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INTRODUCTION

Most researchers now believe that the layered (gab-
broid) complexes of ophiolite associations are former
shallow chambers accumulating magmas emplaced
from beneath the zones of oceanic and back-arc spread-
ing [3–6]. The complexes show explicit layering gener-
ally with upsection gradation from ultrabasic to basic
rocks and are similar in this respect to the large conti-
nental layered mafic–ultramafic intrusions. This sug-
gests that analogous petrogenetic processes can operate
within both the oceanic and continental crusts. Detailed
studies of rock sequences and variation of mineral com-
positions over the sections of ophiolite complexes and
large continental layered intrusions can help in model-
ing processes that control the evolution of such impor-
tant magmatic systems. We studied the well-preserved
layered complex of the Paleozoic Voikar ophiolite mas-
sif in the Polar Urals. Our aim was to determine the
structure of the layered complex, the evolution of its
mineral composition, and its relation to processes in the
upper mantle during the formation of a structure with
an oceanic-type lithosphere and the emplacement of the
Voikar ophiolite massif as a fragment of this structure.

GEOLOGY OF THE VOIKAR 
OPHIOLITE MASSIF

The Ural Mountains are generally composed of
Paleozoic rock complexes between the Russian craton
in the west and the Siberian block in the east. The Ura-
lian Ocean was closed after the Late Permian collision
of these continents, when the pelagic sediments, oce-
anic lithosphere, and island-arc complexes were moved
westward and thrust over the shelf sediments of the
ancient passive continental margin of the Russian cra-
ton [7, 8]. The tectonic fragments of the oceanic lithos-
phere and island-arc complexes are almost continu-
ously exposed along the eastern slope of the Urals and
form an ophiolite zone up to 250 km wide and more
than 2000 km long.

The Main Ural Fault, the major tectonic element of
the region, is an extensive zone of shearing and serpen-
tinite melange about 20 km wide and is traced along the
whole mountain range. This fault was responsible for
thrusting ophiolitic and island-arc rocks over the
ancient continental margin. The well-preserved ophio-
lite massifs near the Main Ural Fault form nappes or
large blocks among the serpentinite melange.

The Voikar–Syn’inskii massif in the Polar Urals is
one of these massifs, which is traced from north to
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Abstract

 

—The vertical cross section and evolution of the major mineral phases were studied in the Layered
complex of the Late Devonian Voikar ophiolite association. The complex consists of two megarhythms sepa-
rated by a transitional zone. The megarhythms are similar in structure and are characterized by a gradation from
ultrabasic rocks at the bottom to gabbroids at the top. The Upper megarhythm differs from the Lower one owing
to the occurrence of orthopyroxene in the gabbroids. The Transitional zone between the megarhythms has the
reverse sequence (grading upsection from basic to ultrabasic rocks). Based on this study and previous isotopic
data [1, 2], we concluded that the parental magmas of the Lower megarhythm were derived from a slightly
depleted mantle source, similarly to rocks of the ultrabasic complex of this association. The magmas of the
Upper megarhythm were derived from a more depleted mantle and were contributed by an ancient material
from a subducted plate or mixed with subduction-related magmas. We suggest that the Layered complex rep-
resents a well-preserved fragment of the lower crust in the back-arc setting. This crustal domain originated from
intrusions of newly formed magmas along the crust–mantle boundary. The formation of the lower crust was
accompanied by the spreading of the mantle plume head, which resulted in the shearing of mantle peridotites
and the overlying newly formed hot cumulates. In terms of geodynamics, the first stage of the formation of the
Voikar ophiolites was related to the opening of a back-arc basin, while the second stage reflected the initiation
and evolution of a subduction zone.
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south for about 200 km and has a width of up to 20 km
[3, 9, 10]. It consists of three southeast-dipping sheets
separated by detachment faults (Fig. 1), which com-
pose a typical stratified ophiolite association. The lower
Khulga sheet, up to 4 km thick, consists of intensely
deformed and metamorphozed gabbros, plagiogranites,
and marbles. The metamorphosed basic rocks are trans-
formed into chlorite–lawsonite, glaucophane, and gar-
net–glaucophane schists with phengite and chrome
melanite, or into zoisite and garnet amphibolites, which
are locally migmatized and include numerous plagiog-
ranite veins. The middle Paier sheet, 1–9 km thick,
comprises peridotites, pyroxenites, gabbros, and dia-
bases of the Voikar ophiolite massif. The upper Lagorta
sheet, >1.5 km thick, generally consists of quartz dior-
ites and tonalites.

The section of the Paier sheet begins with ultrabasic
mantle rocks. The ultrabasic complex is overlain by a
zone of homogeneous (marginal) dunites, which grade
upward to rhythmically layered ultramafites and gab-
broids. In tectonically undeformed sections, the ultra-
basic rocks of the gabbroid complex also underlay peri-
dotites. The transition between the ultrabasic and gab-
broic complexes normally does not show a distinct
unconformity and is represented by a zone with alter-
nated lens-shaped bodies of tectonized peridotites and
marginal dunites. The amount of peridotite bodies in

this zone gradually decreases upward. The transition
zone is locally complicated by tectonic displacements.

The structure of the layered complex has been stud-
ied less than the complex of mantle ultrabasites, which
were characterized in a series of publications [1, 3, 9].
We studied the layered complex in the northern part of
the Voikar massif along the Truba-Yu River. A sche-
matic map of the area is given in Fig. 2, while a gener-
alized section across the massif studied by E.E. Laz’ko
is shown in Fig. 3.

The layered complex consists of two complicated
megarhythms (Fig. 4). The Lower megarhythm begins
with a thick (about 500 m) horizon of homogeneous
marginal dunites. These are overlain by a horizon with
an alternation of dunites, wehrlites, olivine clinopyrox-
enites, and clinopyroxenites. The horizon is about 2 km
in total thickness, more than a half of which is com-
prised of dunites. The upper part of the horizon
includes gabbro interbeds and is overlain by a zone of
homogeneous gabbro about 600 m thick with clinopy-
roxenite interbeds in the uppermost part of the megar-
hythm. Orthopyroxene in the rocks of the Lower mega-
rhythm occurs only as exsolution lamellae in augite.

The two megarhythms are separated by a Transition
zone about 500 m thick composed of alternating dunite
and wehrlite layers.

The Upper megarhythm begins with a dunite hori-
zon about 300 m thick with crosscutting veins of oliv-
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 Schematic map of the Voikar massif. (
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) Diorites, tonalites, and island-arc volcanics of the Lagorta sheet; (
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) Voikar ophi-
olites: (
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) parallel dike complex, (
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) gabbros and cumulative ultramafic rocks; (
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) mantle peridotites; (
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) metamorphozed gabbro,
plagiogranites and marbles of the Khulga sheet; (
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) pelagic and volcano-sedimentary rocks; (
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) shelf deposits. A denotes section
location.
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ine gabbronorite in its lower part. As in the Lower
megarhythm, the dunite horizon is overlain by a zone of
alternating wehrlites, clinopyroxenites, gabbro, and
gabbronorites (including olivine gabbronorite) about
600 m thick. The proportion of gabbroic rocks
increases upsection. The rocks are strongly sheared, but
rhythmic layering is locally preserved. The section
studied ends with a horizon of gabbronorites and oliv-
ine gabbronorites >1000 m thick with a thin dunite
horizon at its base.

The detailed Sm–Nd isotopic study dates the rocks
of the massif at 387 

 

±

 

 34 Ma with 

 

ε

 

Nd(

 

T

 

) = +9.6 

 

±

 

 1.8
and indicates that the rocks of the oceanic crust and
mantle harzburgites are complementary and were
derived from a single MORB-type source [2]. Accord-
ing to major-element contents and low REE concentra-
tions, the Voikar harzburgites could have originated
from the progressive extraction of magma from a non-
depleted mantle protolith, and the melt would have
begun to separate within the stability field of garnet
lherzolite.

ANALYTICAL TECHNIQUE

The less altered rock samples were collected sys-
tematically across the section with an interval of
50

 

−

 

100 m. The horizons with rhythmic layering were
sampled more frequently. The mineral compositions
(1200 phases) were analyzed with a JEOL 8900 micro-
probe at the United States Geological Survey, Denver,
Colorado. The representative analyses are given in
Tables 1–7 and shown in Figs. 5–8.

PETROGRAPHY

The layered complex of the Voikar ophiolite massif
is a large layered intrusion, a former transitional cham-
ber, where the magmas emplaced from beneath the
zones of oceanic (or back-arc) spreading accumulated
and crystallized. However, in contrast to the rocks of
the continental layered intrusions that were emplaced
into the rigid framework and preserve primary mag-
matic structures and textures, the rocks of the ophiolite
complexes underwent extensive high-temperature blas-
tic mylonitisation. Actually, they represent the meta-
morphosed magmatic rocks, and cumulative textures
are rare in them. Nevertheless, we described these rocks
in terms of magmatism. The metamorphic alteration
occurred under greenschist-facies conditions and
resulted in the serpentinization of ultramafic rocks and
the amphibolization of gabbroids with the extensive
development of fibrous amphibole of the tremolite–act-
inolite series after pyroxenes and the formation of sau-
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 Schematic map of the study area [modified after Efi-
mov 

 

et al

 

. (1978)].
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 is section location. Numbers in circles:
(1, 2) mantle harzburgites (1, moderately altered and 2, strongly
altered); (3–5) Lower megarhythm (3, marginal dunites,
4, intercalation horizons, and 5, gabbros); (6) Transitional
zone; (7–9) Upper megarhythm (7, dunites, 8, intercalation
horizon, and 9, gabbronorites).
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 Geological section across the Layered complex.
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) Mantle harzburgites; (
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) horizons of basic and ultrabasic rock intercalation; (
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) gabbroids: 
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, gabbro and 
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, gab-
bronorites; (
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) unit boundaries; (
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) thrusts; (
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) layering dip. Black triangles denote sampling sites. Numbers in circles as in Fig. 2.

 

1 2 3 4 5 6 7 8 9

   

D

D

D

D

D

D

D

D

D

D

987654321

▲

▲

▲

▲

▲

40°

45°45°45°

1 43D2bbbaaa

7 865ba

▲

40°

 

A

B

 

1 km



 

834

 

GEOCHEMISTRY INTERNATIONAL

 

      

 

Vol. 39

 

      

 

No. 9

 

     

 

2001

 

SHARKOV 

 

et al

 

.

 

ssurite and chlorite (with accessory clinozoisite) after
plagioclase.

 

Mantle peridotites (harzburgites).

 

 The mantle
peridotites have protogranular (up to porphyroclastic)
textures similar to those described by A. Nicolas [4].
The main minerals are 70–80 vol % olivine (

 

Ol

 

) 

 

Fo

 

90–91

 

,
20–30 vol 

 

% orthopyroxene 

 

(

 

Opx

 

) 
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En
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Fs
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, 1–7

 

 vol 

 

%
clinopyroxene 

 

(
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) 

 

W

 

50–51

 

En

 

45–47

 

Fs

 

3–4

 

, and <1–2%

chrome spinel (

 

CrSp

 

); pale green edenite-like amphib-
ole compose <1%. Large olivine and orthopyroxene
grains in samples with a protogranular texture are sub-
hedral or anhedral and normally show evidence of
deformation (undulatory mosaic extinction and deforma-
tion twinning). Numerous exsolution lamellae of clinopy-
roxene are typical of the inner parts of the large orthopy-
roxene crystals. Clinopyroxene normally occurs in inter-
stices between olivine and orthopyroxene grains. Small
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 A stratigraphic section across the layered complex of the Voikar ophiolite association. Sampling location and sample num-
bers (Tables 1–7) are shown.
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pyroxene grains are usually devoid of clinopyroxene
lamellae and are associated with edenite-type amphib-
ole replacing clinopyroxene. Semitransparent red-
brown spinel forms subhedral or curved vermicular
grains and contains 23.0–25.6 wt % 

 

Cr

 

2

 

O

 

3

 

 and 41.7–
43.3 wt % 

 

Al

 

2

 

O

 

3

 

 in the studied sample.

Olivine and orthopyroxene in the cataclastic rock
samples compose elongated deformed porphyroclasts.
Their grains do not exceed 5–6 mm in size. Deforma-
tions in minerals are pronounced in undulatory mosaic
extinction and kink bands in olivine and lamella curva-
ture in orthopyroxene. Neoblastic assemblage consists
of 

 

Ol

 

, 

 

Opx, Cpx

 

, and 

 

Sp

 

. Olivine and orthopyroxene
neoblasts are small polygonal grains, which normally
show no deformation features and are located along the
porphyroblast margins or are traced across them as
grain chains. 

 

Cpx

 

 neoblasts occur as irregularly shaped

interstitial grains, while spinel forms lens-shaped and
vermicular aggregates and grains.

 

Dunites

 

 are coarse- to medium-grained rocks
composed of olivine with about 2–5 vol % of anhe-
dral chrome spinel and diopside grains. Regardless
of the location in the section of the layered complex,
the olivine composition in dunites is rather uniform
and corresponds to 

 

Fo

 

88–91

 

. Clinopyroxene (diopside,
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−

 

50
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) occurs in small amounts in the
interstices of olivine grains.
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Fig. 5. Variation of olivine composition over the section.
(1) Dunite, (2) wehrlite, (3) harzburgite, (4) clinopyroxen-
ite, (5) gabbro and gabbronorites, (6) upper gabbronorite.
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Chrome spinel is present in the interstices of grains
and as inclusions in olivine and clinopyroxene. Unlike
the olivine and clinopyroxene, the chrome spinel com-
position in metadunites is related to the rock location in
the section. For example, spinel in the lower megar-
hythm is moderately chromian (29.7–35.1 wt % Cr2O3)
and relatively highly aluminous (20.7–29.8 wt %
Al2O3). The cross-section variation in the spinel com-
position is not very regular; however, the Al contents
slightly increase upsection, while Cr and Fe contents
slightly decrease. Spinel in the dunite horizon of the
upper megarhythm is more chromian with increasing
Cr2O3 contents from 40.4 to 52.8 wt % and decreasing
Al2O3 contents from 20.1 to 7.9 wt % downsection to
the megarhythm base at almost constant Fe contents.
The reverse compositional variations are typical only of
the Transitional zone, where Al and Fe contents
decrease upsection, while Cr contents increase.

During the low-temperature alteration, olivine is
replaced extensively by reticular chrysotile-type ser-
pentine and only locally preserved as relicts; chrome
spinel is rimmed by magnetite.

Wehrlites and olivine clinopyroxenites differ only
in olivine proportions (30–40 and 10–20 vol %, respec-
tively). Clinopyroxene porphyroclasts usually form
elongated grains (in places, nearly euhedral) 3–8 mm in
length with slightly rounded edges. Some clinopyrox-
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Fig. 7. Compositions of the studied pyroxenes.
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Fig. 8. Variation of plagioclase composition over the sec-
tion. See Fig. 5 for symbol explanation.

Table 1.  Representative analyses of olivine from the rocks of the Voikar ophiolite complex (wt %)

Sample 356 363 364 393 400 404 405 429 381 383 418 423 402 413

SiO2 41.17 40.58 41.61 40.60 40.87 41.21 40.86 40.75 38.93 40.58 40.52 40.46 39.64 38.50

FeO 8.60 11.17 10.41 12.24 9.39 8.42 10.87 10.33 17.05 16.08 15.27 16.35 19.83 25.6

MnO 0.13 0.17 0.16 0.22 0.19 0.12 0.19 0.28 0.26 0.23 0.26 0.21 0.35 0.32

MgO 49.57 47.84 48.84 46.27 48.88 50.42 48.63 47.97 43.18 44.32 44.72 44.23 40.67 36.77

CaO 0.00 0.02 0.06 0.02 0.02 0.04 0.01 0.01 0.03 0.02 0.03 0.03 0.00 0.01

NiO 0.45 0.25 0.28 0.26 0.16 0.13 0.24 0.26 0.06 0.09 0.13 0.14 0.07 0.10

Total 99.92 100.03 101.39 99.67 99.55 100.38 100.84 99.61 99.54 101.34 100.97 101.45 100.60 101.33

Fo 0.91 0.88 0.89 0.87 0.90 0.91 0.89 0.89 0.82 0.83 0.84 0.83 0.79 0.72

Note: 356—mantle peridotites (harzburgites). Rock of the layered series: (Lower megarhythm) 363–365—dunites; 370—wehrlites; 371—
gabbro; (Transitional zone) 381—wehrlite; 383 and 388—olivine clinopyroxenites; 393—dunite; (Upper megarhythm) 400, 401,
404, 405, and 429—dunites; 402, 413, and 423—olivine gabbronorites; 418, 424, and 427—wehrlites; 419, 430, and 431—gab-
bronorites; 420 and 421—metasomatic clinopyroxenites; 423 and 428a—olivine clinopyroxenites; 428—clinopyroxenites.
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ene grains include orthopyroxene lamellae, which are
normally replaced by irregular grains of pale green
amphibole. Rare orthopyroxene grains locally occur in
wehrlites and clinopyroxenites in the upper parts of the
megarhythms. Olivine usually has complicated forms,
but in places appears as rounded grains. Relict textures
indicate that both porphyroclasts and neoblasts of oliv-
ine are present in the rocks. Irregularly shaped grains of
chrome spinel also occur in the rocks in small amounts.
As in dunites, the chrome spinel composition depends
on the host mineral. Plagioclase is occasionally present
in interstices and is normally replaced by chlorite.

Olivine in wehrlites and clinopyroxenites is compo-
sitionally uniform over the cross section of the layered
complex and corresponds to Fo82–84. The clinopyroxene
composition in these rocks is also reasonably uniform
and is W48–51En45–46Fs4–6 in the lower megarhythm and
W42–50En43–47Fs3–7 in the upper megarhythm. The ortho-
pyroxene composition is W1–2En81–85Fs13–15 in the rocks
of the upper megarhythm and is slightly more ferrous
(W1–2En81–84Fs16–18) in wehrlites of the transitional
zone. Rare interstitial plagioclase grains correspond to
An97–98.

Table 2.  Representative analyses of clinopyroxene from the rocks of the Voikar ophiolite complex (wt %)

Sample 356 363 364 370 371 381 381 383 388 388 393 402 404

SiO2 53.18 52.85 53.81 53.05 52.55 53.24 52.68 53.10 53.85 53.79 54.34 53.18 54.33

TiO2 0.14 0.29 0.29 0.15 0.24 0.07 0.13 0.09 0.12 0.08 0.09 0.18 0.06

Al2O3 2.89 2.49 2.50 2.59 2.78 2.15 2.83 2.95 2.46 2.84 1.23 2.53 1.40

Cr2O3 0.70 0.52 0.68 0.69 0.12 0.16 0.36 0.70 0.53 0.66 0.31 0.12 0.68

FeO 1.77 2.84 2.48 3.28 5.38 4.08 4.43 3.96 3.93 4.54 2.48 4.51 1.83

MnO 0.08 0.09 0.10 0.12 0.18 0.14 0.14 0.15 0.12 0.10 0.09 0.17 0.09

MgO 16.53 16.33 16.73 16.41 15.66 15.88 16.34 15.93 16.09 17.21 16.61 15.72 17.18

CaO 24.27 23.87 23.76 23.90 22.61 23.91 22.62 23.81 23.44 21.74 24.42 23.30 24.16

Na2O 0.16 0.21 0.30 0.22 0.24 0.04 0.10 0.09 0.13 0.11 0.10 0.16 0.27

K2O 0.02 0.02 0.02 0.02 0.03 0.02 0.01 0.00 0.02 0.03 0.01 0.02 0.03

NiO 0.07 0.05 0.04 0.02 0.01 0.07 0.07 0.01 0.00 0.00 0.03 0.03 0.00

Total 99.81 99.56 100.71 100.45 99.80 99.76 99.71 100.79 100.69 101.10 99.71 99.92 100.03

En 0.47 0.47 0.47 0.46 0.45 0.45 0.47 0.45 0.46 0.49 0.47 0.45 0.48

Wo 0.50 0.49 0.49 0.49 0.47 0.49 0.46 0.49 0.48 0.44 0.49 0.48 0.49

Fs 0.03 0.05 0.04 0.05 0.09 0.06 0.07 0.06 0.06 0.07 0.04 0.07 0.03

Sample 413 413 418 419 420 421 423 424 424 424 428a 430 431

SiO2 51.21 51.98 52.86 53.19 52.45 53.37 53.40 54.19 57.70 53.18 54.85 52.29 51.70

TiO2 0.31 0.26 0.17 0.08 0.14 0.14 0.09 0.07 0.03 0.16 0.00 0.35 0.30

Al2O3 3.52 3.33 3.20 2.33 2.67 2.92 2.67 1.65 2.06 3.27 0.08 2.57 2.76

Cr2O3 0.01 0.02 0.71 0.35 0.25 0.40 0.50 0.31 0.28 0.57 0.21 0.02 0.00

FeO 7.13 8.99 4.09 4.68 4.70 4.60 4.09 3.74 2.66 5.32 3.16 9.16 7.05

MnO 0.15 0.21 0.10 0.11 0.14 0.12 0.13 0.10 0.10 0.11 0.11 0.27 0.20

MgO 14.26 15.10 15.99 16.21 16.09 15.87 15.97 16.62 22.79 17.85 16.45 12.91 14.32

CaO 23.31 20.2 22.96 23.12 23.3 23.3 23.55 24.25 12.80 20.13 25.17 22.52 22.84

Na2O 0.18 0.20 0.16 0.17 0.15 0.12 0.13 0.05 0.47 0.12 0.04 0.22 0.23

K2O 0.02 0.03 0.02 0.03 0.02 0.03 0.01 0.02 0.04 0.03 0.02 0.00 0.02

NiO 0.00 0.02 0.01 0.02 0.03 0.00 0.04 0.00 0.00 0.05 0.05 0.00 0.05

Total 100.10 100.30 100.27 100.29 99.94 100.87 100.58 101.00 98.93 100.79 100.14 100.31 99.47

En 0.41 0.44 0.46 0.46 0.45 0.45 0.45 0.46 0.68 0.51 0.45 0.38 0.41

Wo 0.48 0.42 0.47 0.47 0.47 0.48 0.48 0.48 0.28 0.41 0.50 0.47 0.47

Fs 0.11 0.15 0.07 0.07 0.07 0.07 0.07 0.06 0.04 0.08 0.05 0.15 0.11
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Table 3.  Representative analyses of orthopyroxene from the rocks of the Voikar ophiolite complex (wt %)

Sample 356 383 388 391 402 403 406 409

SiO2 55.98 55.20 55.40 55.33 55.41 54.72 56.30 55.69

TiO2 0.04 0.06 0.04 0.03 0.07 0.08 0.03 0.10

Al2O3 3.34 2.87 3.29 2.45 1.96 2.24 1.08 2.05

Cr2O3 0.59 0.42 0.49 0.37 0.04 0.04 0.36 0.42

FeO 5.96 10.84 10.89 10.53 12.05 13.42 10.15 10.99

MnO 0.12 0.23 0.24 0.25 0.32 0.33 0.29 0.26

MgO 33.76 30.29 29.98 30.91 29.54 28.27 31.07 30.07

CaO 0.60 0.87 0.61 0.48 0.73 0.78 0.79 0.76

NiO 0.07 0.01 0.07 0.00 0.01 0.01 0.05 0.06

Total 100.46 100.79 101.01 100.35 100.13 99.89 100.12 100.40

En 0.90 0.82 0.82 0.83 0.80 0.78 0.83 0.82

Wo 0.01 0.02 0.01 0.01 0.02 0.02 0.02 0.01

Fs 0.09 0.16 0.17 0.16 0.18 0.20 0.15 0.17

Sample 412 413 418 419 420 421 423 427 433

SiO2 56.32 54.18 55.72 55.20 55.53 55.52 55.98 54.87 54.85

TiO2 0.03 0.06 0.07 0.05 0.00 0.02 0.03 0.05 0.04

Al2O3 1.57 2.14 2.45 1.87 1.92 2.44 2.48 2.22 2.34

Cr2O3 0.33 0.01 0.44 0.22 0.16 0.40 0.33 0.33 0.30

FeO 9.23 16.93 9.89 12.06 11.72 12.00 10.91 10.97 12.05

MnO 0.21 0.33 0.24 0.26 0.31 0.32 0.23 0.22 0.32

MgO 31.52 26.18 30.68 29.65 30.01 29.44 30.46 30.39 29.25

CaO 0.69 0.74 0.66 0.67 0.58 0.63 0.61 0.64 0.78

NiO 0.06 0.00 0.06 0.04 0.02 0.00 0.02 0.06 0.00

Total 99.96 100.57 100.21 100.02 100.25 100.77 101.05 99.75 99.93

En 0.85 0.73 0.84 0.80 0.81 0.81 0.82 0.82 0.80

Wo 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.02

Fs 0.14 0.26 0.15 0.18 0.18 0.18 0.17 0.17 0.18

Table 4.  Representative analyses of plagioclase from the rocks of the Voikar ophiolite complex (wt %)

Sample 384 403 413 413 419 419 420 420 427 427 427 430 430

SiO2 44.78 44.58 44.5 44.94 44.97 44.56 44.47 44.51 44.84 42.91 44.51 46.23 45.98

Al2O3 35.44 35.12 35.57 35.10 34.69 35.44 35.06 35.58 35.26 35.81 35.12 33.97 34.45

FeO 0.19 0.19 0.20 0.48 0.20 0.16 0.23 0.08 0.23 0.27 0.25 0.10 0.26

CaO 19.03 19.28 19.36 18.98 18.44 19.16 19.45 19.55 19.69 20.26 19.64 18.07 18.19

Na2O 0.59 0.58 0.48 0.76 0.87 0.43 0.44 0.34 0.35 0.18 0.31 1.20 1.11

K2O 0.02 0.03 0.02 0.02 0.03 0.03 0.02 0.02 0.02 0.01 0.03 0.02 0.03

Total 100.05 99.78 100.13 100.28 99.16 99.78 99.67 100.08 100.39 99.44 99.86 99.59 100.02

An 0.95 0.95 0.96 0.93 0.92 0.96 0.96 0.97 0.97 0.98 0.97 0.89 0.90
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Table 5.  Representative analyses of amphibole from the rocks of the Voikar ophiolite complex (wt %)

Sample 356 371 386 393 402 413 418 419 419 420 423 427 428a 431a

SiO2 50.79 45.72 51.61 52.81 46.15 46.20 46.86 48.46 49.14 46.78 47.42 49.16 51.93 45.46
TiO2 0.12 0.18 0.15 0.07 0.33 0.41 0.36 0.34 0.30 0.36 0.45 0.00 0.09 0.44
Al2O3 2.89 12.32 2.23 2.03 11.99 12.08 11.04 9.25 9.25 10.97 11.08 10.06 2.76 11.39
Cr2O3 0.60 0.11 0.61 0.82 0.12 0.00 0.96 0.34 0.81 0.29 1.34 0.01 0.26 0.06
FeO 3.33 7.47 3.28 2.60 7.70 8.96 5.96 6.84 6.61 7.27 6.44 6.24 4.01 10.81
MnO 0.09 0.14 0.12 0.13 0.13 0.09 0.06 008 0.07 0.05 0.04 0.09 0.11 0.18
MgO 16.21 15.59 16.33 16.64 16.84 15.69 17.48 17.68 17.75 17.39 17.05 17.83 16.47 13.71
CaO 22.86 12.54 24.02 23.13 12.08 12.18 12.57 12.18 12.19 12.35 12.38 12.84 22.72 11.99
Na2O 0.16 2.45 0.08 0.19 1.86 1.98 1.57 1.86 1.77 1.82 1.82 0.97 0.08 1.46
K2O 0.02 0.14 0.01 0.03 0.14 0.15 0.09 0.04 0.03 0.09 0.03 0.02 0.04 0.05
NiO 0.03 0.04 0.04 0.02 0.00 0.02 0.03 0.05 0.06 0.05 0.04 0.02 0.00 0.03
Total 97.10 96.69 98.47 98.46 97.34 97.75 96.98 97.12 97.97 97.44 98.07 97.23 98.47 95.57

Table 6.  Representative analyses of chrome spinel from the rocks of the Voikar ophiolite complex (wt %)

Sample 356 363 364 370 383 388 393 400 404 405 418 423 424 427 429

TiO2 0.07 0.52 0.42 0.16 0.12 0.15 0.16 0.26 0.19 0.21 0.24 0.33 0.30 0.26 0.17
Al2O3 41.82 26.21 27.48 33.94 28.36 32.95 23.89 18.52 17.44 9.85 29.49 24.31 30.10 24.96 28.93
Cr2O3 25.60 31.15 34.73 28.13 24.63 25.29 35.88 41.92 45.24 52.56 25.43 26.87 23.12 25.18 27.9
Fe2O3 2.90 11.03 6.53 6.94 14.71 9.36 7.33 7.21 7.32 7.41 12.67 16.28 14.09 17.46 10.6
FeO 11.89 20.61 17.74 19.76 25.84 21.39 22.38 22.51 16.09 23.44 23.98 23.44 24.77 23.52 19.34
MnO 0.21 0.33 0.33 0.32 0.41 0.43 0.41 0.48 0.38 0.57 0.35 0.34 0.38 0.34 0.65
MgO 17.20 10.10 11.94 11.50 6.83 9.97 8.16 7.62 11.63 6.43 8.11 7.71 7.72 7.72 10.39
NiO 0.24 0.15 0.12 0.04 0.08 0.08 0.04 0.00 0.08 0.02 0.14 0.14 0.11 0.16 0.16
Total 99.93 100.10 99.29 100.79 101.00 99.63 98.25 98.52 98.39 100.49 100.42 99.49 100.59 99.63 98.15

Cations for 4 oxygens
Al 1.37 0.96 0.99 1.18 1.04 1.17 0.90 0.72 0.66 0.39 1.07 0.91 1.09 0.94 1.06
Cr 0.56 0.76 0.84 0.66 0.61 0.60 0.91 1.09 1.15 1.41 0.62 0.68 0.56 0.63 0.68
Fe3 0.06 0.26 0.15 0.15 0.34 0.21 0.18 0.18 0.18 0.19 0.29 0.39 0.33 0.42 0.25
Fe2 0.28 0.53 0.45 0.49 0.67 0.54 0.60 0.62 0.43 0.66 0.62 0.63 0.64 0.63 0.50
Mg 0.71 0.47 0.54 0.51 0.32 0.45 0.39 0.37 0.56 0.32 0.37 0.37 0.36 0.37 0.45

Table 7.  Representative analyses of magnetite from the rocks of the Voikar ophiolite complex (wt %)

Sample 413 413 413 413 424 428a

TiO2 0.53 6.21 1.15 5.15 0.72 0.68
Al2O3 1.03 1.37 1.26 1.24 0.27 0.04
Cr2O3 0.19 0.20 0.16 0.22 8.68 0.00
Fe2O3 66.19 55.5 65.93 58.02 59.10 67.57
FeO 31.24 36.54 32.28 35.60 30.82 31.15
MnO 0.03 0.23 0.05 0.19 0.16 0.06
MgO 0.12 0.22 0.19 0.28 0.57 0.17
NiO 0.07 0.04 0.03 0.05 0.19 0.14
Total 99.40 100.31 101.05 100.75 100.51 99.81

Cations for 4 oxygens
Ti 0.02 0.18 0.03 0.15 0.02 0.02
Al 0.05 0.06 0.06 0.06 0.01 0.00
Cr 0.01 0.01 0.00 0.01 0.26 0.00
Fe3+ 1.92 1.58 1.87 1.65 1.69 1.96
Fe2+ 1.01 1.16 1.02 1.12 0.98 1.00
Mg 0.01 0.01 0.01 0.02 0.03 0.01
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The chrome spinel composition varies insignifi-
cantly in wehrlites and clinopyroxenites of the Lower
megarhythm. The Cr2O3 contents range from 28.1 to
29.4 wt % at Al2O3 contents of 30.4–33.9 wt %. The
Cr2O3 concentration in spinel varies significantly
across the Transitional zone from 20.1 wt % at the base
and 23 wt % at its top to 30.9 wt % in the middle part
of the zone. The Al2O3 concentrations in spinel range
from 27.2 to 35.2 wt %. The spinel composition is more
homogeneous within the upper megarhythm. The
Cr2O3 concentration varies from 21.4 to 27 wt % and
increases in some grains up to 41.8 and 33.4 wt %,
respectively, at the base of the megarhythm and at the
boundary of the upper ultrabasic rock layer. The Al2O3
concentration varies from 24 to 34 wt %. Note that
chrome spinel in the same sample is more chromian and
less aluminous when occurs in clinopyroxene and more
ferric and aluminous when included in olivine.

The neoblastic assemblage consists of clinopyrox-
ene and olivine, which commonly compose small
(≤1 mm) polygonal grains along the porphyroclast
boundaries or zones crossing the clinopyroxene por-
phyroclasts. The compositions of the porphyroblastic
and neoblastic minerals are almost similar. The low-
temperature alteration is normally not extensive and
comprises up to 30–50% of the rock volume. Clinopy-
roxene is weakly replaced by tremolite, while olivine is
strongly altered to serpentine. Chrome spinel is rimmed
by magnetite, and plagioclase is replaced by chlorite.

Clinopyroxenites are also abundant within the lay-
ered horizons and are represented there by the follow-
ing two types: (1) olivine-free clinopyroxenites that are
similar in many respects to the olivine clinopyroxenites
mentioned above and represent primary cumulates and
(2) clinopyroxenites with corrosion textures typical of
metasomatic rocks. The latter occur in all layered hori-
zons of the Upper megarhythm and were developed
after different rock varieties from pyroxenites to gab-
bronorites. The latter case can be exemplified by a
series of samples (419 to 424) from the Upper layered
horizon. They were collected from a concentrically
zoned area with gabbronorite in its center, which is
replaced outward by clinopyroxenite grading to the
ambient wehrlite.

The mineralogical composition of the first type of
clinopyroxenites is similar to that of the olivine cli-
nopyroxenites (excluding olivine). The clinopyroxene
compositions in these rocks are also similar. In contrast,
clinopyroxene in the second type of clinopyroxenites is
subcalcic augite and locally up to pigeonite–augite
W28−29En66–68Fs5–6. Chromite is absent in these rocks
and is replaced by magnetite. There are some transi-
tional clinopyroxenite varieties containing clinopy-
roxenes of both types (sample 424).

These clinopyroxenites have a similar grade of
metamorphic alteration: the development of clinopy-
roxene neoblasts was followed by low-temperature

amphibolization with chloritization of accessory inter-
stitial plagioclase An96–97.

Gabbroids are the most abundant rocks in the lay-
ered complex. They participate in the structure of the
layered horizons or form thick separate layers. These
mesocratic rocks are strongly altered by low-tempera-
ture metamorphism and only locally preserve their pri-
mary textures and mineralogical composition. The rock
texture in these places is similar to granoblastic with
abundant triple-grain junctions. The major minerals are
≤1.5 mm in size. Typical cumulative textures are
absent. According to the relict mineral assemblages and
rare unaltered samples, the following four types of gab-
broids can be distinguished: metagabbro, olivine met-
agabbro, metagabbronorite, and olivine metagab-
bronorite. The orthopyroxene-bearing rocks occur only
in the Upper megarhythm and are absent in the Lower
megarhythm.

Plagioclase in the less altered rocks composes
slightly elongated unzoned grains with undulatory
extinction and occasional pyroxene inclusions. Pyrox-
ene grains are similar in shape to plagioclase and occa-
sionally have small rounded plagioclase and magnetite
inclusions. Unlike plagioclase and pyroxenes, olivine
grains show complicated forms. They are usually elon-
gated, curved, crooked, and normally have an undula-
tory mosaic extinction indicating former deformations.
Pale green hornblende (<3–5 vol %) forms oikocrysts
with rounded pyroxene and olivine chadacrysts. The
hornblende was not deformed and probably crystallized
at the final stages of the rock blastic mylonitization.

Plagioclase in gabbroids of the Lower megarhythm
is completely altered, and its composition has not been
determined. Plagioclase in the Upper megarhythm is
less altered. The most calcic plagioclase is found in oli-
vine gabbronorites and corresponds to An95–96. Its com-
position varies from An92 to An96 in the less altered
relict gabbronorites. The An proportion in plagioclase
decreases in gabbronorites up to An89–90 in the upper
part of this megarhythm. Plagioclases are almost free of
potassium.

The ferrosilite component in clinopyroxene generally
increases in gabbroids upsection from W42–49En43–47Fs5–11

in gabbro of the Lower megarhythm to W45–48En38–47Fs7–16

in the lower part of the gabbronorite unit of the Upper
megarhythm. The olivine gabbronorite veins from the
dunite layer of the Upper megarhythm contain more
magnesian Cpx (W47–48En44–45Fs7–8), while the Cpx in
gabbronorite sheet bodies located further upsection is
slightly more ferrous (W42–48En41–46Fs10–15).

Orthopyroxene is absent in gabbro of the Lower mega-
rhythm. Orthopyroxene in olivine gabbronorites of the
Upper megarhythm corresponds to W1–2En80–81Fs18–19.
Orthopyroxene is more ferrous in the gabbronorite
sheet bodies (W1–2En69–74Fs25–30).

Olivine composition in gabbroids corresponds to
Fo79–81. It is Fo79–80 in olivine gabbronorite veins in
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dunites of the Upper megarhythm, Fo71–73 in gab-
bronorite lenses in the middle part of the Upper megar-
hythm, and Fo81–83 in sheet bodies in the uppermost part
of the megarhythm. Thin double coronas locally occur
around olivine at its boundary with plagioclase and
consist of orthopyroxene in the inner zone and of green
spinel–clinopyroxene symplectite in the marginal zone.
According to experimental data, such coronas could
have originated from a subsolidus reaction between
magnesian olivine and calcic plagioclase at T = 1100–
900°C and P = 8 ± 2 kbar [11]. Having proceeded in the
rocks already cataclasized, this reaction points to the
subsolidus conditions of early cataclasis and indicates a
pressure above 6 kbar. This value could hardly corre-
spond to the lithostatic pressure and is probably charac-
teristic of the shearing overpressure.

EVOLUTION OF MINERAL COMPOSITION 
IN THE INTRUSION SECTION

Olivine composition is generally dependent on the
rock composition rather than on its stratigraphic loca-
tion (Fig. 5). Olivine in dunites corresponds to Fo88–91

and is compositionally similar to that in mantle
harzburgite. It is Fo82–84 in wehrlites and olivine cli-
nopyroxenites and Fo79–81 in metagabbroids. Small

nonsystematic variations in olivine compositions
across the dunite horizons probably indicate that the
magmatic chamber was multiply replenished by mag-
mas from the evolving zone of magma generation.

Clinopyroxene composition also does not depend
significantly on the rock stratigraphy (Fig. 6). It corre-
sponds to diopside W48–50En46–48Fs2–6 and is close to
mantle diopside (W50–51En45–47Fs3–4). Clinopyroxene in
wehrlites, olivine clinopyroxenites, and clinopyroxeni-
tes is W42–50En43–47Fs3–7, whereas clinopyroxene in the
second (metasomatic) clinopyroxenite type corre-
sponds to subcalcic augite W28–29En66–68Fs5–6. The com-
position of clinopyroxene depends on its stratigraphic
location only in metagabbroids and grades from
W42−49En43–47Fs5–11 in gabbro of the Lower megarhythm

Or

Ab An

Fig. 9. Plagioclase compositions in a Ab–An–Or diagram.
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to W45–48En38–47Fs7–16 in the gabbronorite unit of the
Upper megarhythm. Clinopyroxene in olivine gab-
bronorite veins in the dunite horizon of the Upper
megarhythm is more magnesian (W47–48En44–45Fs7–8)
than that in gabbronorites from the sheet bodies occur-
ring further upsection (W42–48En41–46Fs10–15), where it is
similar to clinopyroxene from the host cumulates.

Orthopyroxene in olivine gabbronorites of the Upper
megarhythm corresponds to bronsite (W1–2En80–81Fs18–19)
and significantly differs from orthopyroxene from
the mantle harzburgites (W1En90Fs9). The mineral is
ever more ferrous in the sheet gabbronorite bodies
(W1–2En69–74Fs25–30).

Compositions of all the pyroxenes analyzed in the
Voikar layered complex are shown in Fig. 7.

Plagioclase is generally represented by anorthite
over the whole section and becomes more sodic up to
An85 only in the uppermost gabbronorites (Figs. 8, 9).

Chrome spinels. The most interesting results were
obtained for spinels (Figs. 10, 11). They show a nega-
tive correlation between Al and Cr contents. Unlike the
silicate minerals of mantle peridotites, mantle spinels
make a separate compositional group with the lowest
Fe and Cr contents. Spinels from the Lower megar-
hythm also form a separate cluster; they are more chro-
mian and evolve to more ferric compositions. Spinels
from the Upper megarhythm are the most diverse and
range from the lower chromian varieties mentioned
above to minerals with the highest Cr2O3 contents at
41.8 wt % (in the lower part of the section). The com-
positional fields of spinels from the Lower and Upper
megarhythms overlap. Spinels from the Transitional
zone between megarhythms have intermediate compo-
sitions. Upsection, Al contents increase and Cr contents

decrease in spinels (only slightly in the lower megar-
hythm and more significantly in the upper megar-
hythm), and reverse changes are observed only in the
Transitional zone, i.e., Cr contents in spinel increase
upsection.

COMPARISON WITH THE OMAN OPHIOLITES

Variations of mineral compositions in the Voikar
layered complex are basically similar to those in the
layered gabbro in the typical ophiolites of Oman in the
north of the Oman Mountains. Excluding the minerals
of the marginal dunites which are more magnesian and
compositionally closer to the upper mantle rocks of
Oman, olivine and clinopyroxene of the Voikar massif
show similar Mg/(Mg + Fe) variations to those in the
layered gabbro in the Rustaq block [12] and in the north
of the Oman Mountains [13]. As in the Voikar massif,
gabbronorites and norites are the most abundant rocks
in the north of the Oman Mountains [13–15]. Plagio-
clase compositions in the Voikar layered complex are
generally close to those in the Oman Mountains; how-
ever, the former are more calcic than the dominant pla-
gioclases in Oman (An < 90). The Cr/(Cr + Al) varia-
tions in spinels of the Voikar complex are smaller than
those in the south of the Oman Mountains [16].

The Voikar layered complex and the layered gabbro
of Oman show no significant enrichment of rocks in
iron as a result of in-chamber crystal fractionation, as is
the case in the Skaergaard-type continental layered
intrusions [17]. As in the Oman ophiolites, the rocks of
the Voikar layered complex show direct and reverse
trends of Fe/(Fe + Mg) variations in mafic minerals and
Cr/(Cr + Al) in spinels (Figs. 5, 6, 10). The direct and
reverse variations in both ophiolite associations are
similar in stratigraphic location and compositional
ranges. These factors indicate that the structure of the
Voikar layered complex is not unique and is typical of
the ophiolite associations.

DISCUSSION

Evolution of magmatic processes. Based on the
data obtained, we believe that the Voikar ophiolite asso-
ciation was originated by the crystallization of a period-
ically replenished open magmatic system in tectoni-
cally dynamic conditions. The lack of significant
enrichment of olivines and pyroxenes in iron over the 4-
to 5-km section of the complex suggests an open mag-
matic system, where fractional crystallization, magma
eruption, and the ascent of new magma portions from
the mantle were approximately balanced. The Sm–Nd
isotopic studies in the rocks of the Voikar layered com-
plex indicate a MORB-type magma source. According
to mineral assemblages, the initial magmas corre-
sponded to tholeiitic picrobasalts.

This magmatic system had a prolonged and com-
plex evolution during at least two stages expressed in
the formation of two megarhythms. The evolution of

Fe3+Al

Cr

Fe3+Al

Cr

I

II

M

1
2
3

Fig. 11. Spinel compositions in a Cr–Al–Fe3+ diagram.
(1) Lower megarhythm, (2) Transitional zone, (3) Upper
megarhythm. Small triangle shows fields of spinels from the
Lower megarhythm (I), Upper megarhythm (II), and mantle
spinel from the studied section (M).
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both megarhythms began from the Ol–CrSp cumulates,
which gradually passed (through the intercalation zone)
to gabbroids. The Layered complex is similar in many
respects to the continental layered intrusions, but the
occurrence of the specific Transitional zone with
reverse evolution from mafic to ultramafic rocks makes
them distinct.

The moderately depleted upper mantle (probably,
the ultrabasic rocks of the underlying mantle complex)
was a magma source for the rocks of the Lower megar-
hythm. The relatively high Al content in chrome spinel
and the absence of orthopyroxene in the rocks indicate
that the magmas were derived from slightly depleted
mantle domains at a relatively low melting degree. The
gradual transition from dunites to gabbroids was prob-
ably related to the accumulation of residual magma
resulting from crystal fractionation in a magma cham-
ber.

Gradual changes from the slightly depleted to
depleted mantle sources are exhibited only in the tran-
sitional zone, where Cr content in CrSp increases
upsection and rare Opx grains appear. These factors
probably indicate that the intensity of mantle convec-
tion and the partial melting degree have increased since
that time.

The upper megarhythm indicates a new stage in the
spreading zone evolution. Like the Lower megarhythm,
dense picrobasaltic magma began to enter the magma
chamber. However, according to the evolution of the
CrSp composition upsection in the dunite horizon, the
melts were primarily derived from the depleted mantle
domains and, then, from the less depleted mantle mate-
rial. These factors probably indicate the reactivation of
mantle convection.

The occurrence of Opx in the rocks is also consistent
with a more depleted mantle magma source. However,
a principally new component appeared in the magma.
Sharma et al. [2] demonstrated that one of the samples
from the mantle section with the highest fSm/Nd and
εNd(0) values does not fall on the Sm–Nd mantle evolu-
tion line, whereas three other harzburgite samples are
plotted on this line together with samples of rocks from
the layered complex and the parallel dike complex. It is
suggested that such an unusual harzburgite indicates
the contribution of an old depleted mantle material,
which could be tectonically involved through subduc-
tion into the new less depleted mantle. These rocks
were intruded by basaltic melts that had ascended from
a nondepleted source.

As was shown later, the Re–Os isotopic systematics
in the upper part of the crustal section of the Voikar
massif (Ol clinopyroxenite from the transitional zone,
Ol gabbronorite from the upper megarhythm, and dia-
bases from the parallel dike complex) shows one–two
orders of magnitude lower Os contents than the rocks of
the mantle section of the Voikar massif [1], and the
187Os/188Os ratios in the former are significantly higher
than in the mantle rocks (up to 6.5 and 7.1 in the rocks

of the layered complex and two times as high as in dia-
bases).

The tectonic setting and dynamics of the Voikar
spreading center. As follows from the petrological
data and the close association of the Voikar ophiolites
with island-arc complexes, these ophiolites represented
fragments of the lithosphere of a back-arc sea [3]. This
suggestion is supported by recent findings of boninitic
rocks in the dike complex of the Voikar ophiolites [18].
The data above clarify the nature of deep-seated pro-
cesses beneath a back-arc sea. Its evolution began with
the upwelling of an asthenospheric plume composed of
slightly depleted ultrabasic material. Separation of
picrobasaltic magma began at a depth greater than 50–
60 km under conditions of garnet lherzolite stability.
However, according to the cumulative spinel composi-
tions that are close to CrSp of the mantle part of the sec-
tion, the most extensive melting occurred at lower
depths under conditions of spinel lherzolite stability.
The cooler portion of the plume (its head) is located
above the area of magma generation, as is the case in
continental rift zones [19].

According to the available geological data (see
above) a magma chamber was formed directly on this
relatively cool surface of the plume head and served to
accumulate the newly formed magmas. These magmas
crystallized to form the lower crust of the back-arc
basin. This mechanism generally corresponds to under-
plating, i.e., the intrusion of mantle magmas along the
crust–mantle boundary, and is one of the most impor-
tant mechanisms of the continental lower crust forma-
tion [20].

Structural–metamorphic transformations of
ophiolitic rocks. The following three types of rock
alteration are typical of the Voikar association: (1) high-
temperature blastic mylonitization, (2) appearance of
metasomatic clinopyroxenite veins (second-type cli-
nopyroxenites distinguished above), and (3) low-tem-
perature shearing.

It is known [21] that high-temperature blastic
mylonitization occurs in ophiolite associations only in
mantle ultrabasic rocks and rocks of the layered com-
plex (lower crust), which is expressed in the dominant
ductile deformations. Upsection in the layered com-
plex, these deformations grade to low-temperature
shearing with brittle deformations having a dominant
role and being particularly characteristic of the upper-
most part of the layered complex abundant in massive
gabbronorites and of the upper crustal rocks (pillow-
lavas and parallel dike complex).

Voikar is not a unique massif. Shcherbakov [22]
demonstrated that the complex folded structure of the
mantle ultrabasic rocks originated during two stages of
ductile deformation. Metamorphic banding and isocli-
nal folds were formed in harzburgites during the first-
stage deformations expressed in the plane-parallel vis-
cous plastic flow at a high temperature (~1200°C). The
larger folds and the less strained folding structures were
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related to the plane-parallel shear plastic flow and orig-
inated during the second-stage deformations at lower
temperatures (1000–700°C). The second-stage defor-
mations in the rocks of the mantle complex were
accompanied by the synkinematic formation of the lay-
ered ophiolite complex related to a combined effect of
plastic flow, basaltic magma intrusion, and high-tem-
perature metasomatism. According to Shcherbakov
[22], spatial relationships and regularities in the orien-
tation of deformation textures in the rocks of the lay-
ered complex indicate that these textures are related to
a single phase of plastic deformations defined by
harzburgites slipping relative to gabbroids.

Therefore, we could suggest that the first stage of
deformations in mantle ultrabasic rocks was related to
the mantle plume upwelling, and the second stage, to
the spreading of the plume head beneath the spreading

center. The hot mantle rocks of the plume head and
solidified cumulates in the lower part of the crystalliz-
ing magma chamber were involved in a tectonic flow.
These processes resulted in the high-temperature shear-
ing of the newly formed rocks of the layered complex.
Some of these high-temperature deformations could be
related to a later shear stress, which accompanied the
imbrication of heated mantle and lower crustal rocks
during the closure of the back-arc basin (see below).
These processes could have initiated a high-tempera-
ture reaction between olivine and plagioclase in some
blastomylonitized gabbroids, which indicates a stress-
related overpressure of up to 6–8 kbar (see above).
However, such reaction structures are normally absent,
thus indicating a lower lithostatic pressure. The traces
of high-temperature shearing are absent in the upper
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Fig. 12. Scheme illustrating the earlier stages of the back-arc spreading. (1) Asthenosphere; (2) upper mantle: a, continental segment
and b, cool material of the superplume roof; (3) middle (transitional) mantle; (4) mantle below the discontinuity at 650–670 km;
(5) “basaltic layer”: a, continental and b, oceanic; (6) “granitic” layer; (7) tectonically mixed materials of the “basaltic” and “gra-
nitic” layers, (8) mantle domains generating magmas of different compositions: (I) tholeiitic, (II) boninitic, and (III) calc-alkaline;
(9) direction of convection.
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crustal rocks (parallel dike complex) dominated by brit-
tle deformations.

The high-temperature metasomatic clinopyroxeni-
tes were found only in the rocks of the Upper megar-
hythm. Their origin was probably related to fluids
derived from the subduction zone and filtrated through
heated rocks. These rocks are absent in the Lower
megarhythm, and, therefore, we can suggest that they
were sufficiently cool not to be involved in such inter-
actions. It follows that the heat conduction could not
provide homogeneous heating of the entire mass of the
newly formed rocks.

The low-temperature rock shearing under green-
schist-facies conditions was accompanied by the ser-
pentinization of ultrabasic rocks and occurred signifi-
cantly later, in the course of obduction of the back-arc
sea lithospheric fragments over the margin of the Rus-
sian craton.

The implied mechanism of deep-seated processes
beneath the back-arc basins exemplified by the
Voikar ophiolites. We suggest the following evolution
of the region. At the first stage, the mantle plume
resulted from the outside expansion of an oceanic

superplume, separated from the marginal part of a litho-
spheric block, and began to pull it toward the ocean
(Fig. 12). The associated mechanical deformations
caused the formation of zones of descending flows, i.e.,
a subduction zone, involving old mantle and crustal
materials from the back-arc space. As a result, a back-
arc basin with an oceanic crust was formed there. The
magmatic rocks of the Lower megarhythm probably
correspond to this stage. At a certain moment, the prop-
agating subduction zone cut off the roots of the plume.
This event hampered the supply of fresh mantle mate-
rial, and the same mantle domains were remelted,
which resulted in their progressive depletion. We
believe that the Transitional zone was formed at that
time. Then, the plume could break through the mega-
lith, and the supply of fresh material proceeded; at this
stage, the material from the subducted plate could also
have been involved in the melting. The Upper megar-
hythm was probably generated at that time. The contin-
uous thickening of the megalith finally isolated the
upper part of the plume from its mantle root and termi-
nated the evolution of the back-arc basin. A large lens
of hot plastic mantle originated there and gradually
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Fig. 13. Scheme illustrating the later stages of the back-arc spreading. (1) Asthenosphere: a, paltially melted and b, completely
solidified; (2) upper mantle: a, ancient continental segments and b, cool material of the superplume roof; (3) middle (transitional)
mantle; (4) mantle below the discontinuity at 650–670 km; (5) “basaltic layer”: a, continental and b, oceanic; (6) “granitic” layer;
(7) tectonically mixed materials of the “basaltic” and “granitic” layers, (8) mantle domains generating magmas of different compo-
sitions: (I) tholeiitic, (III) calc-alkaline, and (IV) K moderately alkaline (shoshonitic–latitic); (9) direction of convection.
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solidified from the bottom upward due to convection
(Fig. 13). The existing stress field defined by the con-
tinuous spreading of the oceanic superplume would
have been able to cause strong deformations in the
upper part of the lithosphere of the back-arc sea, fault-
ing of the crust and uppermost mantle, closure of the
back-arc basin, and the formation of a foldbelt with the
associated obduction of lithospheric fragments over the
continental margin.

Thus, the first stage of formation of the Layered
complex in terms of geodynamics could be related to
the initial opening of the back-arc basin, and the second
stage, with the initiation and development of a subduc-
tion zone. These processes resulted in the final isolation
of the back-arc mantle plume head, the termination of
its evolution, the closure of the back-arc basin, and the
formation of a foldbelt in that area.

CONCLUSIONS

(1) The Voikar ophiolite association is composed of
lithospheric fragments of a Late Devonian back-arc sea
in the western periphery of the Uralian Ocean.

(2) The Layered complex of these ophiolites (the
back-arc sea lower crust originating from intrusions of
newly formed magmas along the crust–mantle bound-
ary) represents a shallow magma chamber, where the
magmas accumulated and crystallized. This chamber
evolved in two main stages. The Lower megarhythm
(first stage) was formed from magmas derived from the
moderately depleted mantle domains, while the pri-
mary magmas for the Upper megarhythm (second
stage) were generated in the more depleted mantle with
the addition of old material (probably, from the sub-
ducted plate) and subduction-related melts. The mantle
convection was highly intensive during megarhythm
formation.

(3) The Transitional zone between the megarhythms
has a reverse rock sequence (grading upsection from
basic to ultrabasic rocks) and is characterized by an
upsection evolution to more depleted sources. This
zone probably originated during a temporary decrease
in the intensity of mantle convection between the peri-
ods of megarhythm formation.

(4) The formation of the lower crust was accompa-
nied by the spreading of the mantle plume head, which
resulted in high-temperature shearing of mantle peri-
dotites in the uppermost part of the plume and of the
overlying newly formed hot cumulates. The low-tem-
perature shearing was probably related to obduction.

(5) In terms of geodynamics, the first stage of for-
mation of the Layered complex could be related to the
initial opening of a back-arc basin, and the second
stage, to the initiation and development of a subduction
zone.

The authors are thankful to G.N. Savelieva for help-
ful comments and to J.E. Quick for his assistance in
analytical studies.
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