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Abstract Murzinka and Dzhabyk are continental-type
batholiths of the middle and southern East Uralian
domain. They comprise mainly undeformed peralumi-
nous K-rich granites whose elemental composition is
similar to some late-Variscan granites of western
Europe, but with much more primitive Sr and Nd iso-
tope ratios. Murzinka (254+5 Ma) is composed of sili-
ca-rich granites forming two different rock series with
a ¥Sr/®Sr, . of 0.709 and 0.704, respectively. Both
series have enormous variations in &éNd,ss (-11.9 to
-0.1 and -8.9 to +4.1) that reveal derivation from het-
erogeneous sources. Dzhabyk (291+4 Ma) also com-
prises two coeval magmas which yielded voluminous
granites and quartz-monzonites, respectively, with
smaller differences in  ®Sr/®Sr,;,  and  &Nd,y,
(~0.7043, +0.8 to +1.6 and ~0.7049, 0.0 to +0.8).
Despite their isotope compositions both batholiths
lack evidence of genetic involvement of a mantle-de-
rived parental magma. Moreover, we suggest that
Dzhabyk granitoids were generated by polybaric par-
tial melting of Paleozoic island-arc material, whereas
Murzinka granitoids derived from an extremely heter-
ogeneous source consisting mainly of Paleozoic and
Proterozoic metagreywackes. This implies a relative
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fast reworking of juvenile arc crust and burial of the
protoliths during the orogenic evolution of the Urals.
Since there is neither evidence of significant extension,
nor a direct link with subduction, we suggest that the
main cause for late-orogenic anatexis was elevated
heat production and fertility in the protolith, perhaps
combined with some additional heat from unexposed
mafic intrusions.

Keywords Granite genesis - Post-collisional - Ural
mountains - Variscan granites - Sr—Nd isotope
systematic - Source heterogeneity - Crustal evolution

Introduction

The middle and southern Urals contain numerous
upper-Paleozoic granite batholiths that form several
N/S-oriented arrays (Fig. 1; Fershtater et al. 1994).
These batholiths display a marked polarity perpendic-
ular to the main axis of the foldbelt, caused by the
decreasing age and increasing peraluminosity and con-
centration of incompatible trace elements to the east
(Fershtater et al. 1994, 1998). The western Urals con-
tain abundant lower- to middle-Carboniferous bath-
oliths composed of metaluminous tonalites, trondhje-
mites, granodiorites and granites intruded into
middle-Paleozoic accreted terranes that consist of
oceanic and island-arc volcanic rocks (e.g. Bea et al.
1997). The eastern Urals, in contrast, contain upper-
Carboniferous to Permian batholiths that comprise
mainly peraluminous K-rich granites and granodiorites
emplaced in a basement of Proterozoic and Paleozoic
gneisses and volcano-sedimentary units (e.g. Fersh-
tater et al. 1994, 1997).

While the early calc-alkaline magmatism of the
western Urals seems to be clearly related to the east-
ward subduction of the Uralian paleo-oceanic crust,
the origin and tectonic setting of the dominantly per-
aluminous granitoids in the continental basement of



Fig. 1 Geological sketch of
the central and southern
Urals. Black: subduction-re-
lated batholiths. Dotted: con-
tinental-type batholiths.
Striped: ultramafic massifs.
The Murzinka and Dzhabyk
batholiths (detailed maps) are
representative examples of the
continental-type magmatism
of the middle and southern
Urals
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the eastern Urals, hereafter called continental-type
granites, still remain obscure.

This paper is a study of the geochemistry, isotope
geology and petrogenesis of the continental-type gran-
ites of the eastern Urals, which are nearly unknown in
the international literature. We summarise herein the
results of a field, petrographic, geochemical and
Sr-Nd isotope study carried out on the Murzinka and
Dzhabyk batholiths from the middle and southern
Urals, respectively (Fig. 1). Our aim was to character-
ise the most important features of late East Uralian
magmatism and to give constraints for the possible
sources and processes involved in magma genesis.

Geological setting and petrography

The Uralian mobile belt originated during the middle
and upper Paleozoic as a consequence of the eastward

subduction of the Uralian palaeo-oceanic crust, which
was followed by the collision of the eastern European
continent with a Siberian-Kazakhian terrane assem-
blage (e.g. Hamilton 1970; Zonenshain et al. 1990).
One of the most outstanding geological features of the
Urals is the abundance and variety of middle-Ordovi-
cian to Permian magmatic rocks in the region, here-
after named the Uralian domain, which is between the
Main Uralian Fault in the west and the Chelyabinsk
Fault in the east (Fig. 1). The Uralian Domain con-
sists of a suture sector and two N-S imbricated island-
arc continental sectors separated by the Alapaeevsk
Fault (Fershtater et al. 1994). The suture sector, rep-
resenting the palaeo-subduction zone, is a narrow
band located immediately east of the Main Uralian
Fault. It is characterised by an intense positive gravi-
metric anomaly and an abundance of mafic-ultramafic
complexes that, at least in part, represent fragments of
the Uralian palaeo-oceanic crust. The island-arc con-



tinental sectors represent the transition from an
oceanic to a continental environment in the middle
and southern Urals. They are composed of: (a) an
island-arc zone in the west, with abundant basaltic
calc-alkaline volcanism; (b) an active continental mar-
gin zone in the centre, containing numerous lower-
and middle-Carboniferous metaluminous Na-rich gran-
itoids; and (c) a continental zone in the east, charac-
terised by an abundance of upper-Carboniferous to
Permian K-rich peraluminous granitoids. Two of the
most representative examples for the north and south
island-arc continental sectors are the Murzinka and
Dzhabyk batholiths (Fershtater et al. 1994). They are
composed of similar rocks, mainly peraluminous
biotite and two-mica granites, but show important dif-
ferences in age and isotope composition.

The Murzinka batholith

The Murzinka batholith in the middle Urals is a N/S-
elongated granitic complex with maximum dimensions
of ~75 km N-S and ~25 km E-W, dated with single-
zircon 2’Pb/?%Pb evaporation analyses at 254+5 Ma
(Montero et al. 2000). It is west of the Alapaeevsk
shear-zone, intruding gneisses, volcano-sedimentary
units and serpentinites primarily of Paleozoic age.
Barometric data indicate that the equilibration pres-
sure of country rocks decreases from ~0.6 GPa in the
west to ~0.4 GPa in the east, due to the post-emplace-
ment eastward tilting of the batholith (Fershtater et
al. 1994).

The batholith comprises three units, Yuzhakovsk in
the west, Vatikha in the middle and Murzinka s.s. in
the east (Fig. 1). Yuzhakovsk granitoids form a net-
work of discordant veins (~0.5-10 m thick) that cut
Paleozoic ortho- and paragneisses metamorphosed in
the amphibolite facies. Biotite-bearing trondhjemitic
and leucogranodioritic veins are distinguished from
wider veins with a granitic modal composition. Aplites
and pegmatites occur together in both vein types. The
K-poor granitoids are characterised by antiperthitic
andesine (Ans_4)), red-brown biotite, and apatite and
zircon as main accessory phases, whereas the granitic
veins have zoned oligoclase (An,s ;5), Ti-rich biotite
(TiO, ~5%) and magnetite, ilmenite, monazite,
sphene and rare almandine garnet as additional acces-
sories. Yuzhakovsk gneisses are intruded by the mas-
sive granites of the Vatikha unit, composed of medi-
um-grained, sometimes porphyritic, granites that have
aluminous biotite (AI'Y ~2.66-2.75 a.f.m.) as the only
Fe-Mg mineral. These granites are typified by the
presence of conspicuous crystals of oscillatory zoned
antiperthitic oligoclase (An,, ;5), highly monoclinic
orthoclase, and scarce, but very characteristic, huge
crystals of magnetite. The accessory-phases assem-
blage comprises apatite, zircon, magnetite, ilmenite,
monazite, allanite, Th-orthosilicate and xenotime.
Medium-grained porphyritic granites of the Murzinka

s.s. unit form the main variety of this batholith. These
leucocratic granites have abundant veins of aplites and
pegmatites, which were the subject of Fersman’s clas-
sic book on pegmatites (Fersman 1940). The veins can
reach a considerable size, up to the point that they are
currently mined for gemstones and rare crystals. The
mineralogy of Murzinka granites comprises quartz,
albitic plagioclase (An;g 5), porphyritic microcline, alu-
minous biotite (Al'Y ~2.62-2.77 a.f.m.), muscovite and,
occasionally, almandine garnet. Magnetite phenocrysts
are absent. The accessory mineral assemblage is
formed of ilmenite, apatite, zircon, monazite, thorite
and xenotime. Murzinka granites show complex intru-
sive relationships with Vatikha granites, indicating
that they were coeval. Both are usually undeformed,
except near the eastern contact, where there is a sub-
vertical planar fabric parallel to the Alapaeevsk shear
zone (Fig. 1).

The Dzhabyk batholith

The Dzhabyk batholith of the southern Urals is a
composite body covering ~65 km W-E and ~35 km
N-S (Fig. 1). It is west of the Chelyabinsk fault and
intrudes Paleozoic gneisses, schists and serpentinites.
It is the only major Uralian batholith with its major
axis orientated W-E instead of N-S. Ongoing geo-
physical research, however, indicates that a consid-
erable part of the batholith is hidden, suggesting it is
likely prolonged northwards and connected with the
neighbouring Chesma batholith (C. Ayala et al., pers.
commun.). The southern part of the Dzhabyk bath-
olith is locally affected by normal shear zones associ-
ated with its emplacement. The eastern zone is also
affected by a strong regional shear zone.

The Dzhabyk batholith consists of six units: Veliko-
petrovsk; OlI’khovsk; Dzhabyk s.s.; Rodnichki; Mocha-
gi; and Kozubaeevsk (Fig. 1). Velikopetrovsk is a
small body in the NE margin of the batholith. It is
composed of deformed medium-grained porphyric
biotite granites metamorphosed in the greenschist
facies. It probably represents the earliest intrusion.
Dzhabyk s.s., which forms the main part of the bath-
olith, is composed of usually porphyritic coarse-, medi-
um- and fine-grained biotitetmuscovite granites and
leucogranites having sharp intrusive contacts with
rocks from the other units. Their modal composition,
remarkably constant, is formed of quartz, albite—oligo-
clase (~Anysjg), porphyritic K-feldspar, aluminous
biotite (Al'V~2.54-2.77 a.f.m.) and, often, primary
muscovite, with an accessory mineral assemblage com-
posed of apatite, ilmenite, zircon, monazite and rare
xenotime. Ol’khovsk is a concentric intrusion in the
east of the batholith, composed of leucocratic, mostly
porphyritic, fine- to coarse-grained granites. The main
differences with the Dzhabyk s.s. granites are the
abundance of grey quartz and microperthitic K-feld-
spar and an accessory assemblage of titanite, apatite,



frequent magnetite, zircon, allanite and Th-orthosili-
cate. Dzhabyk s.s. and OlI’khovsk granites have been
dated at 291+4 Ma by single-zircon 2”’Pb/?%Pb evap-
oration analysis (Montero et al. 2000).

The Mochagi unit crops out in the eastern and
southwestern margins of the batholith (Fig. 1) and was
intruded by Dzhabyk granites. This unit and the Rod-
nichki unit, a concentrically zoned body in the west,
comprise quartz-monzonites, quartz-monzodiorites and
syenogranites with minor leucogranites. In the case of
Rodnichki, they are fine- to medium-grained varieties
composed of quartz, K-feldspar, oscillatory-zoned,
often antiperthitic, plagioclase (~Anss,s to Anygs),
and moderately aluminous biotite (Al'Y ~2.42-2.67
a.f.m.). Mochagi comprises medium- to coarse-grained
often porphyric varieties with a well-defined foliation
that, apart from biotite, usually contain magnesian
hornblende. The accessory assemblage of both units
consists of apatite, titanite, titanium-magnetite, zircon,
minor allanite, rare thorite and xenotime and mona-
zite in the most felsic varieties.

The small Kozubaeevsk pluton is composed mainly
of K-rich mafic to intermediate rocks with a K-Ar
amphibole age of ~254+8 Ma (V.I. Kaleganov pers.
commun.). It is a late intrusion with a different
composition and independent chemical trends (Fersh-
tater et al. 1994) and is considered no further in this
article.

Samples and methods

For this work we used the major element data of
approximately 240 fresh samples representing all the
lithotypes of the Murzinka and Dzhabyk batholiths. A
subset of 69 samples was analysed for trace elements
(Tables 1 , 2), whereas another subset of 18 samples
was also analysed for Sr and Nd isotopes (Table 3).
Major element determinations were performed at the
IGG (Ekaterinburg) by X-ray fluorescence after
fusion with lithium tetraborate. Typical precision was
better than +1.5% for an analyte concentration of
10 wt.%. Trace element determinations were per-
formed under routine conditions at the University of
Granada by ICPmass spectrometry (ICP-MS) after
HNO;+HF digestion of 0.100 g of sample powder in a
Teflon-lined vessel at ~180°C and ~200 p.s.i., evap-
oration to dryness, and subsequent dissolution in
100 ml of 4 vol.% HNO;. Instrument measurements
were carried out in triplicate with a PE SCIEX
ELAN-5000 spectrometer using Rh as internal stand-
ard and a set of solutions of standard rocks (USGS
and CRPG) as external standards. Isobarics were
minimised by optimising the plasma torch and numeri-
cally corrected by calculating the interference level in
each run. Precision, estimated on ten replicates of the
standard WS-E (Govindaraju et al. 1994), was better
than +2 and +5% rel. for analyte concentrations of 50
and 5 ppm, respectively.

Samples for Sr and Nd isotope analyses were
digested in the same way using ultra-clean reagents,
and analysed at the University of Granada by thermal
ionisation mass spectrometry (TIMS) with a Finnigan
Mat 262 spectrometer after standard chromatographic
separation. Normalisation values were 86Sr/*8Sr=0.1194
and '“Nd/'*Nd=0.7219. Blanks were 0.6 and 0.09
nanograms for Sr and Nd, respectively. Frequent
measurements (n=12) of the standard WS-E (Govin-
daraju et al. 1994) have yielded ®Sr/%Sr=0.706599+11
(2 s) and "Nd/'"*Nd=0.511851+9 (2 s). 8’Rb/%Sr and
147Sm/1*Nd were directly determined by ICP-MS fol-
lowing the method developed by Montero and Bea
(1998), with a precision better than 1.2 and 0.9% (20),
respectively.

Major and trace element geochemistry
The Murzinka batholith

The chemical composition of Murzinka granites is
highly variable (Table 1). Yuzhakovsk trondhjemites
and leucogranodiorites are K-poor, richer in Ca and
Na, but similar in peraluminosity (ASI ~1-1.2) to the
granitic veins with K,0O>Na,O (Fig. 2). Vatikha rocks
are peraluminous (ASI ~1.03-1.25) silicic granites with
SiO, commonly in the range 70-74% and K,0O>Na,0.
Murzinka s.s. rocks are high-silica peraluminous (ASI
~1.0-1.22) granites with 72-76% SiO, and K,0~Na,O.
The trace element composition is also extremely vari-
able. Yuzhakovsk rocks are rich in Sr and V, and
have variable Nd/Th (~0.7-11) but low Li, Rb, Cs, Be,
Ga, Nb, U and Th, with Th/U~7 (Fig. 3). The K-poor
granitoids have lower Rb, Ba and Pb contents and
more variable K/Rb (283-902, average ~688) in com-
parison with the granitic veins (K/Rb ~400). Chon-
drite-normalised REE patterns (see Fig. 5) are com-
monly characterised by a positive Eu anomaly
increasing in intensity with the concentration of Sr
(Fig. 4). A positive Ce anomaly is also evident in
those samples with elevated Eu anomalies, both
anomalies being more intense in the K-poor veins.
The LREE/HREE ratios are higher in the granitic
than in the K-poor veins (Lay/Yby ~78-200 to ~4-70).

Vatikha granites are more uniform than those from
Yuzhakovsk. They also have low Li, Be, Cs and U
contents; however, their Ba and Sr contents are less
high and their Th/U (7-48, average ~18) is more
evolved. The Rb, Th, Pb, Nb, Ga and LREE concen-
trations are variable, although usually higher than in
Yuzhakovsk rocks, whereas the K/Rb is lower
(230-637, average ~375); however, their range of vari-
ation overlaps that of the granitic veins. The Nd/Th
ratio is low (0.3-2.7; Fig. 3), usually lower than in
common peraluminous crustal rocks with monazite as
the major reservoir of Nd and Th (e.g. Bea and Mon-
tero 1999). Chondrite-normalised REE patterns range
between two extremes (Fig.5). Samples with low
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Table 3 Sr and Nd whole-rock isotopic data for Murzinka and Dzhabyk granitoids

Rb Sr 8Rb/  ¥7Sr/*Sr Sm Nd 147§ m/ IBNd/*Nd eNd Tpum
SGSr 144Nd

Sample  (ppm) (ppm) Measurement® Initial®  (ppm) (ppm) Measurement? Initial® Initial® (Ma)

Murzinka batholith (Y, V, M=Yuzhakovsk, Vatikha, Murzinka s.s.)

129 'Y 26.5 519 0.1476  0.70470 0.70416 1.80  10.63 0.1026 0.512692 0.512521  +4.1 707
42 M 168 250 1.949  0.71166 0.70459  0.92 489 0.1142 0.512659 0.512468  +3.1 758
51 M 123 288 1234 0.70997 0.70549  0.54 2,65 0.1227 0.512634 0.512429 +2.3 796
50 M 210 106 5725 0.72496 0.70419 2.87 1592 0.1088 0.512359 0.512177 2.6 1218
22 M 214 73 8.523  0.73540 0.70447 3.07  15.89 0.1169 0.512048 0.511853 -89 1694

115 Y 124 409 0.8803 0.71241 0.70922 2.80 17.69 0.0956 0.512467 0.512307 -0.05 1053

9 V. 139 130 2.687  0.71886 0.70912 334  21.39 0.0945 0.511942 0511784 -103 1856
61 V 60.6 181 09711 0.71275 0.70923  3.02 1945 0.0938 0.511960 0.511803 -9.9 1829
17 V. 164 95.8 4948  0.72663 0.70868 338  16.11 0.1269 0.511911 0.511699 -11.9 1903

Dzhabyk batholith (Dz, Ol, Mo, Ro = Dzhabyk s.s., Olkhovsk, Mochagi, Rodnichki)

972 Dz 158 203 2258  0.71398 0.70466 292  19.22 0.0918 0.512493 0.512319  +1.1 1013

974 Dz 140 166 2.441  0.71380 0.70372 246 1527 0.0974 0.512492 0.512307 +0.8 1014

833 Dz 154 270 1.653  0.71098 0.70416 396 2629 0.0911 0.512495 0512322 +1.1 1010

962 Dz 166 145 3314 071771 0.70404 226  14.19 0.0965 0.512528 0.512345 +1.6 959

525 Ol 181 104 5.063  0.72460 0.70370 319  15.07 0.1280 0.512564 0512321  +1.1 904

802 Mo 141 847 0.4833  0.70661 0.70462 9.02 6125 0.0890 0.512477 0.512308 +0.8 1037

800 Mo 937 584 0.4642  0.70650 0.70459 590  41.71 0.0855 0.512453 0.512291 405 1074

811 Ro 67.8 878 0.2233  0.70577 0.70485 5.63 3921 0.0868 0.512469 0.512304 +0.8 1050

814 Ro 951 248 1.111  0.71017 0.70559 196 1529 0.0775 0.512412 0.512265 +0.01 1137

2 measured ratio, 20, during measurements were <0.004% for
87Sr/%%Sr and <0.0015% for *Nd/'*Nd, respectively

b Initial ratios were calculated for 255 Ma (Murzinka) and
290 Ma (Dzhab?/k), using A¥Rb=1.42E-11 ?,-1’ J147Sm=6.54E-12
y L, WSm/"NdY,,,=0.1966 and "¥Nd/"*Nd’¢,,,=0.512638

REE have positive Eu anomalies and decrease almost
continuously from La to Sm and from Gd to Lu. Sam-
ples with high total REE have negative Eu anomalies,
decrease from La to Sm and from Gd to Ho-Er and
then become nearly flat for the heaviest HREE. The
LREE/HREE ratio is always elevated, with Lay/Yby
~48-202.

Murzinka s.s. granites have the highest concentra-
tions of Li, Rb, Cs, Be, Ga, Y, U and Nb, and the
lowest values of K/Rb (128-214, average 162) and
Th/U (~4.5). Sr and Ba contents vary largely and cor-
relate negatively with the Rb/Sr ratio. The Nd/Th
ratios are very low (~1) and less variable than in the
Vatikha and Yuzhakovsk granites. Chondrite-norma-
lised REE patterns have moderate Lay/Yby ratios
(6-59, average ~24), invariably negative Eu anomalies,
and flat profiles for the heaviest HREE. The LREE,
HREE, Y, Nb and Ga contents commonly correlate
positively with the Rb/Sr ratio, whereas Zn and V cor-
relate negatively with it.

The Dzhabyk batholith

Dzhabyk granitoids are also highly heterogeneous (Ta-
ble 2). Two groups are distinguished geochemically,
one comprising the Dzhabyk s.s., OI’khovsk and Veli-
kopetrovsk units, hereafter generically called the
“granites”, and the other consisting of the Rodnichki
and Mochagi units, hereafter called the “quartz-mon-

¢ Nd model ages were calculated after Liew and Hofmann
(1988), using '“Nd/'"*Ndpy=0.513151, ¥’Sm/*Ndp)=0.219 and
7S m/*Nd=0.12

zonites”. The first group is volumetrically much more
important, formed of peraluminous granites with SiO,
commonly in the range 69-76% and K,0>Na,O
(Fig. 2). The second is formed mainly of metalumi-
nous to slightly peraluminous quartz-monzonites,
quartz-monzodiorites, syenogranites and minor leuco-
granites, characterised by high total alkali contents
(Fig. 2).

Dzhabyk granites are slightly richer in Ti, Mg, Fe,
Ca, Li, Rb, Ga, Nb, V and HREE, but have compara-
ble LREE, Sr and Ba contents to similar rocks of the
Murzinka batholith and the same fairly constant Sr/Ba
ratio (average ~0.29). The MgO, FeO,,, and CaO con-
tents are, however, generally below 0.8, 3.5 and
1.8 wt.%, respectively. The Rb/Sr ratio is typically ~1
but commonly decreases with the concentration of Ca
from a high of 3.8 to a low of 0.4. Th/U ratios are in
the range of ~2-10 and never reach the elevated
values characteristic of the Vatikha granites. Nd/Th
ratios can be very low (Fig. 3), with an average value
close to unity. Chondrite-normalised REE patterns
(Fig. 5) show a smooth decrease from La to Sm, a
negative Eu anomaly (Fig. 4), more intense in the
case of the Ol'’khovsk and Velikopetrovsk granites,
and a flat or positive slope from Gd to Lu. They have
a moderate Lay/Yby of 8-45, comparable to that of
Murzinka s.s. granites.

Dzhabyk quartz-monzonites have a distinctive geo-
chemistry with respect to the granites. They have
lower concentrations of Li, Rb and Cs, higher concen-
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Fig. 2 Or-Ab-An plot (fields
after Barker 1979) and major
element variation diagrams for
granitoids from the Murzinka
and Dzhabyk batholiths. Note
that the classification of the
rocks in the text were done by
modal content. Murzinka:
Yuzhakovsk (crosses), Vatikha
(black squares), Murzinka
(open squares); Dzhabyk:
granites (pluses) and quartz-
monzonites from Rodnichki
(circles) and Mochagi (black
dots)
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Fig. 3 U vs Th, Th vs Nd and
Sr vs Ba diagrams for gran-
itoids from the Murzinka and
Dzhabyk batholiths. Symbols
as in Fig. 2. For comparison,
the reference lines for amphi-
bolite-facies (Th/U=6) and
granulite-facies (Th/U=14)
rocks of the Ivrea-Verbano
zone and Iberian peralumi-
nous granites (Nd/Th=1.9) and
Ivrea-Verbano granites and
metapelites (Nd/Th=2.6; Bea
and Montero 1999; Bea et al.
1999). Shaded field: Tberian
peraluminous granites (Bea et
al. 1999). Striped field: met-
aluminous subduction-related
granitoids from the Verkhi-
setsk batholith (Bea et al.
1997)

trations of LREE (YLREE ~100-400 ppm), Ba and
Sr, lower Rb/Sr and higher Sr/Ba, Zr/Hf and Nd/Th

11
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ratios. The chondrite-normalised REE patterns are
also different (Fig. 5). Quartz-monzonites usually have Murzinka granitoids

higher LREE/HREE ratios, with Lay/Yby>25 and a
moderate negative or a marked positive Eu anomaly.

On the ¥Sr/%6Sr vs 3’Rb/*°Sr diagram (Fig. 6), Mur-

The LREE, HREE and elements, such as Ba, Sr, Ga, zinka rocks plot within two parallel regression lines,
Sc, V, Co and Zn, show, particularly for the Mochagi which yield ages of 248+6 and 259+8 Ma, consistent
samples, a clear negative correlation with the silica with the single-zircon age of 254+5 Ma (Montero et
content, and only the Pb, U and Th concentrations al. 2000). A contemporaneous intrusion is also sup-

correlate positively with SiO,.

ported by the field relations. The Vatikha granites
and one granitic vein from Yuzhakovsk plot on the
upper line, corresponding to an %Sr/%Sr,;, of 0.7093,
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Fig. 4 Eu/Eu* vs Sr and K/Rb
vs Rb diagrams for granitoids

Murzinka batholith

Dzhabyk batholith

from the Murzinka and Dzha- 3 - : 3
byk batholiths. Symbols and
fields as in Figs. 2 and 3
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whereas the Murzinka s.s. granites and one trondhje-
mitic vein from Yuzhakovsk plot on the lower line,
corresponding to an ’Sr/*Sr; . of 0.7042. It seems,
therefore, that the Murzinka batholith is composed of
granitoids with high (HRS) and with low radiogenic
Sr (LRS). 3Nd/'"*Nd,,;, (Table 3) are highly variable;
as in Murzinka granites the &Nd,ss ranges from -8.9
to +3.1 and in Vatikha granites from -9.9 to -11.9. In
Yuzhakovsk, the eNd,ss of the LRS trondhjemitic vein
(Y129) is +4.1 and that of the HRS granitic vein
(Y115) is +0.05. Calculated Nd model ages (Liew
and Hofmann 1988), which give an estimate of the
average crustal residence time of the REE in granite
protoliths, are in the range of ~1050-1900 and
~700-1700 Ma for the HRS and LRS granites, respec-
tively (Table 3).

Dzhabyk granitoids

On the Rb-Sr isochron diagram (Fig. 6), Dzhabyk
rocks, similarly to the Murzinka rocks, also plot along
two different correlation lines with a slope cor-
responding to ~290 Ma, in good agreement with the
single zircon age of 291+4 Ma (Montero et al. 2000).
The quartz-monzonites and one sample of the Dzha-
byk granites define the upper line, with ®Sr/%Sr; .

0 100 200 300 400 500 600
Rb (ppm)

0 S PR
0 100 200 300 400 500 600
Rb (ppm)

~0.7049. In this case, the small dispersion on the hori-
zontal axis and the considerable scattering do not
allow an age calculation. The second line is defined by
the granites and corresponds to an age of 282+17 Ma
with a 8Sr/%Sr,;, of 0.7043. The difference in the 8Sr/
8Sr,,;; between these two groups is notably less
marked than in the case of Murzinka. Nd isotopes are
very similar in both rock types (Table 3 ): the eNd,y,
is always positive and ranges from 0.0 to +0.8 in
quartz-monzonites, and from +0.8 to +1.6 in granites.
In the eéNd,g, vs 1/Sr plot (Fig. 6) no clear correlation
is visible. Calculated Nd model ages are remarkably
uniform, clustering around 900-1100 Ma.

Discussion

Uralian continental-type granites have many geochem-
ical features (e.g. K,0/Na,0>1, ASI ~1.0-1.25,
elevated Rb, U, Th and LREE and low Sr/Ba ratios)
that clearly differentiate them from West Uralian sub-
duction-related granitoids, formed by partial melting
of an oceanic source (e.g. Bea et al. 1997). They are
comparable in many regards to certain post-collisional
Variscan granitoids of western Europe that were
produced predominantly by crustal melting (e.g.
Finger et al. 1997; Bea et al. 1999; Gerdes et al. 2000).
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Dzhabyk and Murzinka granitoids were also generated Therefore, the involvement of a mantle-derived

long after ocean closure in a post-collisional setting. In
contrast to Variscan granites, which had sources with
a long crustal residence time (Fig. 7), the Sr- and Nd-
isotope data presented suggest significant amounts of
juvenile material in the generation of the East Uralian
granitoids.

Petrogenesis of Murzinka granitoids

The large isotopic variations in Murzinka granitoids
can, in theory, be explained by hybridization of mafic
mantle-derived magmas with silica-rich melts derived
from old crustal sources; however, the scarcity of
mafic enclaves, the relatively small compositional vari-
ation of the granitoids and their elevated peraluminos-
ity and silica contents argue against such a process.
Murzinka s.s. granites, for instance, vary by approx-
imately 12 ¢Nd units with a change in SiO, of <2 wt%.

magma in Murzinka granite genesis either in a mixing
process or an assimilation and combined fractional
crystallisation process (DePaolo 1981) is regarded as
unlikely. An alternative explanation is a purely crustal
origin of the magmas with the involvement of proto-
liths with a large juvenile component. These magmas
may be derived from the destruction of a young island
arc and would have an isotopic composition almost
identical to that of mantle-derived magmas. If these
materials were buried quickly and underwent partial
melting, the resulting magmas would be felsic and per-
aluminous and inherit, at the same time, the primitive
isotopic composition of their source. Since the Uralian
evolution is characterised, in contrast to the Varis-
cides, by the amalgamation of various upper-Paleozoic
island arcs (Zonenshain et al. 1990; Fershtater et al.
1997; Puchkov 1997; Brown et al. 1998), and it has
been shown that materials from Devonian island arcs
have been metamorphosed at granulite-facies con-
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ditions (Friberg et al. 2000), we tentatively suggest
that they represent the source materials for the East
Uralian granitoids.

The compositional differences of partial melts
produced from crustal sources, such as amphibolites,
tonalitic gneisses, metagreywackes and metapelites,
can be visualised well in the AlL,O;/(MgO+FeO,) vs
CaO/(MgO+FeO,,) diagram (Fig.8; Gerdes 1997,

+5
0
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w
10 | -
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Fig. 7 ¢Nd,,;, vs ¥Sr/*Sr;,, of Murzinka and Dzhabyk gran-
itoids. Symbols as in Fig. 2. The field of Variscan peraluminous
granitoids is shown for comparison (Pin and Duthou 1990; Ger-
des et al. 1998; Bea et al. 1999)

1/Sr (in ppm) x 100

Gerdes et al. 2000). The major element composition
and variation of Murzinka s.s. and Vatikha granites
are very similar to experimental melts of metagrey-
wackes (e.g. Conrad et al. 1988; Montel and Vielzeuf
1997). Melts derived from meta-igneous sources are
metaluminous to peraluminous and have higher CaO

7 L u
Partial melts
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5 metapelitic ® metagreywackes
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e 5r JEA—
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Fig. 8 AlL,0;/(MgO+FeO,,) vs CaO/(MgO+FeO,,) plot for the
Murzinka and Dzhabyk granitoids. Outlined fields are for
water-undersaturated partial melts (>9 vol.%) derived from
different protoliths under crustal P-T conditions (0.5-1.5 GPa,
725-1000°C). Modified after Gerdes (1997). See Gerdes et al.
(2000) for references



and lower K,O than granites from Murzinka. Partial
melts of metapelites are more peraluminous (ASI>1.2)
than East Uralian granites and usually have lower
Na,O and CaO (Vielzeuf and Holloway 1988; Patifio-
Douce et al. 1990).

Trace element and Sr isotopic composition suggest
that Murzinka and Vatikha granites were generated at
different melting conditions and from distinct sources,
one with predominantly high ¥Sr/*Sr,,, (HRS) and
the other with predominantly low ®Sr/*Sr, . (LRS).
Vatikha granites are typified by elevated LREE/
HREE ratios and high K/Rb and Th/U, similar to par-
tial melts derived from granulite-grade metasediments
(e.g. Bea and Montero 1999). High %Sr/%Sr, ,, with
high Ba and Sr contents and moderate Rb/Sr imply an
old relatively feldspar-rich protolith and a residue rel-
atively poor in K-feldspar or biotite. We therefore
propose that Vatikha granites were produced in the
granulite facies of a probable greywacke source with a
long crustal residence, leaving a residuum rich in gar-
net. The moderate Lay/Yby of Murzinka s.s. granites,
however, indicates that garnet was not a major phase
in the residuum and their K/Rb and Th/U contrast
sharply with those of the Vatikha granites. The primi-
tive Sr isotopic composition implies a young protolith
probably rich in juvenile detritus derived from upper-
Paleozoic island arcs. In Fig. 9 we test the hypotheses
that Vatikha and Murzinka s.s. granites were gener-
ated at different P-T conditions from a metagrey-
wacke source. We model trace element contents using
a batch-melting equation (Hanson 1978), different res-
tite assemblages at 25-42 vol.% partial melting (Con-
rad et al. 1988), a Phanerozoic greywacke as starting
material (Taylor and McLennan 1985) and a range of
mineral/melt partition coefficients for felsic rocks
(Rollinson 1993). Except perhaps for the LREE, the
average trace element composition of Murzinka s.s.
granites agrees very well with the compositions calcu-
lated using an amphibolite-facies residue (C 1; Fig. 9).
Restitic monazite was not considered but is very likely
at these temperatures and would cause lower LREE
concentrations in the calculated melts. The composi-
tion of Vatikha granites are in accordance with a gran-
ulite-facies model (C 2). In contrast, melts derived
from metapelites would have stronger HREE deple-
tion because of higher restitic garnet contents (Viel-
zeuf and Holloway 1988).

Petrographic observations provide additional infor-
mation for distinct melting conditions. Vatikha gran-
ites have antiperthitic plagioclase and orthoclase of
the lowest triclinicity, indicating crystallisation at high
temperatures from a water-poor melt. Murzinka s.s.
granites, in contrast, have non-perthitic plagioclase
and microcline of the highest triclinicity, which,
together with the abundance of pegmatites, suggests
they crystallised at lower temperatures from a water-
rich magma.

The element correlations in Vatikha and Murzinka
s.s. granites are not always well defined. Considerable
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Fig. 9 Average trace element concentration of Murzinka s.s.
and Vatikha granites (C;) in comparison with calculated com-
position of partial melts in equilibrium with granulite-facies and
amphibolite-facies residues. Residues (C1 and C2) are derived
from melting experiments on greywackes by Conrad et al. (1988)
at 1 GPa. Assumed protolith concentration (C,) is from average
Phanerozoic quartz-intermediate greywacke (Taylor and McLen-
nan 1985). Mineral/melt partition coefficients are from Rollinson
(1993, Table 4.3). See text for further explanation. Qtz quartz;
Plag plagioclase; Bt biotite; Am amphibole; Grt garnet

variation in different trace elements and less so in
major elements in both granite types can be explained
by fractional crystallisation, melting of a heteroge-
neous source, or a combination of both processes. The
highly variable éNd,s5; in Murzinka s.s. granites show a
clear correlation with the Rb/Sr ratio and also to
inverse element contents, e.g. of V, Ba, Sr and of all
major elements except iron. The trondhjemitic vein
(Y129) is frequently situated along these trends. These
unusual, but well-defined, correlations of the LRS
granitoids are clearly revealed, e.g. in the &Nd,s5 vs
1/Sr plot (Fig. 6), and most likely represent mixing
lines. For several trace elements, particularly for the
LREE, these correlations are only badly defined or
non-existent and therefore do not support a simple
magma mixing process. It is more likely that these
trends in LRS granitoids are related to a heteroge-
neous source, and that the initial magma composition
changed due to fractional crystallisation and incom-
plete homogenisation during ascent and emplacement.
The Rb/Sr vs K,0/(CaO+Na,O) diagram can be used
to visualise the effect of major-mineral fractionation
on magma composition (Fig. 10); thus, some variation
in LRS granitoids can be explained by plagioclase,
biotite and K-feldspar fractionation. The very low Rb/
Sr, Ba and K of the trondhjemitic veins suggest high
biotite fractionation or, more likely, a residue rich in
biotite. High Ca, Sr and positive Eu anomalies point
to high proportions of plagioclase in the melt, proba-
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Fig. 10 Rb/Sr vs K,0/(CaO+Na,O) plot for Murzinka and
Dzhabyk granitoids. Arrows show change in melt composition
after 10 vol.% fractionation of biotite, K-feldspar and plagio-
clase, respectively (Kp(mineraymele from Arth 1976)

bly due to high water activity during melting (e.g.
Conrad et al. 1988); therefore, these veins may have
been produced at somewhat different melting con-
ditions from sections of the heterogeneous Murzinka
protolith.

Granitic Yuzhakovsk veins and Vatikha granites
have a similar chemical composition or show common
trends. Negative correlation of Sr and Ba with SiO,,
only slightly increasing Rb and relatively constant
K,0/(CaO+Na,0) point to a combined plagioclase-K-
feldspar fractionation (Fig. 10). Similar %Sr/*Sr,,, and
a negative correlation between ¢Nd,ss and 1/Sr (Fig. 6)
also suggest a common genesis from a heterogeneous
protolith for HRS granites. Most elements, however,
show no definite correlation with &Nd,ss, and the
evidence is less unequivocal than in the case of LRS
granites. On the basis of the data and field relations
we do not consider that the granitic vein plots only
coincidentally on the HRS isochron. It appears very
unlikely that the apparent decoupling of the Sr and
Nd isotopes in HRS and also in LRS granites were
caused by post-magmatic homogenisation of the Sr
isotopes, due, for instance, to the consistent Rb-Sr
whole-rock and single-zircon ages. The correlation of
¢Nd,s5 with several major and trace elements, particu-
larly in the LRS granitoids, is well constrained. This,
together with the fairly constant Sm/Nd ratios and Zr
and LSEE contents in HRS and LRS granites, does
not indicate incomplete Nd isotope equilibration dur-

ing anatexis or the coincidental distribution of undis-
solved REE-rich accessories in a melt derived from a
homogeneous protolith (cf. Watt and Harley 1993;
Ayres and Harris 1997). Since tracer diffusivity of Nd
in felsic magmas is one to two orders of magnitude
lower than tracer diffusivity of Sr, the initial heteroge-
neity of the Sr isotopes could have been obliterated,
whereas that of Nd isotopes and major elements still
exists (Lesher 1994; Perez and Dunn 1996).

Therefore, the large variation of *Nd/'*Nd,,, in
the granitoids from Murzinka indicates that their pro-
toliths were highly heterogeneous, having contrasting
components with a difference of ~900-1000 Ma in
their crustal residence. In the case of the LRS gran-
itoids, the protoliths may be represented by materials
derived from young island arcs with minor intercala-
tions of older continental materials. If we also assume
a common genesis for the HRS granites, the protolith
may be represented by an old metasedimentary
sequence injected by younger veins of primitive gran-
itoids, like the situation observed in the neighbouring
Osinovsk complex (Fershtater et al. 1994). In both
cases the chemical and isotopic variations do not point
to simple magma mixing but probably reflect instead
the incomplete homogenisation of magmas produced
by partial melting of a heterogeneous source region.

Petrogenesis of Dzhabyk granitoids

The major element composition of Dzhabyk granites
is comparable to that of granitoids from Murzinka and
therefore also to that of partial melts derived from
metagreywackes (Fig. 8). Their LREE/HREE, and
K/Rb, Rb/Sr and Th/U ratios match that of Murzinka
s.s. granites and are compatible with partial melting of
felsic material under amphibolite-facies conditions
(Bea and Montero 1999). The primitive isotopic com-
position suggests a protolith rich in juvenile material,
although not necessarily the involvement of a parental
mantle magma. Instead, the compositional variation
and uniform isotope ratios indicate a simple differenti-
ation process. Decreasing Ca, Mg, Fe and Sr contents
and Eu anomaly, increasing Rb and K,0O/(CaO+Na,0;
Fig. 10) at relatively constant Ba/Sr ratios in Dzhabyk
granites are consistent with fractionation of plagio-
clase in combination with some K-feldspar and an
Fe-Mg phase. The low Nd/Th ratios indicate either a
protolith rich in thorite or, more likely, fractionation
by an Nd-rich and Th-poor mineral, such as amphi-
bole or clinopyroxene (e.g. Bea 1996). If we assume
that samples 512 and 509 represent the composition of
the initial magma and 588 that of the evolved magma,
then the variation in major elements (mass-balance
calculation), Rb/Sr and Ba/Sr [Rayleigh law; kpminerar/
mely from Arth 1976] can be explained by ~45-50%
fractionation of a cumulate assemblage consisting of
andesine, K-feldspar, quartz, and Mg-hornblende in
the proportions of 6:1:2:2 or 4:3:1:1.



Rodnichki and Mochagi granitoids have larger com-
positional variations, usually with higher Ca, Fe, Mg,
K/Rb, Nd/Th and Lay/Yby, and a slightly less primi-
tive initial Sr and Nd isotope composition in compari-
son with Dzhabyk granites. Both rock groups
frequently show independent trends (e.g. Figs. 3 and
10), therefore it is regarded as unlikely that Dzhabyk
granites derived from the quartz-monzonites by frac-
tional crystallisation. With increasing SiO, the 3'Sr/
88r,,;» K,O and Rb increase slightly, whereas the
Sr/Rb and Ba/Rb are always higher than in Dzhabyk
granites; thus, a different cumulate assemblage was
involved in the differentiation of the quartz-monzo-
nitic magma, where weak contamination also took
place. The prevalence of rocks with intermediate
Si0,~67% leads us to assume that they represent the
initial melt composition. If we use the composition of
major rock-forming minerals, sample 808 as starting
material and 864 as evolved melt, then the major ele-
ment (mass-balance calculation) and Rb, Sr and Ba
[KD(mineralmelry from Arth et al. 1976] variations can be
modelled with ~48% fractionation of a cumulate
(Dgp~0.95, Dg,~2.1 and Dg,~1.9) consisting of ande-
sine  (46%), K-feldspar (15.8%), Mg-hornblende
(16.2%), biotite (15%) and quartz (7%). The
SiO,-poor varieties likely contain high cumulate pro-
portions. The average composition of 802 and 800, for
instance, thereby corresponds approximately to a mix-
ture of 55% initial melt (808) and 45% of the calcu-
lated cumulate.

The differences in element abundances and ratios
with respect to Dzhabyk granites may be attributed
either to differences in the nature and age of the pro-
tolith, to partial melting at somewhat higher pressure
(e.g. Patifio-Douce 1996), or probably to a combina-
tion of both factors. At present we have no criteria to
discriminate among these possibilities, but as a work-
ing hypothesis we suggest that the granites and quartz-
monzonites could have been generated by partial
melting of different parts of a thick sequence derived
entirely from young island-arc materials. The upper,
more felsic part of such a sequence would have
produced the granites, whereas the lower, more femic,
more alkaline and isotopically slightly more evolved
part would have produced the quartz-monzonites by
partial melting at higher lithostatic pressure.

In the Nd/"Nd vs YSm/'*Nd diagram (not
shown), Dzhabyk granites and quartz-monzonites,
despite their limited variations, do not fit into single
lines, defining instead elongated arrays whose longest
axis is oblique to the 290-Ma reference isochron. The
small variation of ®*Nd/'*Nd,,, in Dzhabyk granites
and quartz-monzonites indicates they come from a
protolith formed by materials of similar provenance
and age, but with distinct chemical and mineralogi-
cal composition; thus, it seems that both batholiths
contain two different rock series, which are homoge-
neous with respect to the initial Sr-isotope composi-
tion.
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Heat source for crustal melting

The most problematic question regarding the origin of
the post-collisional granitoids of the eastern Urals is
the origin of the energy input that triggered the partial
melting. On one hand, geophysical and structural
evidence (e.g. Steer et al. 1998; Brown et al. 1998)
indicate that late-orogenic extension was very limited,
so that no substantial amount of heat could have been
conducted from below. Bea et al. (1997) have attrib-
uted the lower Permian remelting of older rocks from
West Uralian subduction-related batholiths to under-
plating by mafic magmas, and have invoked the same
mechanism for East Uralian granites due to the sim-
ilar ages; however, there is no direct evidence for such
a mechanism either in Murzinka or in Dzhabyk,
except, perhaps, the existence of the younger mafic
Kozubaeevsk intrusion in the latter case.

The elevated contents of heat-production elements
(HPE: U, Th and K) in granites, on the other hand,
suggest that the heat production of protoliths contrib-
uted significantly to the thermal evolution of the
thickened East Uralian crust. Taking into account the
current average U, Th and K concentrations in the
Murzinka and Dzhabyk granites, and assuming a melt
fraction of 0.3-0.5 with bulk partition coefficients of
<0.5 for U, Th and K (e.g. Rollinson 1993), we can
estimate the average heat production of their proto-
liths at around 1.6-2.4 yWm™. The burial of fertile
sources with a heat production of ~2 pyWm™ to depths
>20 km would cause significant heating of the middle
and lower crust in 20-40 Ma (e.g. Fyfe 1973; Patifio-
Douce et al. 1990; Gerdes et al. 2000). Since the thick-
ening of the Uralian orogen probably started at
~315 Ma and ~290 Ma in the southern and middle
Urals, respectively (Puchkov 1997), or ~30 Ma before
the formation of the Dzhabyk and Murzinka gran-
itoids, respectively, we therefore propose that radio-
genic heat production played an essential role in the
generation of the East Uralian continental-type gran-
ites.

Summary and conclusion

The upper-Permian Murzinka batholith is composed
of two coeval but chemically and isotopically different
rock series that form the two main intrusive units of
the batholith, Vatikha and Murzinka s.s, characterised
by high and low radiogenic ®Sr/%Sr, ;. The granite
composition of Vatikha is compatible with partial
melting in the granulite facies of a protolith consisting
mainly of Proterozoic metasediments. Murzinka s.s.
granites, in contrast, were probably generated at lower
temperatures from a protolith that comprises mostly
material derived from upper-Paleozoic island arcs.
The marked Nd isotopic heterogeneity indicates heter-
ogeneous protoliths, containing components of isotopi-
cally very different material. The upper-Carboniferous
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Dzhabyk batholith is also composed of two coeval but
isotopically very similar magmas that yielded granites
and quartz-monzonites, respectively. We suggest that
these rock series formed by partial melting of different
parts of a thick sequence entirely derived from young
island-arg.

A characteristic feature of the East Uralian crust
therefore seems to be the high amount of Paleozoic
island-arc material as a major source for late-orogenic
crustal melting. This suggests a fast reworking of juve-
nile crust during the orogenic evolution of the Ura-
lides which finally caused the generation of peralumi-
nous silicic granitoids, which thus frequently have a
mantle-like isotope composition.

The fact that in both batholiths the Rb-Sr whole-
rock and Pb-Pb zircon ages match each other nearly
exactly indicates Sr isotope equilibration during gran-
ite generation, with the ®Sr/*%Sr, . most likely rep-
resenting the average protolith composition. Nd iso-
topes, however, were not homogenised, so that the
eNd,,;; variations in each rock series reflect the source
heterogeneity.

The reasons for post-collisional crustal melting in
the eastern Urals are not evident, since geophysical
and structural data indicate a lack of significant exten-
sion, and no clear evidence exists for massive mag-
matic underplating. Geochemical data suggest that the
elevated heat production of the protoliths, perhaps
combined with additional heat from unexposed mafic
intrusions, may have played a crucial role in the late-
orogenic batholith generation. This process is consis-
tent with the northward-decreasing ages of the con-
tinental-type batholiths of ~35 Ma as a result of the
oblique collision of the Uralian belt.
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