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ABSTRACT

Tectonised mantle ultramafic rocks constituting the major part of theVoykar ophiolite massif are intruded by two rock series: (1) the Trubaju complex
(mainly pyroxenites and norites), and (2) the I1zshor complex (mainly gabbros, diabases and troctolites). The Trubaju rocks were emplaced earlier and at de
er levels with respect to the Izshor ones.

Geochemical criteria, such as the relative REE, HFSE and LILE abundances and major-element variations, suggest that the rocks from both these co
plexes crystallised from magmas very similar in many geochemical parameters, originating from a highly depleted mantle source. The studied rocks are e
tremely depleted in Y, Zr, Hf and Nb as compared to normal MORB, thus their parental magmas can be interpreted as generated in supra-subduction envir
ments of an inter-arc basin that split an older island-arc structure during the Early Devonian.

The existence of the basin was short, and prior to the Eifelian; relic fragments of the basin crust were emplaced as the Voykar allochthonous ophiolite in:
the composite arc structure whose tectonic evolution terminated in the Late Devonian prior to its collision with the continental margin of the East Europeal
platform.

INTRODUCTION Silurian to Middle Devonian. The same age interval is char-
acteristic of the Voykar-Shchuch'ya island arc, located east
The Voykar ophiolite massif is the most spectacular and,of the Voykar ophiolite zone. This island-arc domain incor-
in many respects, the best studied within the Polar Urals reporates a belt of tonalite-diorite intrusions and a volcanic
gion. According to available descriptions and interpretationsrock sequence intercalated with marine and clastic sedi-
(Dobretsov et al., 1977; Saveliev and Savelieva, 1977;ments, including polymict coarse- to fine-grained siliciclas-
Saveliev and Samygin, 1979; Perfiliev, 1979; Savelie- tic varieties (Yazeva and Bochkarev,1984). The Voykar-
va,1987; Savelieva and Saveliev, 1992; Savelieva and NesShchuch'ya sequence is assumed to overlie an oceanic asso-
bitt, 1996; Saveliev, 1997), the Uralide structure of the re-ciation of diabase dike swarms and pillow lavas interlayered
gion consists of a series of tectonic nappes sequentiallywith red jaspery beds. In an area adjacent to the northern
stacked and thrust westward over the edge of the East Eurdermination of the Voykar massif, these rocks, presumably
pean platform (Fig. 1). representing the oceanic basement of the Silurian-Mid-De-
The Voykar zone (comprising Voykar, Syumkeu and vonian island arc, are exposed very close to an isolated out-
Rayiz massifs) is wedged between the Tagil and Voykar-crop of limestone, initially dated back to the Ordovician
Shchuch’ya island arc units. The westernmost boundary oflLupanova and Markin, 1964); however, later finds of Sil-
the Voykar zone is marked by rock exposures of the “ophi-urian-Early Devonian macrofauna (crinoids and am-
olitic metamorphic sole” (garnet-zoisite amphibolites with phipores, personal communication by L.Ya. Ostrovsky)
relict gabbroic textures) overlying both rocks of the Tagil made the age interpretation ambiguous.
zone and the thrust stack of the continental slope and shelf It should be stressed that pillow lava units are missing
deposits. This stack is subdivided, from east to west, intofrom all ophiolite massifs of the Voykar zone, although dike
the Salatim (black shales, cherts, tholeiitic basalts), Uraltauswarms or fragments of sheeted dike complexes are com-
(rift-type volcanics and sediments), Lemva (deep-shelf sedi-monly found. On the basis of limited geochemical data, the
ments), and Eletsk (shallow-shelf carbonate and siliciclasticdikes of the massifs are thought to be of MORB affinity
deposits) zones. The continental margin and slope depositgYazeva and Bochkarev, 1984). Their age is defined as ap-
whose basal conglomerates lie unconformably on the Latgroximately corresponding to 387 + 34 Ma (the Sm-Nd
Precambrian-Early Cambrian basement of the Europearmwhole-rock “isochron” for a series of ultramafic and mafic
plate, are believed to characterise a progressive deepeningpcks from the Voykar massif, Sharma et al., 1995). This
of the margin toward the east, showing an intricate develop-Early Devonian date is obviously discordant with the in-
ment after the start of the Late Cambrian-Early Ordovicianferred starting time of the aforementioned rifting stage in
rift stage during which volcanic and sedimentary rocks of the development of the northern Uralides, as well as with
the Uraltau zone originated (Savelieva and Nesbitt, 1996;the suggested Ordovician age of the oceanic basement of the
Saveliev, 1997). Voykar-Shchuch'ya and, apparently, of the Tagil island
All tectonic zones of the European continental margin arcs.
are separated from rocks of the oceanic domains by a nar- This age discrepancy and the peculiar structural position
row blueschist belt. The Tagil zone consists of island-arcof the Voykar zone show that the North Uralian ophiolites
calc-alkaline lavas, tuffs, volcaniclastic and subordinate ma-can hardly be interpreted as relic fragments of Early Paleo-
rine sediments spanning the stratigraphic range from Earlyzoic oceanic crust originating in a previous mid-ocean
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Fig. 1 - Geological map of the Polar Urals showing the structural setting of the Voykar ophiolite.
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ridge setting. In order to better understand their origin, weand on the geological relationships between these rocks, as
focused our attention on the comprehensive geochemicalell as between the massif itself and surrounding tectonic
analysis of plutonic and dike rocks of the Voykar massif zones.

Trubagju complex lzshor complex

Gabbro-nortte, ciivine norfte Plaglogranite

Wehtlite, clinopyroxenite Fine- to medium-grained diabases

Microgabbro and diabases
Dunite

Olivine gabbro, froctolite
Mantle uliramafics

Troctolite, anorthosite

Harzburgite, dunite

Banding in rocks

30 Dip of angles

Olvine-antigorite, olivine-amphibole
schists.

E Voykar-Shchuch'ya island arc complex

Fig. 3 - Geological sketch maps for the areas surrounding the rivers Trubaju (A) and Izshor (B),illustrating the relations between rock complexes of the
Voykar ophiolite massif. Note that rocks of the Izshor complex crosscut the ultramafic mantle tectonites, the rocks of Trubaju complex, and antigorite-olivine
and amphibole-olivine schists, locally constituting screens between dikes (rocks of both complexes crop out in both the areas depicted in Fig. 3A and 3B).
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GEOLOGICAL SETTING OF THE STUDIED ROCK by magma injections into the host mantle rocks.
SAMPLES. In general, the formation stage of the Izshor complex oc-
curred after a dynamometamorphic event that affected the
Geological characteristics of the Voykar massif have al-mantle domain and produced the antigorite-olivine and am-
ready been described in detail in several publications (e.g.phibole-olivine schists locally constituting screens between
Savelieva, 1987), and here we shall recall only the principaldikes (Fig. 3). Rock samples for geochemical analysis were
features relevant for the subsequent discussion. Most of theollected from well studied outcrops of both rock complex-
massif (Fig. 2) is composed of tectonised mantle ultra-es. Sampling sites are marked on the generalised map of the
mafics (harzburgites and dunites). This huge allochthonousorthern part of the Voykar massif (Fig. 2). Over fifty sam-
body of ultramafic rocks (up to 200 km long, about 20-30 ples were analysed for major element abundances, and 28
km wide, and more than 4 km thick) is intruded by two samples of these were selected for trace element analysis.
rock series: (1) the Trubaju Complex of wehrlite, clinopy- The studied samples represent all the principal varieties of
roxenite and norite, and (2) the Izshor Complex of sheetedlutonic and dike rocks of the massif. A synopsis of avail-
diabase and microgabbro dikes associated with minor intru-able data on textural features and characteristic mineral as-
sive bodies of gabbro and troctolite-gabbro-anorthosite au-semblages is presented in Table 1.
reoles at the contact with mantle ultramafics (Fig. 2 and 3).
Both complexes are most clearly developed along the1000
south-eastern periphery of the massif (Fig. 2), where ]
Saveliev (1997) established the following geological and ] O
genetic relationships between the rocks. The Trubaju rock ‘ ¢ o
series apparently originated during fractional crystallisation 100 - oo
of high-Mg basaltic magma in a chamber surrounded by ! e 0OF 0OF %%
hot harzburgite masses, as can be deduced from the lack « ]
any sign of magma chilling against harzburgites. The iso-
lated harzburgite blocks within the Trubaju rocks and irreg-
ular, often interfingering contacts between the former and f ¢
the latter (Fig. 3A) are interpreted as the result of the dy- |
namic interaction between the magma chamber and hos @
mantle rocks. Contacts between various rock types of the "5 80 ' 60 ' 40 ' 20
Trubaju complex are of the same kind, and again sugges
the unstable tectonic environments of magma emplacemer
and crystallisation. In general, this complex resembles the 1000 -
layered ultramafic-mafic units of classical ophiolite se- ] S
guences (Anonymous, 1972; Nicolas, 1989); however, lay- ‘ “go
ering in this case is extremely irregular, frequently vague 100'3 ® § g%) 5°0
and intermittent along the strike (Fig. 3A). 1 =
The Izshor Complex crosscuts both the ultramafic mantle |
tectonites and theTrubaju Complex (Fig. 2 and 3). Dike
swarms and sheeted dikes of clinopyroxene, olivine and am | o @o?°
phibole microgabbro and diabases are the most characteris 1 -
tic rock types of the complex. Apparently, there are several :
generations of dikes. Ensembles of sheeted dikes with oni 1 (b)
chilled margin are somewhat older than dike swarms anc 0.1 : ; : ; : ; :
isolated dikes with two chilled margins, which cut these en- 100 80 60 40 20
sembles and frequently display plagiophyric textures. Linear Mg#
and lenticular zones of fine- to medium-grained diabase
dikes (few hundreds of meters to one-two kilometres wide) Trubaju Complex  Izshor Complex
intricately alternate with similar zones of coarser-grained 1000 © Pvioenite @ troctolite & mela-gabbro A Voykar-Shchuch'ya
microgabbro and gabbro dikes (Fig. 3). In both zones, the " O norite & gabbro Wl gabbro-pegmatite andesite pillow-lavas
dikes are steeply dipping and strike subparallel to the elon- O diabase (dikes)
gation of the massif. Screen rocks of the dike complex are ] o
represented by either mantle harzburgites and dunites, 0 % o 0
norites and pyroxenites of the Trubaju Complex, as well as ! ¢ o0 °B o
by olivine to clinopyroxene gabbros, troctolites and ] 0 %0 PO %80
anorthosites lacking in the last complex. Close to the contac | g o A
with the ultramafic core of the Voykar massif, dikes cross- 104 o © ©
cut the troctolite-gabbro-anorthosite rock association (Fig. 3 ° #q0
3B).Within such local zones, olivine gabbros engulf the ]
rootless microgabbro and diabase dikes, and locally gradt | ©
into blurry distribution areas of troctolite-anorthosite associ- 1 ' - ' - ' - '
ation. Dichotomous bodies of melagabbro or anorthosite 100 80 60 40 20
pierce into the mantle ultramafics in a form of diffuse aure- Mg#
ole surrounded b_y a qurrgd zone of troctolites, w_hose veinso 4 ALOTIO,(a), MgOITIQ, (b) and CaO/TIO(c) wt% ratios for the
locally penetrate into dunite bodies of mantle restites. Theséyqykar ophiolite rocks plotted against the Mgé. Two andesite pillow-lavas
relations are interpreted as characteristic aureoles generatefrom the Voykar-Shchuch'ya island arc are also plotted for comparison.
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ANALYTICAL METHODS solute REE abundances and a relative enrichment in LREE.
Thus, according to the results of trace- and major-element
Bulk-rock major-element analyses were performed by analysis, we may suspect that the Trubaju and Izshor rocks
classical wet methods at the Geological Institute, Russiaroriginated from parental magmas of similar geochemical
Academy of Sciences. The trace elements concentrationtype, which presumably derived from a common mantle
were determined by ICP-MS (Fisons PQII+ STE) at the Di- source. Assuming the (La/YpJatio to be a measure of the
partimento di Scienze della Terra, Universita di Pisa, Italy. mantle depletion degree, for the rocks which are presumably
Rock powders were dissolved by conventional HNCHF close in composition to parental magmas and intermediate
acid digestion (for sample dissolution details see D’Oraziobetween the cumulate norites and evolved diabase dikes of
and Tonarini, 1997) and then spiked with Rh, Re and Bi (in-the Voykar massif, this ratio is within the interval of 0.17-
ternal standards). Sample solutions, with a final total dis-0.39, i.e., less than or comparable to that of primitive MORB
solved solid < 2 mg miin a 2% (v/v) HNQ matrix, were (0.34-0.70; Sun et al., 1979). Accordingly, parental magmas
measured with external calibration using well-certified originated from a depleted mantle, possibly even more de-
basaltic international reference rocks. ICP-MS measure-pleted than that below mid-ocean ridges. The diagrams of
ments were subjected to a correction procedure includingFig. 7 show another important feature of the studied rocks,
blank subtraction, drift-monitoring and oxide-hydroxide iso- that is, their strong depletion in HFSE (Y, Nb, Zr, Hf). In
baric interferences (for REE). All steps of sample prepara-some samples the concentration of these elements falls by
tion were performed in a class 10,000 clean lab. Detectiormore than two orders of magnitude below the reference
limits (ppm in the solid samples), estimated by calculating abundances in normal MORB (Sun et al., 1979). Some dia-
the concentration corresponding to 3 times the standard debase dikes are simultaneously depleted in HFSE and en-
viation of blank solution counts, range from 0.001 to 0.05
ppm for Y, Nb, Cs and REE, and from 0.05 to 0.5 ppm for
Rb, Sr, Zr and Ba. Analytical precision, estimated by repeat-
ed analyses of geochemical reference samples, typically ]
ranges from ~10% at 10 x detection limit to 3-5% at 100 x = 100 -
detection limit; consequently, different numbers of signifi- 5 o A ©
cant digits are used to report results. The accuracy of date . ' o
evaluated by regularly analysing well-certified geochemical N oy [ ]
reference samples, typically ranges from 0 to 7% for ele- ] o oy
ments at 50-100 x detection limit. 14 °,
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Representative major- and trace-element analyses ar
listed in Table 2. The wt% ratios &.,/TiO,, MgO/TiO,and 1000 +
CaO/TiQ, versus the Mg#, taken as an index of differentia- E 0 o
tion, are plotted in Fig. 4. These diagrams involve elements
which appear to be the least mobile during secondary rock .
alteration, and show trends of magmatic fractional crystalli- ] o o
sation characterising the Trubaju and lzshor rock series. Ir m 10 - °© o A
Fig. 4a, a clear difference between the plagioclase-free ] 9 oo
(websterites, clinopyroxenites) and plagioclase-bearing ' e ¢ Boo
(norites) rocks can be observed. Unexpectedly, Trubaju PR
norites+gabbros plot in all diagrams along the trend charac: 1 (b)
terising the Izshor series of troctolites, microgabbro and dia-  o.1 . . . . . . .
base dikes. The geochemical similarity of both rock com- 100 80 60 40 20
plexes is also suggested, though less clearly, by diagrams ¢ Mg#
indicative trace elements (Ba, Ce and Zr) plotted versus 100 -
Mg# (Fig. 5). Chondrite-normalised REE patterns (Fig. 6) ; o ©
do not contradict this conclusion, and variations in abun-
dance of these elements may be well explained, with due re .
gard for the petrographic characteristics of the rocks (Table ] o 4
1), as depicting REE differentiation in the course of fraction- ¢ 1| 5
al crystallisation of magmas with initially comparable abun- 5 ¢ o g 5
dances of these elements. Actually, the low absolute REE '
abundances, LREE depletion and strong positive Eu-anom 017 e O =
alies (Eu/Eu* 1.3 - 6.0) are characteristic of the high-Mg E o

100 E B

low-Ti norites of the Trubaju series, which are rich in cumu-
lus olivine, hypersthene and plagioclase. These features ar
less pronounced in the more evolved gabbros, whose pat
terns overlap those characterising the most primitive rocks
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; ; ; Fig. 5 - Zr (a), Ba (b) and Ce (c) (ppm) for the Voykar ophiolite rocks
of the |zshor series (Flg' 6)' The evolved gabbro and dlabaslplotted against the Mg#. Two andesite pillow-lavas from the Voykar-

dlke.s. of the latter,se”es' s_ome of which co.rrespon(.j in COm'Shchuch’ya island arc are also plotted for comparison. Same symbols as in
position to basaltic andesites (Table 2), display higher ab-rig. 4.
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Fig. 6 - Chondrite-normalised REE patterns for Trubaju (a) and Izshor (b) Fig. 7 - N-MORB-normalised diagrams for Trubaju (a) and Izshor (b) rock

rock series. The greyed are a highlights the field of Trubaju gabbro + series. The greyed area highlights the field of Trubaju gabbro + norite. The
norite. REE patterns for the two andesite pillow-lavas from the Voykar- two andesite pillow-lavas from the Voykar-Shchuch'ya island arc are also
Shchuch’ya island arc are also reported for comparative purposes. Normal reported in both diagrams for comparative purposes. Normalising values
ising values after Sun and McDonough (1989). after Sun and McDonough (1989).

riched in LILE, especially Cs, Rb, and Ba. This incompati- favoured slow melt cooling and its fractional crystallisation
ble trace-element distribution is accepted as the diagnostién the magma chamber. The considerable depth of magmatic
feature of basic magmas generated in supra-subduction envinjections at this stage can also be inferred from traces of
ronments (e.g., Pearce et al.,1985). From this viewpoint, it ishigh-T plastic deformations in the mantle harzburgites of
interesting to note that the two andesitic pillow-lava samplesthe Voykar massif (Savelieva,1987), which presumably con-
collected from the Voykar-Shchuch'ya island arc zone andcurred in the formation of the Trubaju rocks.
analysed for comparison (Table 2), are similar in many geo- The Izshor Complex originated somewhat later, when
chemical parameters to the low-Mg diabase dikes oftheharzburgites and rocks of the early intrusive phase rose up
Izshor Complex (Tab. 2; Figs. 4-7). The chondrite-nor- and cooled. According to Saveliev (1997), deformations that
malised REE patterns of these lava samples and theideveloped in the mantle domain at this stage are of the semi-
(La/Yb), ratio of about 0.5 are close to those of typical nor- brittle and brittle types. Opening fractures served as conduits
mal MORB, but in contrast to these, they are depleted, likefor magma injections which mostly crystallised in the form
the lzshor dikes, in HFSE, especially Zr and Nb (Fig. 7). of dikes and subvolcanic bodies. It is also possible that some
Thus, parental magmas of these rocks may also have beemagma chambers of sufficient heat capacity were able to in-
generated in a supra-subduction setting. Consequently, theeract at deeper levels with the country rocks and produced
samples characterise either an island-arc volcanic complexthe troctolite aureoles and dichotomous veins of olivine gab-
or lavas erupted at the floor of an arc-related marginal basin.bro and anorthosites penetrating into the mantle rocks.
The established sequence of magmatic events should now
be considered in the light of geochemical results suggesting
DISCUSSION AND CONCLUSIONS that parental magmas for the Trubaju and Izshor rocks were
similar in geochemical parameters, and might be related to a
The brief summary of geological data presented abovecommon melt reservoir in the highly depleted mantle. In-
elucidates two important points concerning the origin of deed, REE analyses of Voykar harzburgites (Sharma et al.,
plutonic and dike rock complexes of the Voykar ophiolite 1995) yielded extremely low (La/Yp)atios of about 0.03.
massif. The data show that the Trubaju complex of dunitesPlutonic and dike rocks from the Voykar massif have values
pyroxenites and norites, all displaying coarse granular tex-of this geochemical parameter lower than in MORB. One of
tures, apparently intruded the host harzburgites at a considthe possible explanations of this geochemical peculiarity is
erable depth where the mantle rocks were hot enough to prethat the time interval between the first and second intrusive
clude magma chilling, and the low thermal gradient phase was rather short. If so, we may certainly consider as
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geochronologically meaningful the age of 387 + 34 Ma esti- East European platform.
mated by Sharma et al. (1995) on the basis of Sm-Nd iso-
topic data for a series of whole rock samples which included
various plutonic and dike rocks from theVoykar massif. If
the dating results can be taken as meaningful, and the man- Constructive reviews by E. Saccani and an anonymous reviewer
tle, plutonic and dike rocks of the massif can be considerechelped to improve the manuscript. This work was financially sup-
complementary as regards their genetic relationships, themorted by the Russian Foundation for Basic Research, projects 97-
we face the fact that the Voykar ophiolite sequence is con-05-64903 and 98-05-64060. The ICP-MS analyses were obtained
siderably younger than the basal Silurian horizons of the isthanks to “Gruppo Nazionale per la Vulcanologia”, C.N.R , ltaly.
land-arc sequences in the Tagil and Voykar-Shchuch’ya
zones bordering it to the westand east, respectively. In this a REFERENCES
case, the root zone of the Voykar allochthon must be located
in the inter-arc basin, but not in the Precambrian (DobretsovAnonymous, 1972. Penrose field conference on ophiolites. Geot-
et al., 1977) or Early Palaeozoic (Perfiliev, 1979) Uralian _ imes, 17: 24-25. o _ _
ocean proper. This conclusion is in agreement with the Y, Zr,'\“clc_’t'k*]"1S AH 1989K-| Structgrez of ﬁ?hé%“?tes and dynamics of oceanic
Hf and Nb depletion of the studied rock samples (Fig. 7).  \'‘hOSphere. iKjuwer, Lordrecht, 357 pp.
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