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Abstract Uralian-Alaskan-type mafic—ultramafic com-
plexes are recognized as a distinct class of intrusions
regarding lithologic assemblage, mineral chemistry and
petrogenetic setting. In the present study, we discuss new
data on the distribution of major elements in minerals of
the spinel group in rocks from Uralian-Alaskan-type
complexes in the Ural Mountains, Russia. Cr-rich spinel
(Cr,03 = 20-53 wt%) in dunite with interstitial clinopy-
roxene and in wehrlite cumulates indicate that it reacted
with interstitial liquid resulting in the progressive substi-
tution of Al,O, and Cr,03 by Fe,O3 and TiO,. A distinct
change in the spinel chemistry in dunite (Cr,03; = 47-53
wt%), towards Al,O3- and Cr,Os-poor but Fe,Oj-rich
compositions monitors the onset of clinopyroxene frac-
tionation in wehrlite (Cr,O3 = 15-35 wt%, Al,O; = 1-8
wt%, Fe,03; = 25-55 wt%). In more fractionated mafic
rocks, the calculated initial composition of exsolved spinel
traces the sustained crystallization of clinopyroxene by
decreasing Cr,Oj3 and increasing FeO, Fe,O; and fO,.
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Finally, the initiation of feldspar crystallization buffers the
Al,O3 content in most of the spinels in mafic rocks at very
low Cr,0O5 contents (<5 wt%). The fractionation path all
along and the reaction with interstitial liquid are accom-
panied by increasing Fe,Os; contents in the spinel. This
likely is caused by a significant increase in the oxygen
fugacity, which suggests closed system fractionation pro-
cesses. Spinel with Cr,O3 < 27 wt% is exsolved into a
Fe,Os5-rich and an Al,Os-rich phase forming a variety of
textures. Remarkably, exsolved spinel in different litholo-
gies from complexes 200 km apart follows one distinct
solvus line defining a temperature of ca. 600°C. This
indicates that the parental magmas were emplaced and
eventually cooled at similar levels in the lithosphere, likely
near the crust-mantle boundary. Eventually, these 600°C
hot bodies were rapidly transported into colder regions of
the upper crust during a regional tectonic event, probably
during the major active phase of the Main Uralian Fault.

Keywords Exsolved spinel - Uralian-Alaskan-type
complexes - X-ray element mapping - Fractionation -
Oxygen fugacity - Chromite

Introduction

Chromian spinel is a vital monitor for the evolution of mafic
and, in particular, ultramafic rocks. Its composition gives
important information about the degree of partial melting in
the mantle or the evolution of mantle melts during rise to the
surface (e.g. Irvine 1965; 1967a; Hill and Roeder 1974;
Sack and Ghiorso 1991a, b; Van der Veen and Maaskant
1995; Barnes and Roeder 2001). The compositional varia-
tion, even on the scale of a single thin section, reports
thermodynamic parameters such as temperature and oxygen
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fugacity during crystallization processes in lava flows and
layered intrusions (e.g. Irvine 1967a; Hill and Roeder
1974; Cameron 1975), as well as late stage magmatic
equilibration with interstitial liquid (e.g. Henderson 1975;
Henderson and Wood 1981; Roeder and Campbell 1985;
Scowen et al. 1991; Candia and Gaspar 1997). The spinel
composition is also useful in discriminating between
geotectonic settings (e.g. Irvine 1967a; Dick and Bullen
1984; Roeder 1994; Cookenboo et al. 1997; Lee 1999;
Barnes and Roeder 2001). However, the spinel composi-
tion is subject to considerable subsolidus re-equilibration,
such as diffusive mass exchange with neighbouring sili-
cate phases and post-magmatic metasomatic or meta-
morphic overprint (e.g. Jackson 1969; Springer 1974;
Frost 1975; Pinsent and Hirst 1977; Lehmann 1983;
Kimball 1990; Melcher et al. 1997; Mellini et al. 2005;
Frost and Beard 2007; Iyer et al. 2008). This can result in
misleading interpretations concerning tectonic environ-
ment and P-T estimates (Power et al. 2000).

Uralian-Alaskan-type mafic to ultramafic complexes
define a distinct class of mafic ultramafic intrusions
regarding tectonic setting, lithological association and the
composition of rock forming and accessory minerals
(Taylor and Noble 1960; Noble and Taylor 1960; Irvine
1967b; Findlay 1969; Efimof 1977; Himmelberg et al. 1986;
Himmelberg and Loney 1995; Pertsev et al. 2000; Batanova
et al. 2005; Krause et al. 2007). Linear belts of Uralian-
Alaskan-type complexes, often several hundred kilometres
long have been described from the Cordillera of Alaska and
British Columbia (e.g. Taylor and Noble 1960; Irvine
1967b; Findlay 1969; Himmelberg et al. 1986; Himmelberg
and Loney 1995), on the northern Kamchatka peninsula
(e.g. Batanova and Astrakhantsev 1992; Kepezhinskas et al.
1993a,b; Batanova et al. 2005), and in the Ural Mountains,
Russia (e.g. Noble and Taylor 1960; Efimof 1977; Ivanov
and Shmelev 1996; Pertsev et al. 2000; Chashchukhin et al.
2002; Savelieva et al. 2002; Krause et al. 2007). Charac-
teristic features include the often concentrically zoned
association of dunite, wehrlite, clinopyroxenite and mafic
rocks, as well as the absence of orthopyroxene in the
ultramafic rocks and the setting in elongated belts along
convergent margins.

The chemical composition of chromium spinel, in
particular its elevated Fe,Os-content is another typical
feature (e.g. Noble and Taylor 1960; Irvine 1967b;
Findlay 1969; Taylor and Noble 1969; Himmelberg et al.
1986; Himmelberg and Loney 1995; Chashchukhin et al.
2002; Krause et al. 2007). This has been ascribed to high
total iron contents in the parental melt (Taylor and Noble
1969), fractionation of olivine and clinopyroxene (Findlay
1969; Krause et al. 2007) or an elevated oxygen fugacity
(Himmelberg and Loney 1995; Chashchukhin et al.
2002).

@ Springer

Several miscibility gaps occur in the (Mg, Fe?")
(Cr,ALLFe®),_,,(Ti),O4 solid solution series (e.g. Ghiorso
and Sack 1991b; Sack and Ghiorso 1991a,b and refer-
ences therein). At magmatic temperatures, miscibility
gaps exist in the (Fe,Mg),TiO4—(Fe,Mg)Al,0,4, and at
subsolidus conditions in the MgFe,0,—~Mg,TiO,4, the
FeCr,04-Fe;0,, the (Fe,Mg)Al,0,—(Fe,Mg)Cr,0,4 and in
the (Fe,Mg)Fe,O4—(Fe,Mg)Al,O4-series. Exsolution of
spinel is described in greenschist to amphibolite facies
metamorphic rocks (e.g. Evans and Frost 1975; Loferski
and Lipin 1983; Eales et al. 1988; Ozawa 1988; Burkhard
1993; Van der Veen and Maaskant 1995; Candia and
Gaspar 1997). However, despite its omnipresence in
magmatic rocks, only a few occurrences of exsolved
spinel have been described (Muir and Naldrett 1973; Jan
et al. 1992; Pushkarev et al. 1999; Garuti et al. 2003;
Tamura and Arai 2005; Krause et al. 2007; Ahmed et al.
2008).

The present study focuses on the distribution of major
elements in minerals of the spinel group in ultramafic and
mafic rocks from Uralian-Alaskan-type complexes in the
Ural Mountains, Russia, and discusses the petrogenetic
implications. The composition of exsolved and homoge-
neous spinels indicate the emplacement of the parental
magma near the MOHO and monitor the fractionation
history of the magma and eventually the post-solidus
evolution of the cumulates.

Below, the term ‘spinel” will be applied for all minerals
of the spinel group (Mg,Mn,Co,Zn,Fe”)l+X(V,Cr,Al,
F63+)2_2X(Ti)XO4. If applicable, we will use more precise
terms like ‘chromian spinel’, ‘picotite’, ‘pleonaste’ or
‘chromian magnetite’ as proposed by Deer et al. (1992).

Results

A detailed description of the samples and the analytical
methods can be found in the Online Resource 2. The large
number of analyses from 35 samples (1,428 of exsolved
spinel, 252 of homogeneous chromian spinel and 176 of
recalculated exsolved spinel grains) permits only the pre-
sentation of selected analyses in Tables 1 and 2 and the
Online Resources 4-6. The entire data set is given in the
Online Resource 7.

Textural observations among the spinel phases

Homogeneous chromian spinel is present in dunite and
wehrlite and in some of the clinopyroxenite samples
(NT13, KT39, KT5/290, KT52). These spinel occurs as
euhedral to subhedral grains devoid of an optical zonation.
Exsolved spinel occurs in dunite from the Tilay-Konjak
block (Kytlym), in clinopyroxenite and in nepheline and
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& g3 bytownite clinopyroxenite of all sampled massifs. Three
'g 5 £ exsolution textures of Fe-rich and Al-rich spinel phases can
® £ be observed.
N T - 22w gl 3
E g’ f :;r i ; g $8 Type A is present in all samples having exsolved spinel
5 regardless of the textural position, the chemical composi-
< =Y % tion and the grain size of spinel. It forms an Al-rich spinel
g ?E phase (picotite) with an irregular bleb-like texture, pre-
ST S T ogQ L:) % dominantly near the rim of spinel grains or along cracks
Slg22E8¢% 58 (Online Resource 3d). In some cases, the exsolution might
o g have formed at pre-existing sub grain boundaries. The Fe-
= .§ § rich phase (chromian magnetite) forms the matrix around
f E 3 such blebs. The contacts between both phases are always
E L g83FEes §-§ sharp, have a simple, straight geometry and are well
T sS38F |23 d ~ ~ i
55 efined by a strong contrast in the reflected light (Online
E=
z s f Resource 3d, Krause et al. 2007).
S g S The second texture type B consists of lamellae ori-
v 2
) S O;?, ented parallel to the (110) planes which commonly form
E AL &R Iq £ oy a network-like texture defined by the appearance of two
[N . :o— o . . . .
MlS S S S~ %-g perpendicular orientations (Fig. 1a). Lamellae have
=< . .
N ? o lengths of ten to several hundred micrometres at a typical
g %CQJ;’ width of less than 2 pm (Fig. la, c¢). This prevented a
& é»; precise chemical analysis with the electron microprobe in
@ 2z In § © most of the cases. Type B is limited to spinel with a low
S1sS2Es & 8 Cr content (Cry05 < 10 wt%), and occurs in nepheline
P . . . . .
= gL and bytownite clinopyroxenite and some clinopyroxenite
g % g samples (KT43, KT5-290, KT5-370, KT5-440, KT5-610).
ﬁ ‘éi Interestingly, the lamellae always consist of an Al-rich
| <} . . . . .
o I = spinel in a matrix of Fe-rich spinel. In general, the
o — o= . . e
¥ ; E g ® g g E 5 lamellae are absent in the direct vicinity of type A
5 § exsolution (Figs. la, c¢) indicating that the type A exso-
(& . .
N § $ Iution formed prior to the lamellae. In places, a second
E D e oo g3 set of very fine lamellae of Al-rich spinel is present.
g S E § E § & ::?é These lamellae are much smaller and either parallel to the
— v —_ .
ol lamellae of the first set or offset with an angle of ca. 30°
— O] . .

5 E 5 (Fig. Ic). The two sets of lamellae have no direct contact
E - o o e E and are separated by an exsolution-free zone. The
» QO .

128283 S lamellae of the second set are interpreted to be younger

S O O .
el o =Y § generation then the larger lamellae of the first set.
Y1 g8 . .
§ g S‘ The exsolution texture type C has an irregular geometry
3 .—..: s and predominantly occurs in large spinel grains (>50 pm
clgasgae|fs diameter, Fig. 1d), whereas smaller grains in the same
ol Bl e éb samples mostly show A-type textures. Contacts between
I~ f = the two exsolving phases are commonly diffuse and
y % £ irregular (detail in Fig. 1d). This texture is restricted to
E 8 g E § % 2 i% spinels with an intermediate Cr content (Cr,O3 = 15-35
N RN e ‘;f S wt%) that is found in dunite, hornblendite and in one case
o & g in a bytownite clinopyroxenite (KT324). Several grains
g © = E especially in the dunite show also sharp boundaries
E + & T8 between both phases with a type A-like texture as an end
§ 3 f_ i £ g member. In reflected light, the brighter Fe-rich phase
=} . .
a +5% .2 E £ g seems to be concentrated at grain boundaries and along
22z S T 3S|288 healed cracks (CM in Fig. 1d). The cracks are filled with
Sl 2eelEs3 Fe-rich spinel that has an even brighter reflectivity (M in

@ Springer
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Fig. 1 Reflected light images
of exsolution textures in spinel.
PL = pleonaste,

M = magnetite, PC = picotite,
CM = chromian magnetite.

a Lamellar exsolution type B in
the core and blebs of pleonaste
in a matrix of magnetite
(NTO9b). b Contact of a lamellar
exsolution (type A) and a bleb
(type B) of similar composition
(NT8). ¢ Second generation of
fine, lamellar exsolution PL2
forming an angle of 30° with the
first generation P11 (KT46).

d Irregular exsolution (type C)
concentrated along cracks and
grain boundaries (KT328)

Fig. 1d). Remarkably, these spinels often show areas which
appear unaffected by any exsolution process.

Spinels in nepheline and bytownite clinopyroxenites and
hornblendite frequently are intergrown with ilmenite. It
forms one prismatic grain that is often entirely enclosed in
spinel.

Textural observations imply that ilmenite exsolved after
the formation of bleb and lamellae textures (A and B(») in
Fig. 2) in the spinel, because the straight contact between
the ilmenite lamella and the magnetite is interrupted by a
picotite-bleb (A, in Fig. 2). In addition, the ilmenite
encloses an Al,Os-rich spinel lamella (Bi(y) in Fig. 2). As
ilmenite should not exsolve such spinels, this lamellae must
have existed before the formation of ilmenite. This sug-
gests that the TiO, content in the primary magmatic spinel
is too low to allow the crystallization of ilmenite and that

@ Springer

the ilmenite exsolution occurred at temperatures below the
solidus. The exsolution process in the primary spinel pro-
duced a magnetite which became sufficient Ti-rich to
trigger ilmenite exsolution. The Al,Oj-rich bleb-shaped
spinel grains at the rim of ilmenite (A3, in Fig. 2) probably
represent a new generation of Al-rich spinel formed during
the ilmenite exsolution. It formed due to the excess of
Al,O5 available after the breakdown of the Ti-spinel,
which cannot be accommodated by the Ti-oxide.

Composition of homogeneous spinels

Homogeneous spinel occurs in dunites from all ultramafic
units. Spinels from the Tilay-Konjak block (KT310 and
KT311) are slightly more evolved than the spinels in the
other dunites covering the low end of the TiO,, Cr,03,
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Fig. 2 Compositional variation and spatial distribution of major
elements and Cr/(Cr 4+ Al) in homogeneous spinel in dunite. White
lines in the element distribution maps indicate the position of the
profiles of the microprobe analyses. Riml and Rim2 refer to the
analyses near both ends of the profile. a Symmetric distribution of Cr,

Fe,05;, Fe*'/(Mg + Fe*™), Cr/(Cr + Al) and Fe*'/
(Al + Cr + Fe®") variations (Table 1).

X-ray maps and detailed profiles of euhedral chromites
in dunite samples from Nizhny Tagil (NT7) and SW-Kyt-
lym (KT40) show a weak but continuous, concentric
chemical zoning revealed by an increase in Fe, Mn and Al
and a decrease in Cr and Mg contents from core to rim
(Fig. 3a). No or inconspicuous zonation is observed for Ti,
Ni, V and Co (Online Resource 4). In the Al,O3 versus
Cr,O; diagram analyses along profiles across the
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Feor, Fe** and Cr/(Cr + Al) in chromite from a dunite containing no
interstitial clinopyroxene (NT7). b Asymmetric distribution of Cr,
Feo, Fe>* and Cr/(Cr + Al) in spinel in dunite containing interstitial
clinopyroxene (NT1)

symmetric Cr zonation show a negative correlation as both
rims have lower Cr,O3 but higher Al,O5 contents (Fig. 3a).
The Cr/(Cr + Al) decreases while Fe®" increases from the
core towards the rim on both sides (Fig. 3a). These varia-
tions are expected if the chromite crystallizes from a
continuously evolving melt. A post-solidus equilibration
with the surrounding olivine can not explain the changes in
A1203 and CI'203.

In dunite samples with interstitial clinopyroxene, the
zonation of Cr in many homogeneous spinels is different in
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Fig. 3 Element distribution
maps for Al, Fe, Ti, Cr and Mg
and the reflected light image of
exsolved spinel enclosed in
olivine from nepheline
clinopyroxenite, Nizhny Tagil
(NT8). Note the presence of an
Al-rich exsolution of the type A
at the rim towards the
surrounding olivine Ay and at
the boundary of ilmenite with
magnetite As). Exsolution of
the type B are present outside
B2 and inside Bi(, of a lamella
of ilmenite. Numbers in brackets
denote the order of their
formation (for details see text)

+ NT2 Dunite
+ KT38 Wehrlite

— Homogeneous spinel in dunite
(Krause et al. 2007 and this study)
& NT1 Dunite with int. Cpx

A NTT Dunite free of Cpx
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Fig. 4 Distribution of the trivalent cations in the homogeneous spinel
shown in Figs. 4 and 6. The spinel in clinopyroxene-bearing
lithologies has similar or lower Al,Os, but higher Fe,O; contents
than that in clinopyroxene-free dunites. Data for compositional
variation in homogeneous spinel in dunite from all Uralian complexes
are from Krause et al. (2007)

that it is not concentric but crosscuts the concentric zona-
tion patterns of the other elements (Fig. 3b). The zonation
pattern has a broad plateau which is defined by high and
constant Cr contents. But at the same time, Al,O5 sys-
tematically decreases. This kind of zonation cannot be
attributed to the position of the section plane. However,
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such grains often occur close to interstitial clinopyroxene
suggesting a chemical exchange. There is also a negative
correlation of Al,O; and Cr,Oj at high Al,O3 contents
(>8.9 wt%; Fig. 3b), like that observed in the symmetric
grains.

In the figure of trivalent cations (Fig. 4), spinel of the
clinopyroxene-free dunite with a symmetric distribution of
Cr,0; (NT7) forms a trend of decreasing Cr,O; at
increasing Al,O3 and Fe,Oj; reflecting the crystallization of
the chromite from an olivine crystallizing melt. The trend
for chromites from the clinopyroxene-bearing dunite (NT1)
with an asymmetric Cr,O3 zonation shows an enrichment
of Fe,O5 at the expense of Cr,03, but no increase in Al,O3
(Fig. 4).

Element distributions in some chromite grains from
dunite NT2 are distinctly different from those described
earlier. In these spinels, Cr/(Cr + Al) and Fe** variations
are positively correlated across the entire grain (Fig. Sa,
Online Resource 5). The euhedral grain has a core with an
irregular shape which is in composition similar to the
previously described chromites. This core is surrounded by
a rim of ferrit chromite in composition similar to the out-
ermost rims of the chromites described earlier. The outer-
most discontinuous rim consists of magnetite (Fig. 5a).
Small Ni-sulphide inclusions are present within this zone
and at the contact to the core. The contact between the
ferrit chromite and the chromite core is sharp and the
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Fig. 5 Compositional variation and spatial distribution of major
elements and Cr/(Cr + Al) of homogeneous spinel. a Resorbed core
of chromite overgrown with chromian magnetite and magnetite

concentration of many elements changes by more than 50%
within a distance of less then 5 pum (Fig. 5a). In the Al,O3
versus Cr,O3 diagram, the core shows a small variation in
Al,Os at constant Cr,Os. In the ferrit chromite zone, Al,O5
decreases more rapidly then Cr,O3 (Fig. 5a). The decrease
in Cr,O5; and Al,Oj3 is balanced by an increase in Fe,O3
and MgO is simultaneously replaced by FeO (Online
Resource 5). In the trivalent cations diagram, this variation
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(dunite NT2). b Anhedral grain with asymmetric distribution of Fe,
Cr and Al (wehrlite KT38)

defines the trend of Fe**-enrichment at the expense of Cr> ™
and A" (Fig. 4).

Spinel in wehrlite from the SW-Kytlym (KT38) has
consistently lower Cr,O3; and MgO at higher Fe,O3 and
FeO contents than spinels in dunites (Fig. 5b, Online
Resource 5). The grains have an inhomogeneous asym-
metric chemical zonation in all major elements with Fe,O3
and FeO replacing Al,O3, Cr,O; and MgO, respectively
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Fig. 6 Variation of the trivalent cations in exsolved spinel from
ultramafic rocks (a) and mafic rocks (b). Solvus curves (red)
calculated for spinels coexisting with olivine (Fo 80) are taken from
Sack and Ghiorso (1991b). Tie lines connect the two exsolved phases
in selected grains. The compositions of all spinels lie close along a
solvus line suggesting an equilibration at about 600°C. Data for
compositional variation in homogeneous spinel in dunite from all
Uralian complexes are from Krause et al. (2007)

(Fig. 5b). The Al,O5 versus Cr,O3 diagram shows at rather
constant Cr,O3 contents a quick decrease in Al;O5; but
starting at an Al;O5; content of about 4.5 wt%, Cr also
decreases strongly (Fig. 5b). This is accompanied by a
rapid increase in Fe,O5 (Figs. 4, 5b).

Composition of exsolved spinels

The exsolved spinels cover a wide compositional array
ranging from pleonaste to picotite and chromian magnetite
to almost pure magnetite. Representative analyses can be
found in Table 2. In general, the chemical difference of the
two exsolved spinel phases increases with decreasing
Cr,O5s-content of the initial spinel. The Fe-rich phase has
high contents of TiO, (up to 8.1 wt%) and V,03 (up to 1.6
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wt%), low contents of MgO (up to 6.9 wt%) and ZnO (up
to 0.17 wt%). The coexisting Al-rich phase has higher
MgO up to 20.9 wt% and ZnO up to 3.7 wt%. For other
components like Cr,O3, NiO, MnO and CoO, there is no
obvious difference between these two phases (Table 2).

The composition of the exsolved spinel in ultramafic
rocks is shifted towards lower Cr/(Al + Cr) relative to the
field of homogeneous spinel in dunite. But in terms of
Fe?t/(Mg + Fe?*) and Fe’™/(Cr + Al + Fe*™) the com-
position of most of the exsolved spinels is similar to that of
homogeneous, disseminated spinels from dunites (Online
Resource 4; Krause et al. 2007). Type C exsolution with
diffuse contacts between both exsolved phases is the
dominant exsolution texture in dunite from the eastern part
of the Kytlym complex and occurs also in hornblendite.
These spinels form a continuous compositional trend
ranging from picotite to chromian magnetite. In chromian
magnetite with FeO,, <77 wt%, Cr/(Al + Cr) is predom-
inantly controlled by the Al abundance and is systemati-
cally higher in the chromian magnetite than in the
coexisting pleonaste and picotite. With the exception of a
few Cr,Os-rich grains in the By-clinopyroxenite from the
Tilay-Konjak block all spinels in the mafic rocks and the
clinopyroxenites exsolved to magnetite and pleonaste.

In the triangular plot of the trivalent cations, the ex-
solved spinels plot along a curved line between the Fe,O;
and the Al,O5 corner (Fig. 6). Spinels with a high Cr,O3
content, predominantly from dunite and hornblendite, form
a continuous trend that ranges from the Cr,O5-poor end of
the compositional field defined by the homogeneous spinels
towards the Al,O3 and Fe,Oj; corners. Spinel exsolved
from Cr,O5-poor precursors in the different clinopyroxe-
nites continue this trend almost reaching the pure end
member compositions. Remarkably, spinels from all com-
plexes lie along the same line, which represents the solvus
curve for spinel coexisting with olivine Fogy at about
600°C (Fig 6; Sack and Ghiorso 1991a,b).

Representative cross-sections of the spinel chemistry
across the phase boundaries of coexisting spinels for the
three types of exsolution are shown in Fig. 7. The cross-
section (A-B) in Fig. 7a is typical for lamellar and bleb-
like exsolution textures. The phase boundaries between
magnetite and pleonaste are very narrow in both cases
(>5 pm) and are defined by a sharp contrast in the con-
centration of major and minor elements. For example,
Fe>", Fe**, Ti, V and Mn decrease, while Al, Mg, and Zn
increase from the magnetite to the pleonaste (Figs. 7c, e).
Chromium, likewise Co, does not change much.

Figure 7b shows a profile (C—D) which is typical for
spinels showing the type-C exsolution texture. At about
5 pm close to the rim of the grain, the phase boundary
between picotite and chromian magnetite is well defined by
its chemical contrast (Fig. 7d, f). Just behind the phase
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Fig. 7 Variation of minor and major elements across types A and C
exsolution textures. a, b Element distribution maps of Al. ¢, e Bleb-
like exsolution type A (PE910) with a sharp contrast in the
concentration of most elements. d, f Concentration profiles across
exsolution type C with sharp chemical contrast on one and a gradual

boundary Fe", Fe*™ and Ti decrease, while Al, Cr, Mg,
and Zn increase reaching intermediate compositions (22
and 28 um in Fig. 7d, f; the green area in Fig. 7a). This

change in composition at the other side (Dunite from Tilay-Konjak
block, Kytlym; KT332). Note the presence of discrete as well as
gradual boundaries between the two phases (some are outlined in
dashed black lines) and the unexsolved core outlined with a black
solid line

phase is interpreted to closely represent the composition of
the unexsolved, primary spinel. Along the profile (>28 pm)
the spinel eventually approaches a picotite composition
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similar to that at the beginning of the profile. The different
slopes for the diverse elements may indicate specific dif-
fusivities during the exsolution process.

The recalculated initial composition of exsolved spinels
(Table 2) is given in Online Resource 6. Beside its higher
Al O5 content, lower Cr/(Cr + Al) and slightly elevated
Fe>™/(Mg + Fe®™), the calculated composition of spinel in
hornblendite and dunite prior to the exsolution is similar to
that of homogeneous spinel in dunite (Online Resource 6).
These spinels follow chemical trends as described earlier
for the homogeneous spinels from the ultramafic rocks. The
recalculated primary spinel in the different types of clin-
opyroxenite from Nizhny Tagil and SW-Kytlym has lower
Fe’"/(Mg + Fe?™) at a given Fe*/(Al + Cr + Fe*™), if
compared to the homogeneous spinel in dunite.

The elevated TiO, (>2 wt%) and the lower Cr,O;
contents (<6 wt%) in most of the calculated initial spinels
from the mafic rocks probably indicate a higher degree of
fractionation in the parental melt. Spinel enclosed in oliv-
ine and clinopyroxene from By- and Ne-clinopyroxenite
has systematically higher Cr,O; and lower Fe*'/
(Mg + Fe?*), Fe’*/(Al + Cr + Fe*™) and Fe,O; than
interstitial spinel (Online Resource 6). Recalculated spinel
compositions in clinopyroxenite and By-clinopyroxenite
from the Tilay-Konjak block (E-Kytlym) indicate higher
Cr,O5 contents than equivalent rocks from the other
localities (Online Resource 6).

Discussion

Evolution of spinel and ilmenite exsolution:
implications from petrographic observations
and thermodynamic considerations

Lamellar inclusions oriented along well-defined planes of a
crystal lattice, such as our type B texture, are classic
examples for exsolution textures well known from, e.g.
orthopyroxene in clinopyroxene and vice versa, perthite
and antiperthite in alkalifeldspar (Putnis 1992), haematite-
ilmenite (Haggerty 1991). We suggest that the roundish
shape of type-A texture also is the result of an exsolution
process. Lamellar and bleb-like textures have similar
chemical compositions regardless whether they represent
Al-rich or Fe-rich phases, and regardless of the textural
position (Fig. 7). Spinel with similar composition and
texture have been interpreted as exsolution (e.g. Evans and
Frost 1975; Loferski and Lipin 1983; Eales et al. 1988;
Haggerty 1991; Tamura and Arai 2005; Ahmed et al.
2008). In all these cases, the coexistence of two spinel
phases was attributed to a break-down process either
induced by subsolidus cooling/reheating (e.g. Loferski and
Lipin 1983; Eales et al. 1988; Ozawa 1988; Jan et al. 1992;
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Burkhard 1993; Garuti et al. 2003; Tamura and Arai 2005;
Ahmed et al. 2008), subsolidus re-equilibration with sili-
cate phases or reactions with coexisting liquid (e.g. Muir
and Naldrett 1973; Evans and Frost 1975; Van der Veen
and Maaskant 1995; Candia and Gaspar 1997).

Spinodal decomposition and nucleation and growth are
proposed as potential mechanisms for the exsolution of
ulvospinel and magnetite from a solid solution (Price 1980;
Harrison and Putnis 1997, 1999). Price (1980) assumed a
nucleation and growth mechanism along grain boundaries
and lattice defects for forming coarse exsolution similar to
types A and C. The skeleton of the lamellar type B exso-
lution could have been initially formed by spinodal
decomposition and subsequent coarsening.

Price (1980) and Harrison and Putnis (1997, 1999) also
report that, depending on the composition of the spinel
prior to the exsolution, an Al-rich host and a Fe-rich guest
or a Fe-rich host and an Al-rich guest spinel is formed. This
is also observed in the present study, because the Cr,O3-
content seems to have a dominant control on the geometry
of the exsolution textures. Lamellar exsolution (Type B)
are restricted to spinels with a Cr,O3z-content below 10
wt%, thus initial compositions relatively far from the sol-
vus curve at 600°C (Fig. 6). Exsolution textures of type C
are found only in spinels with Cr,O3 contents above 15
wt% prior to the exsolution. The appearance of texture type
A seems not to be controlled by a particular chemical
composition of the initial spinel.

Sack and Ghiorso (1991a, b, c) developed thermody-
namic models describing the stability of the spinel solid
solution in the system (Mg,Fez+)(Al,Cr,FeS+)204 and
providing estimates for solvus curves in the trivalent cation
plot for a given temperature and forsterite content of
coexisting olivine. All exsolved spinels from the Ural
mountains, regardless of the lithology and provenance of
the sample, plot closely along a single solvus curve indi-
cating a temperature of about 600°C, with a coexisting
olivine with compositions of Fo = 80 (Fig. 6). However,
olivine with up to Fo95 has been reported from the ultra-
mafic rocks, while Fo contents decrease down to 66 in the
By- and Ne-clinopyroxenites (Krause et al. 2007; Krause
2008). Thus, equilibration of spinel with olivine having
lower or higher Fo contents may explain the deviations
from the calculated solvus in particular those at low Cr,O3
fractions. The increase in the Fe*™/(Mg + Fe?™) of the
recalculated exsolved spinels, from ~ 0.6 in the ultramafic
to ~0.85 in the mafic rocks (Online Resource 6) is
accompanied by a decrease in the Fo in coexisting olivine.
According to Sack and Ghiorso (1991c) and Ghiorso and
Sack (1991a), with decreasing Mg content in spinel the
miscibility gap in the system (Fe,Mg)Fe,0,4-(Fe,Mg)Al,O,
shifts towards more Al-rich compositions. This explains
the deviation of the composition of the exsolved Al-rich
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phase from the solvus line if one assumes a high Fo = 80
in coexisting olivine.

This cannot explain the misfit between the Fe-rich
exsolution products and the calculated solvus curve
(Fig. 6). According to Sack and Ghiorso (1991c) and
Ghiorso and Sack (1991a) increasing Ti extends the mis-
cibility gap towards the Fe,O3; apex. Thus, the high Ti
content of the Fe-rich phases in exsolved spinels (Table 2)
explains its displacement from the solvus line towards
higher Fe,O3 proportions. In addition, experimental data by
Turnock and Eugster (1962) suggest that the miscibility
gap in the trivalent cation plot extends towards the Fe,O3
apex with increasing oxygen fugacity. Indeed, the increase
in the Fe>™/(Al + Cr + Fe’") in the recalculated exsolved
spinels ranging from ~0.4 in dunite to ~0.7 in the clin-
opyroxenites suggests an increasing oxygen fugacity dur-
ing fractionation.

Already at temperatures of 550°C, the solvus curve
opens up towards Cr,Os-rich spinels and reaches the
Cr,05-Fe,053-apex in Fig. 6 (Sack and Ghiorso 1991a, b).
Thus, spinels in the ultramafic rocks that fall inside the
miscibility gap between 550 and 600°C (Fig. 6) should
display exsolution textures. In fact, we do not observe
exsolved spinels suggesting temperatures of significantly
less than 600°C in the Cr,Oj-rich part of Fig. 6. The
presence of homogeneous Cr,O3-rich spinel (Cr,O3 > 27
wt%) in the ultramafic rocks in the direct neighbourhood of
exsolved spinel with Cr,O5; < 27 wt% indicates a common
cooling history for these spinels and implies a slow cooling
of the host body after its solidification and a final equili-
bration of spinel at 600°C. Temperatures of about 600°C
were estimated in metamorphic mafic—ultramafic rocks
containing exsolved spinels with similar composition and
textures using independent geothermometers (Ol-spinel)
and metamorphic phase equilibria (e.g. Loferski and Lipin
1983; Jan et al. 1992).

Most spinels in clinopyroxenites are Cr,Osz-poor and lie
close to the Al,O5-Fe,Os-apex in the plot of the trivalent
cations (Fig. 6b). According to their Al,0O3/Fe,O;, the
exsolution started between 900 and 750°C (Turnock and
Eugster 1962; Ghiorso and Sack 1991a). The miscibility
gap increases during cooling from this apex towards the
centre of the diagram. Therefore, the Cr-poor spinel ex-
solves first during cooling and the different exsolution
textures reflect the complete cooling history of the host
body. Spinel with low Cr,O5 content has exsolution of type
A (blebs) and B (one or two generations lamellae; Fig. 1c).
Textural observations (Figs. 1 and 7a, Online Resource 3)
indicate that the blebs formed early during the exsolution
process, i.e. at the highest temperatures. At this time, the
miscibility gap is small and a magnetite with a relatively
high Al,0; content and a pleonaste with a significant Fe,O3
content are the two exsolving phases. Further cooling

enlarges the miscibility gap, forces a continuous re-equili-
bration of the initial exsolution generation and eventually
induces the formation of almost pure magnetite and
pleonaste. The excess Al,0; component in magnetite forms
crystallographically oriented lamellae of pleonaste. At the
same time, FeO, Fe,O3 and TiO, in the early picotite blebs
are redistributed and diffuse into the adjacent magnetite
forming pleonaste. This also explains the similar compo-
sition of blebs and lamellae within the same grain (Fig. 7).
The preservation of two generations of lamellae, separated
by a precipitate free zone, presumably reflects the sluggish
diffusion at decreasing temperatures preventing complete
re-equilibration between the blebs or between the lamellae
of the first generation and the surrounding magnetite.

The occurrence of exsolution type C is restricted to
Cr,05-rich spinels with an initial composition close to the
solvus curve at 600°C. This exsolution started the latest,
i.e. at the lowest temperature (Fig. 6b). Some large spinels
in the dunites show a transition between type A and C as
well as unexsolved areas (Figs. 1d, 7). This indicates that
due to the low diffusion rate at the low temperature not all
spinel grains could develop the final equilibrium texture of
type A. Thus, the exsolution of type C represent an initial
stage of type A.

Implications of ilmenite—magnetite exsolutions

Intergrowths of ilmenite lamellae and spinel exsolution
occur together in the most fractionated rocks—hornblen-
dites, Ne- and By-clinopyroxenites (Fig. 2). Experimental
studies suggest a very low solubility of ilmenite in magnetite
at temperatures below 800°C (e.g. Buddington and Lindsley
1964). Accordingly, the observed ilmenite lamellae are
interpreted as exsolution of ilmenite and magnetite from a
Ti-rich spinel. The absence of ilmenite as a discrete phase in
the studied samples supports the interpretation of the
ilmenite lamellae being exsolution products.

In our samples, low TiO,-magnetite coexists with
ilmenite with a low magnetite component. Textural
observations imply that ilmenite exsolved after the for-
mation of bleb and lamellae textures in the spinel from
magnetite which became sufficient Ti-rich to trigger
ilmenite exsolution (Fig. 2). In order to exsolve the Ti-rich
phase an increase in the oxygen fugacity and/or a decrease
in the temperature is required (oxidation exsolution;
Buddington and Lindsley 1964; Morse 1980; Eales et al.
1988; Speczik et al. 1988; Lattard et al. 2005; Sauerzapf
et al. 2008; Pang et al. 2008). Temperature estimates of
coexisting ilmenite and magnetite using the ILMAT geo-
thermometer of Lepage (2003) range from 370 to 615°C
and are thus lower than calculations based on the spinel
solvus. However, recent experiments performed by
Sauerzapf et al. (2008) show that the uncertainty in this
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temperature range is large, especially for phases with
higher contents in Al,03, MgO, MnO and Cr,03 >6 wt%
as it is the case in our samples.

In summary, we recognize the following sequence of
oxide formation:

1. Crystallization of homogeneous spinel (spinel 1)
together with silicate phases from a mafic—ultramafic
melt starting with chromite in the dunites, picotite in
the wehrlites and eventually Cr-Ti-bearing magnetite
in clinopyroxenite and mafic rocks.

2. Exsolution of an Al- and an Fe-rich spinel from Cr,03-
poor spinel 1 in clinopyroxenite when the temperature
falls below 900°C. Initial formation of Fe-rich pleon-
aste blebs in a matrix of Al-rich Ti-magnetite.

3. On further cooling, spinel 1 of some dunites and
hornblendites with Cr,O3-contents >10 wt% exsolved
and formed picotite blebs in a matrix of chromian
magnetite. Under the same conditions, the earlier
exsolved phases in the spinels from mafic rocks and
clinopyroxenite become unstable and Fe and Ti in the
pleonaste blebs diffuse into the Ti-magnetite matrix.
Excess Al from the magnetite forms one, occasionally
two generations of pleonaste lamellae in the magnetite.

4. Exsolution of ilmenite and magnetite from the Ti-
magnetite as a reaction to increasing oxygen fugacity
and decreasing temperature in hornblendite and mafic
rocks. Formation of a second generation of small
pleonaste blebs at the interface between ilmenite and
magnetite (Fig. 2).

Spinel: a monitor of the evolution of mafic
and ultramafic rocks from Uralian-Alaskan-type
complexes

Based on the distribution of major and trace elements in
clinopyroxene, the characteristic lithological association of
dunite, wehrlite, clinopyroxenite and Ne-clinopyroxenite in
Nizhny Tagil, Svetley Bor and southwest Kytlym is the
result of a complex interplay of igneous processes like the
mixing of magmas formed by variable degrees of partial
melting in different sources and by fractional crystalliza-
tion in open magma chamber systems (Krause et al. 2007;
Krause 2008). Similarly, the comparison of the chemical
compositions of spinel among different lithological units
provides detailed information on the crystallization history
of the parental magma and the processes during the
solidification of the cumulates.

Chemical evolution of spinel in ultramafic cumulates

Variation of oxygen fugacity in parental and derivative
melts The low Al,O5 content (<10 wt%) in the Cr-rich
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spinels reflects a rather primitive parental magma compo-
sition. This is also indicated by sole crystallization of
olivine and spinel, whereas no plagioclase is at the liquidus
(Krause et al. 2007). Estimates of the parental melt com-
position of Uralian-Alaskan-type complexes suggest rela-
tively low Al,O5 contents of 8.2—-10.7 wt% (Irvine 1973;
Pushkarev 2000; Batanova et al. 2005; Thakurta et al.
2008). The most primitive, Cr-richest spinels in dunite
samples from all Uralian complexes show a negative cor-
relation in the Al,O3 versus Cr,O3 (Fig. 8a). This trend is
well known from spinels in ocean island basalts, basalt
from back arc basins, MORB and boninites (Barnes and
Roeder 2001), and it reflects the crystallization of spinel
from an evolving ultramafic-mafic melt (Irvine 1967a).
The Uralian samples display a considerable Cr,Oj varia-
tion at Al,O3 contents of less than 10 wt% and compared
with the basaltic samples have lower Cr,O; and higher
Fe,O5 at a given Al,O3 content (Fig. 8a, b). Besides tem-
perature, pressure and composition of the melt, partitioning
of Cr into spinel also depends on the availability of Fe*™,
which in turn is controlled by the oxygen fugacity of the
melt (Hill and Roeder 1974; Cameron 1975). Thus, the
lower and variable Cr,O5 content in spinel from the most
primitive cumulates in combination with an elevated Fe,O3
content at a given Al,O5 content suggests that the parental
magmas were more oxidized than common upper mantle-
derived melts and that there were significant differences in
the oxidation states among the parental melts. The redox
state in dunite and associated chromitite was determined to
vary between 1.9 and 3 logarithmic units above the FMQ
buffer by using Moessbauer spectroscopy (Chashchukhin
et al. 2002). Estimates of the oxygen fugacity using the
model of Ballhaus et al. (1991) tend to be slightly higher
(34 logarithmic units above FMQ) for the homogeneous
spinels in the dunites and systematically increase in the
course of fractionation to 4.5-5.5 logarithmic units above
FMQ in the mafic rocks (Fig. 8c).

The spinel composition from dunite, wehrlite and clin-
opyroxenite changes systematically in that Cr,O; and
Al,O5 contents decrease and Fe,O; and TiO, contents
increase (Figs. 4 and 9, Online Resource 6). This chemical
change is accompanied by decreasing Mg/(Mg + Fe) in
coexisting olivine and clinopyroxene (Krause et al. 2007),
and hence monitors the fractionation of the parental melt.
However, due to the sole crystallization of mafic minerals,
one would expect an increase in the Al,Os-content in the
parental melt, as well as in the crystallizing minerals.
Clinopyroxene shows a continuous increase in Al,O3 with
fractionation, from 0.4 wt% in dunite up to 5.5 wt% in
clinopyroxenites (Krause et al. 2007; Krause 2008). Such
an increase in Al,O; is not reflected in the spinel compo-
sition, in fact the Al,O5 content decreases as clinopyroxene
starts to crystallize (Figs. 4 and 9; Online Resource 6). This
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Fig. 8 Variation of Al,O5 versus a Cr,O; and b Fe,O5 in homoge-
neous spinels with the highest Cr,Os- content of each dunite sample.
The calculated red trend line runs parallel to the fractionation trends
known from spinel in other tectonic settings (data from Barnes and
Roeder 2001). The elevated Fe,O3 contents in the studied samples
indicate a higher oxygen fugacity in the parental melt. ¢ Oxygen
fugacity in logarithmic units above the FMQ buffer calculated for the
recalculated exsolved spinels using the model of Ballhaus et al.
(1991). Compositions for the homogeneous spinels (in black) refer to
the profiles in Fig. 4. Data for coexisting olivines were taken from
Krause (2008)
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Fig. 9 Variation of the trivalent cations in recalculated exsolved
spinel. Cr,O5 and Al,O5 decrease in the course of fractionation from
dunite to clinopyroxenite and nepheline and bytownite clinopyrox-
enite. Data for compositional variation in homogeneous spinel in
dunite from all Uralian complexes are from Krause et al. (2007)

has also been observed in experimental studies (e.g. Irvine
1967a; Hill and Roeder 1974). The low Al,O5- but high
Fe,O3-content in spinel from wehrlite, clinopyroxenite and
the mafic rocks should reflect the enhanced competition
between Fe>™ and AI’" when temperature decreases or the
oxygen fugacity of the melt increases during fractionation.
An elevated oxidation state is necessary to prevent chro-
mian spinel from getting resorbed and replaced by chro-
mian magnetite when clinopyroxene appears on the
liquidus (Hill and Roeder 1974). In the investigated sam-
ples, the vast majority of homogeneous spinels do not show
resorption features and together with the characteristically
high content of ferric iron in the chromite from dunite
(Fig. 8), this indicates an initially elevated oxidation state
in the parental melt of the ultramafic rocks that further
increased in the course of the fractionation. This could be
the result of prolonged crystallization of olivine and
clinopyroxene which removes preferentially Fe>", thereby
causing an increase in the Fe*" proportion. This process
implies a closed system evolution of the magma with
regard to the oxygen fugacity.

Interaction of spinel with pore liquid during the solidifi-
cation of the cumulus pile Some chromian spinels in
clinopyroxene-bearing dunite and wehrlite describe a
chemical trend that is defined by a non-concentric distri-
bution of Cr and Fe, where Al,O3 decreases with
decreasing Cr,0O5 and increasing Fe,O5 contents (Figs. 3b,
4, 5a, b). It is a characteristic feature of spinels from
Alaskan-type complexes world wide (e.g. Barnes and
Roeder 2001; Krause et al. 2007).
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Irvine (1967a) and Hill and Roeder (1974) suggested
that chromite which initially crystallized together with
olivine can be resorbed by a reaction with the melt and
clinopyroxene when clinopyroxene starts to crystallize.
The irregular shape of the core of a chromite grain from
dunite NT2 (Fig. 5a) can be explained by resorption of an
early crystallized chromite during its reaction with clino-
pyroxene-saturated liquid in the pore space. Subsequently,
the core has been overgrown with ferrit chromite (Fig. 5a).
Crystallization of clinopyroxene from interstitial liquid is
supported by its texture and by its extensive enrichment in
trace elements, such as REE (Krause et al. 2007). The
enrichment of ferric iron is the consequence of the high
oxygen fugacity of the interstitial melt and its equilibration
with chromite (e.g. Henderson 1975; Henderson and Wood
1981; Roeder and Campbell 1985; Scowen et al. 1991;
Candia and Gaspar 1997). The fast equilibration of the
Ti**, A" and Fe®" components in spinel with interstitial
liquid, even if spinel is enclosed in olivine, has been
demonstrated for the Kilauea Iki lava lake on Hawaii
(Scowen et al. 1991). Therefore, local re-equilibration of
spinel with the interstitial liquid during the cooling of the
cumulate pile is a viable process explaining the non-con-
centric distribution of the trivalent cations in spinel.

Chemical evolution of spinel in mafic cumulates

In the plot of the trivalent cations, the recalculated initial
spinel compositions change from Cr-rich towards Fe>-rich
with increasing fractionation (Fig. 9). The initial compo-
sitions of spinel in the nepheline and bytownite clinopy-
roxenites from Nizhny Tagil and SW-Kytlym overlap with
those from clinopyroxenites from the same areas (Fig. 9).
Taking into account the large uncertainties involved when
calculating the initial composition of the exsolved spinels,
the Al,O3/Fe,O3; remains rather constant in the course of
fractionation once feldspar is present. This indicates that
the Al,O5 content of spinel in these rocks is buffered by the
cotectic crystallization of feldspar and clinopyroxene.
Disseminated spinel in the Ne- and By-clinopyroxenites
from the Tilay-Konjak block has systematically higher
Fe’"/(Mg + Fe*™), Fe*™/(Al + Cr + Fe’") and Fe,O;
and lower Cr,0s3, if compared to its counterpart enclosed in
cumulus clinopyroxene and olivine (Online Resource 6).
This can either reflect a fractionation trend, reaction with
interstitial melt (Scowen et al. 1991) or a subsolidus re-
equilibration with silicate phases (Henderson and Wood
1981). Within the same sample spinel enclosed in clino-
pyroxene and olivine share the same composition. A sys-
tematic mapping of the large clinopyroxene phenocrysts
enclosing exsolved spinels did not indicate any significant
redistribution of major elements within the clinopyroxene
nor between clinopyroxene and spinel. Therefore, the
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compositional variation in Al,O;, Cr,O; and TiO, of
recalculated spinels enclosed in olivine and clinopyroxene
is interpreted to predominantly monitor the fractionation of
the parental melt.

Spinel in the different clinopyroxenites from the Tilay-
Konjak block (E-Kytlym) has significantly higher Cr,O3
contents than spinel from similar lithologies in Nizhny
Tagil and southwest Kytlym (Fig. 9). The Tilay-Konjak
block lies at the interface of two fundamentally different
magmatic plumbing systems and cumulates are interpreted
to represent crystallization products from hybrid magmas,
which originated from mixing alkaline and tholeiitic
parental liquids (Krause 2008). This process could explain
the different spinel compositions in the clinopyroxenites
from the different areas and probably also reflects the
higher Al,O3 and lower Cr,O3 contents of chromite in the
dunites from the Tilay-Konjak block (Table 1), if com-
pared to chromite from dunites in Nizhny Tagil and
southwest Kytlym (Krause et al. 2007).

Conclusions

Petrogenetic implications for the evolution
of the Uralian-Alaskan-type complexes

The spinel composition traces the petrogenetic processes
that form the Uralian-Alaskan-type complexes in the Ural
Mountains. The early fractionation of olivine and spinel is
monitored by an increase in Al,Oj3 at the expense of Cr,O3
in concentrically zoned chromian spinel (Fig. 10). The
equilibration of these early chromian spinels with
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Fig. 10 Trivalent cation plot for selected samples summarizing the
evolution of spinel compositions during fractionation processes
within and among different lithologies (in red) and re-equilibration
processes with interstitial liquid or at subsolidus conditions (RCI in
black). For details, see text
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interstitial liquid, which now also crystallizes clinopyrox-
ene, leads in spinel to an increase of Fe,O; and a decrease
in first Al,O; and successively Cr,O; (RCI trends in
Fig. 10). The chemical variation, in particular, the enrich-
ment of ferric iron in these spinels is similar to trends
ascribed to metasomatic (e.g. Mellini et al. 2005; Frost and
Beard 2007; Iyer et al. 2008) or metamorphic overprint
(e.g. Springer 1974; Frost 1975; Pinsent and Hirst 1977,
Kimball 1990). However, any influence of serpentinization
or other metasomatic processes on the composition of
spinel can be excluded and metamorphic overprint at upper
greenschist to amphibolite facies conditions is not known
for the Alaskan-type complexes in the Ural Mountains
neither supported by our petrographic observations. Thus, a
detailed knowledge of the spatial distribution of major
elements in spinel and coexisting phases is necessary for
applying spinel as indicator for petrogenetic processes or to
constrain the geotectonic setting in order to avoid mis-
leading interpretations.

The elevated Fe,O5 at low Cr,O3 and Al,O5 contents in
spinel from wehrlite and clinopyroxenite cumulates reflect
in part the competing partitioning of Cr,O5 and Al,O; from
the melt into clinopyroxene and spinel. In addition, the
uptake of Al,O; is controlled by the increasing Fe,O3
content. This is caused by an increase in the oxygen
fugacity suggesting closed system fractionation (Figs. 3, 5,
8c). The onset of the crystallization of feldspar in the
nepheline and bytownite clinopyroxenites buffers Al,O5 at
relatively low levels whereas Cr,O3 contents continue to
decrease to almost Cr,O5-free spinels (Fig. 10).

At temperatures below 900°C and Cr,O; contents below
27 wt%, chromian spinel exsolves two new spinel phases.
The exsolution into an Al-rich and a Fe-Ti-rich phase
resulted in three different textures indicating nucleation
and growth of bleb textures followed by the development
of two generations of oriented lamellae in Cr-poor spinels
that probably reflect spinodal decomposition. Bleb-like
exsolution textures (type A) occur in all exsolved spinels
regardless of the chemical composition. Lamellar exsolu-
tion (type B) are confined to spinels with Cr,O3-contents
below 10 wt%, whereas exsolution with diffuse and
irregular contacts of both phases (type C) are restricted to
spinels with Cr,O5 contents above 15 wt%. The Ti-mag-
netite component of exsolved spinel in hornblendite and
nepheline and bytownite clinopyroxenites further exsolved
into ilmenite and magnetite. This represents the last
equilibration of the oxide phases and indicates further
increase in the oxygen fugacity at decreasing temperatures
(Fig. 8b). Ilmenite crystallization is accompanied by the
formation of a second generation of Al-rich spinel blebs at
the phase boundary between ilmenite and magnetite.
Almost pure magnetite fills cracks that crosscut the exso-
lution textures in chromite in dunite and forms in places

narrow rims around these grains. Its formation is related to
a late serpentinization of olivine (Fig. 10, Online Resource
3d).

In the trivalent cation plot, all exsolved spinels closely
match the solvus curve indicating temperatures of 600°C.
The similarity of the exsolution temperatures among the
different complexes over a distance of several hundred
kilometres implies a regional tectonic event that terminated
the exsolution process. We consider this temperature to be
close to the temperature of the host rocks in which the
parental magmas of the Uralian-Alaskan-type complexes
formed magma chambers. They gave rise to the different
lithologies of dunite, wehrlite, clinopyroxenite and nephe-
line and bytownite clinopyroxenite cumulates. The depth
of the crust-mantle boundary could correspond to the
600°C isotherm above a subduction zone (Tatsumi 1989;
Furukawa 1993) and the contrast in density and rheology at
this boundary would facilitate the emplacement of mantle-
derived melts. This scenario would presume a tectonic
environment of a continental or oceanic volcanic arc as
proposed for Uralian-Alaskan-type complexes by earlier
studies (e.g. Ivanov and Shmelev 1996; Batanova et al.
2005; Krause et al. 2007). Exhumation along regional
tectonic structures (e.g. the Main Uralian Fault or the Serov
Mauk Fault, Online Resource la) transported the com-
plexes into cold upper crustal levels within the Tagil
Magnitogorsk-Zone and stopped the re-equilibration
process.
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