we observe overall in clinopyroxene from dunites and
clinopyroxenites (La/Lu: 2–23; Fig. 9; Table 4). A
pronounced enrichment and fractionation of REE can be
achieved in a crystallizing and periodically tapped and
replenished magma chamber (Shaw, 2006). Concentra-
tions of compatible elements would become buffered at a
certain level in such an open system magma chamber,
due to the replenishment of more primitive magma
(Shaw, 2006). This could explain the rather low and
constant NiO content in the MgO-rich olivine (FoN86;
NiO∼0.15 wt.%) from most dunites if compared to the
trend defined by mantle-derived magmas (Fig. 3).

Two model calculations in Fig. 9b show the REE
evolution of crystallizing clinopyroxene during such a
process. The replenishing magma is assumed to have the
same composition as the initial magma. In order to
maximize the fractionation of LREE and HREE clin-
opyroxene is the only crystallizing phase (clinopyroxene/
liquid partition coefficients are from Ionov et al. (1997).

In the one model (CER), 40% fractional crystalliza-
tion is first followed by erupting 30% of the mass and the
residual melt is mixedwith the replenishingmelt (30% of
the initial magma mass). In the second model (CRE1,
CER2) the cycle also starts with 40% of fractional
crystallization. However, the residual liquid is replen-
ished with 10% of the initial magma mass. Subsequently
both magmas are mixed and 10% of the mass is erupted.
The difference between these models is that CER is
dominated by replenishment of the magma, whereas
CRE is controlled by the crystallization process.

The CER model is characterized by a strong increase
in the incompatible elements but little fractionation in the
La/Lu ratio (Fig. 9b). Such a magma chamber system
could explain the large Lu increase in some dunites and
clinopyroxenites (SB22, KT37). However, most samples
fromKytlym and Nizhnii Tagil display an increase in La/
Lu as crystallization proceeds from dunite to clinopyr-
oxenite (Fig. 9b). This is reflected in the CRE chamber in
which cumulates display a continuous increase in REE
accompanied by an enrichment of LREE relative to
HREE (Fig. 9b). However, even such a model cannot
explain the overall La/Lu variation in the dunite and
clinopyroxenite cumulates of Kytlym. This necessitates
the presence of parental magmas with different La/Lu
ratios (model CRE1 and CRE2 in Fig. 9b).

It is appreciated that the proposed models are rather
simplistic and represent only a few solutions out of
numerous possibilities. The calculations can be tuned by
adjusting the amount of fractional crystallization in
between replenishment events and/or the amount of
removed/added magma in order to better model specific
details of the relationship between samples as well as
between different intrusions. In fact it is reasonable to
assume that during the life time of a magma chamber both
CER and CRE processes will occur. This would explain
most of the chemical variations we observe in the
clinopyroxene.

An alternative explanation for the variable La/Lu
ratios could be that parental magmas from different
intrusions formed by variable degrees of partial melting.
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However, given that the magmas are MgO-rich
(MgON15 wt.%), the degree of partial melting would
be rather high (N10%), and hence, a strong fractionation
of HREE from LREE is unlikely. Other possibilities
would then have to be invoked, such as heterogeneous
mantle sources variably enriched in highly incompatible
elements or contamination of the parental magma with
continental crust. Evaluation of such hypothesis is
beyond the scope of this study.

4.4. Implications for the formation of the chromitites

Chromitites occur as massive, but isolated lenses or
schlieren in the dunites. The composition of the spinel in
the dunite mirrors that in the chromitites. For example,
the difference in Cr/(Cr+Al) observed between acces-
sory spinel from dunites in Kytlym and Nizhnii Tagil is
conserved in the associated chromitites (Fig. 11). This
indicates that the formation of chromitites is due to the
mobilization and re-precipitation of Cr in the dunite,
probably during the final stages of crystallization.
Recent studies comparing spinel compositions in
chromitite with those in dunite and analyzing plati-
num-group minerals suggested that the chromitites
formed by the interaction of a fluid with the dunite at
temperatures of about 800–900 °C (Garuti et al., 1997;
Chashchukhin et al., 2002; Garuti et al., 2003).

One intriguing observation is the extreme variation in
the La/Lu ratio at rather low Lu concentrations in diopside
from chromitites (KT31F, KT33; Fig. 9b). The diopside is
strongly enriched in LREE compared toMREE andHREE
resulting e.g. in high La/Lu of 20–60 compared to 5–15 in
diopside from dunite and clinopyroxenite. Likewise,
MREE are enriched relative to HREE (Fig. 9a). Some
interstitial diopside from dunite samples close to chromi-
tites (NT1, NT12) follow the same trends in Fig. 9. This
suggests that the process,which formed the chromitite also
crystallized or re-equilibrated the interstitial diopside in the
neighbouring dunite.

The high La/Lu ratio at low and rather constant Lu
concentrations cannot be explained by any crystallization
process. Rather the steep trend built up by clinopyroxene
from the chromitites and some dunites indicates a mixing
relationship (MP-MC, Fig. 9b). One end member is
represented by diopside with low REE contents and low
La/Lu ratios. Its trace element pattern is similar to
clinopyroxene which crystallized from the MgO-rich
parental melt (Fig. 9b). The second end member is
characterized by similar Lu concentrations but it has a La/
Lu ratio greater than or equal to 60 (Fig. 9b). The origin of
this component is enigmatic. Its chemical features are not
preserved in any other rock type and there appears to be no
reasonable igneous hypothesis relating its composition to
the parental melt or even to that of extreme fractionation
products in interstitial spaces. However, one might
speculate that it represents a hydrous fluid enriched in
LREE which developed during the final crystallization of
the pore liquid.

Diopside from clinopyroxenite veins in dunite (NT6,
SB16, SB17) also have high La/Lu ratios comparable to
those from chromitites. Again, clinopyroxene within a
single sample displays variable La/Lu ratios and,
typically, they define non-linear trends between La/Lu
and Lu concentrations. This can also be observed in some
clinopyroxenites (e.g. sampleNT13, Fig. 9b). Such trends
are characteristic of mixing relationships. This diopside
can then be interpreted to represent the crystallization
product from a mixture of the LREE-enriched “fluid”
component (MC) and a fractionation product, maybe the
residual interstitial liquid, of the parental ultramafic melt
(MF, Fig. 9b). Therefore, we believe that there is a close
genetic relationship between the diopside veins in dunite
and the chromitites. These observations strengthen our
earlier suggestion that the formation of the chromitites is a
late stage magmatic process and thus an integral part of
the evolution of the parental magma forming Uralian–
Alaskan-type complexes.

4.5. Trace element composition of the parental melt

Trace element abundances for the parental melt were
calculated by dividing the average trace element content
of the clinopyroxene in each sample by the diopside/
liquid partition coefficient given by Ionov et al. (1997).
Fig. 13 shows that trace element patterns for the parental
melts are parallel regardless from which of the different
main lithologies or even complexes they are calculated.
The dunites from Kytlym (KT37) and Nizhnii Tagil
(NT1) are derived from the most primitive parental
melts having rather low REE concentrations of 1–10
times primitive mantle. The trace element concentra-
tions in the parental melts systematically increase with
increasing incompatibility but they also show pro-
nounced negative anomalies for the HFSE.

The similarity of the trace elements in concentrations
and patterns in all studied complexes implies that they
were derived from parental melts with similar composi-
tions and that these melts formed in source materials
with similar trace element characteristics.

4.6. Geotectonic setting

From major and trace element variations in minerals
and whole rocks, a subduction related island arc setting



Fig. 14. AlIV (in percent of total tetrahedral cations) vs. TiO2 content in
clinopyroxene. Trends are shown for cumulates and volcanic rocks
from different tectonic settings. Data is from Loucks (1990).

Fig. 13. Parental melt compositions calculated from trace element abundances in clinopyroxene. Partition coefficients are from Ionov et al. (1997).
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has been assumed for the Uralian Platinum belt (Ivanov
and Shmelev, 1996; Chashchukhin et al., 2002; Garuti
et al., 2003) and for other belts of Uralian–Alaskan-type
intrusions in Alaska/British Columbia and Kamchatka
(e.g. Himmelberg andLoney, 1995; Batanova et al., 2005).

The trace element composition of the parental melts
from the Uralian complexes are characterized by positive
Sr and negative anomalies of the HFSE (Fig. 13). This
supports the idea that these rocks have a subduction
related origin. Clinopyroxene compositions can also be
used to discriminate between different geotectonic
settings. Fig. 14 shows the percentage of tetrahedral
sites occupied byAl vs. the TiO2 content (Loucks, 1990).
Our data are in good agreement with clinopyroxene
compositions from other occurrences in the Ural
Mountains and with Uralian–Alaskan-type complexes
world wide. They clearly follow the trend defined by
volcanic rocks and cumulates from island arc magmas
(Loucks, 1990; Himmelberg and Loney, 1995) which is
significantly steeper than that observed for plutonic and
volcanic rocks related to continental rifts or large igneous
provinces. At low AlIV and TiO2 concentrations, the
island-arc and MORB-trends are similar. However the
enriched trace element pattern in the parental magma
from the Ural Mountains clearly distinguishes them from
MORB-magmas.

4.7. Parental magmas of Uralian–Alaskan-type
complexes: comparison with ankaramites

The trace element composition for melts determined in
this study is similar to that calculated by Batanova et al.
(2005) using melt inclusion data from the Galmoenan
Uralian–Alaskan-type complex in Kamchatka. The
coincidence with whole rock data from zoned mafic–
ultramafic complexes in Alaska and British Columbia
(Himmelberg and Loney, 1995), indicates that this class of
intrusions formed under similar physico-chemical condi-
tions and in mantle sources with comparable composi-
tional fingerprints. However, the petrological affiliation of
Uralian–Alaskan-type complexes to specific mantle-
derived melts is not well established.

Irvine (1973) proposed that there is a genetic relation-
ship between ankaramitic dykes in British Columbia and
the ultramafic Uralian–Alaskan-type intrusions of the



Fig. 15. Comparison of trace element abundances in Ankaramites (Ank) from different locations compared with those from the parental melt as
proposed by Batanova et al. (2005) and calculated in this study from clinopyroxene from the most primitive dunite (Dun) in Nizhnii Tagil and
Kytlym. For references see text.
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Cordillera of Alaska and British Columbia. Ankaramites
are known from different geotectonic settings e.g. ocean
islands (Frey et al., 1991; Woodhead, 1996; Tronnes
et al., 1999) and island-arcs (Barsdell and Smith, 1989;
Barsdell, 1989; Thirlwall et al., 1994; Mossman et al.,
2000). They represent a class of clinopyroxene-rich,
mafic–ultramafic volcanic rocks that share many
chemical and mineralogical features with Uralian–
Alaskan-type mafic to ultramafic intrusions. These
volcanic rocks are characterized by the early crystalli-
zation of olivine, spinel and clinopyroxene. Therefore,
the subvolcanic emplacement and crystallization of such
melts should result in the formation of dunitic, wehrlitic
and clinopyroxenic cumulates containing accessory
spinel, as observed in Uralian–Alaskan-type intrusions.

The chemical composition of chromian spinel
phenocrysts in ankaramites from different localities
(Vanuatu Arc, Pacific Ocean, Greenhills complex, New
Zealand, Cameroon) (Barsdell and Smith, 1989; Bars-
dell, 1989; Nono et al., 1994; Mossman et al., 2000) is
similar to that for spinel from the studied complexes in
the Ural Mountains (Fig. 4f). Some ankaramites appear
to be derived from more primitive melts as their spinel is
richer in Cr than observed for the Uralian complexes.

Trace element patterns from subduction-related ankar-
amites from Vanuatu in the Pacific Ocean (Barsdell, 1989)
and the Lesser Antilles (Thirlwall et al., 1994) are in good
agreement with our calculatedmelt compositions (Fig. 15).
They share the negative anomalies for Hf, Zr and Ti, the
positive Sr anomaly, and the LREE-enrichment relative to
the HREE.
These features are also observed in ankaramites
intruding the Nurali Massive, which is located close to
the Uralian–Alaskan-type complexes in the Tagil–
Magnitogorsk zone (Spadea et al., 2002). These authors
suggested that they are related to island arc magmatism
in the Magnitogorsk arc. Age, geochemical and spatial
relationships may even imply a genetic link between
these ankaramites and the Uralian–Alaskan-type com-
plexes of the UPB. Hence in summarizing these
observations we agree with the suggestion by Irvine
(1973) that ankaramites could represent the parental
magmas of Uralian–Alaskan-type complexes.

5. Conclusions

This study describes Uralian–Alaskan-type com-
plexes from the Ural Platinum Belt in the Ural
Mountains. It constrains the composition of the parental
magma by monitoring the evolution of the complexes
using mainly major and trace element abundances of
spinel, olvine and clinopyroxene.

The complexes in the Ural Mountains share many
distinct structural, petrological and geochemical features
described from other examples world wide. The Uralian
complexes are interpreted to represent cumulates from
an ankaramitic ultramafic melt which successively
crystallized olivine+chromite, olivine+chromite+clin-
opyroxene, clinopyroxene+chromian magnetite, and
eventually clinopyroxene+spinel+plagioclase+phlog-
opite±K-feldspar±nepheline resulting in dunites, wehr-
lites, clinopyroxenites and gabbros, respectively.
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The early stages of crystallization are monitored by a
decreasing Fo content in the olivine and a decreasing Cr/
(Cr+Al) in the coexisting chromite. The high Fo content
of olivine (FoN90) and the high Cr/(Cr+Al) in the
spinel (Cr/(Cr+Al)∼080) imply a parental magma rich
in MgO (N15 wt.%) but poor in Al2O3. The positive
anomaly in Sr, negative anomalies in HFSE, and the
high ratio of the tetrahedrally coordinated Al to the TiO2

content in clinopyroxene indicate that these rocks
crystallized from magmas forming at destructive plate
margins. Irvine (1973) proposed a genetic relationship
between Uralian–Alaskan-type complexes and ankar-
amites. The good agreement between the major and
trace element composition of accessory and rock
forming minerals from Uralian–Alaskan-type com-
plexes in the Urals with those of subduction-related
ankaramites from different localities world wide support
Irvine's suggestion.

Nevertheless, the compositions of minerals in
different complexes from the Ural Mountains display
small but significant differences in the parental melt
compositions. For example, spinel and olivine from
Kytlym tend to be more Al2O3 and fayalite rich,
respectively, than those from Nizhnii Tagil. In addition,
clinopyroxene from different complexes and lithologies
could display large variations in their LREE/HREE
ratios. Different stages of evolution of the parental
magma at the time of emplacement can explain these
differences. However, this could also be due to crustal
contamination processes, or caused by different degrees
of partial melting in a heterogeneous mantle source.

The dominance of dunite and clinopyroxenite in the
complexes necessitates an extensive and prolonged
crystallization of olivine and clinopyroxene. This could
be achieved during the crystallization of a continuously
erupted and replenishedmagma chamber. Such amodel is
also required in order to explain the strong enrichment of
incompatible trace elements as the crystallization of
olivine and clinopyroxene proceeds.

Clinopyroxenites and gabbros have zoned clinopyr-
oxene phenocrysts which probably indicate magmatic
reactions between a high-temperature clinopyroxene
and a crystallizing interstitial liquid during the later
stages of the evolution of the cumulate pile. The local
replacement of clinopyroxene with hornblende in the
clinopyroxenites from Svetley Bor also demonstrates
the presence of a hydrous melt or fluid during the final
stages of solidification.

Diopside from chromitites and cross cutting diopside
veins in dunite share similar trace element patterns with
LREE/HREE ratios higher than those in diopside from
all other lithologies. It implies the involvement of a fluid
or melt during the formation of the chromitites, which is
more enriched in highly incompatible elements than the
parental magma. The chromitites likely formed at high
temperatures (800–900 °C) during the waning stages of
crystallization. However, there is little information on
the mechanism responsible for the mobilization of Cr
and PGE in the dunites or their ultimate concentration in
the chromitite lenses.

Ongoing investigations of the Os isotope systematics
and the distribution of the platinum group elements
would provide additional constraints on the formation of
the PGE-rich chromitite bodies. It could also strengthen
the proposed genetic relationships between the different
lithologies as well as between ankaramites and Uralian–
Alaskan-type complexes.
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