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Diverse types of Late Cambrian-Early Ordovician basalts are present as tectonic sheets and fragments in
the Early-Middle Paleozoic Charysh-Terekta suture-shear zone of NE Russian Altai. La and Nb depleted,
transitional and enriched basalts coexist within this geological structure. Mg# varies from 56 to 20 over a
relatively narrow range of SiO, (46-52 wt.%). Iron, Zr, Nb, Y, LREE Ti, Cr, Ni and Th variably decrease with
Mg#. Depleted tholeiitic basalts have weakly to undepleted LREE (La/Sm, = 0.6-1.0), weakly fractionated
HREE patterns (Gd/Yb,, = 1.1-1.3), relatively high eyq (7.7-10.3) and negative Nb and Th anomalies rela-
tive to La (Nb/Lapm = 0.37-0.8, Th/Lapy, = 0.4-0.85). Transitional basalts have moderately fractionated REE
(La/Sm,, = 1.6-2.0, Gd/Yb, = 1.3-2.4), medium &yq (5.6-5.7) and positive Nb and negative Th anomalies
relative to La (Nb/Lapm, = 1.2-1.6, Th/Lap, = 0.7-0.9). Enriched basalts are the prevalent volcanic rock type
characterized by LREE-enriched patterns with fractionated HREE (La/Sm, = 1.9-4.7, Gd/Yb,, = 1.5-2.5),
low é&ng (2.6-3.3), positive Nb and zero to positive Th anomalies (Nb/Layy, = 1.0-1.8, Th/Lapy, = 0.6-
1.15). Mantle melting processes, crustal contamination, or fractional crystallization can be ruled out as
the main cause of the anomalies except for the moderate effect of alteration and metamorphism on
the major-element composition of basalts. The enriched basalts show stronger REE fractionation (La/
Yb, = 6-9), higher positive Nb anomalies, like Phanerozoic HIMU ocean island basalts, than the transi-
tional counterparts (La/Yb,, = 3-4), and also higher Al,03 contents with convex-up trace-element patterns
through Th-Nb-La. Both varieties have higher Zr/Hf ratios than depleted basalts and eyq values close to
those in HIMU. The LREE-depleted basalts are interpreted to have been a mid-oceanic ridge, whereas the
transitional and LREE-enriched basalts — a chain of oceanic islands derived from a heterogeneous multi-
component plume tapping the moving oceanic lithosphere. The oceanic islands were fragmented in the
accretionary complex and tectonically mixed with underlying MOR tholeiites.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, numerous oceanic crust fragments have been
found and identified in accretionary complexes of different ages
recognized within the Altai-Sayan foldbelt - a north-western part
of the Central Asian Orogenic Belt (e.g., Buslov et al., 2001,
2004a; Dobretsov et al., 2004; Safonova et al., 2004, 2008; Ota
et al.,, 2007; Xiao et al., 2010; Wong et al., 2010). Nevertheless,
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the fragments of ophiolites, oceanic islands and seamounts are
generally less common in foldbelts than those of island arcs that
may be explained by their smaller volume and poor identification
in structures comprising numerous tectonically mixed sedimen-
tary and basaltic-sedimentary terranes (Safonova, 2009). The ophi-
olites and oceanic islands/seamounts, the fragments of which have
been found in Altai-Sayan, were formed in the Paleo-Asian Ocean
(PAO). The PAO opened in the Late Neoproterozoic due to the
breakup of the Rodinia supercontinent (Maruyama et al., 2007)
and existed until the Early Carboniferous (e.g., Zonenshain et al.,
1990; Dobretsov et al., 1995; Buslov et al., 2001). Oceanic subduc-
tion resulted in the accretion of paleoislands and the underlying
oceanic lithosphere to the island arcs bounding the PAO and then
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to the active continental margin of the Siberian continent. Later
oceanic rock units experienced the influence of the processes of
collision and subsequent faulting (Buslov et al., 2004b).

The Altai-Sayan foldbelt is a collage of terranes of different ages
separated by numerous large-scale thrusts, strike-slip faults and
nappes (Buslov et al., 1993, 2004b; Berzin and Dobretsov, 1994,
Xiao et al., 2010). The terranes are classified mainly based on Ven-
dian-Cambrian geodynamic units of the Paleo-Asian Ocean. Fig. 1
shows the major structural units that form the Altai-Sayan foldbelt,
which is located between the Kazakhstan and Siberian continents
(Buslov et al., 2001, 2004a). The tectonic pattern of the western
Altai-Sayan comprises the Gondwana-derived Altai-Mongolian ter-
rane, which separated from the margins of East Gondwana (Kuren-
kov et al., 2002) and later collided with the SW margin of the
Siberian continent by a system of strike-slip faults (see Fig. 1 and
Buslov et al., 2004b).

However, there are other models for the evolution of this part of
the Central Asian Orogenic Belt based on the accretion of oceanic
arcs and/or Gondwana-derived continental blocks to the Siberian,
Russian, and North China cratons (e.g., Zonenshain et al., 1990;
Didenko et al., 1994; Windley et al., 2007; Xiao et al., 2008; Yakub-
chuk, 2004; Rojas-Agramonte et al., in press) or accumulation of
Paleozoic subduction-accretion materials against a few extended
magmatic arcs (Sengoér and Natal’in, 1996).

The north-western part of Altai-Sayan, Rudny Altai in Russian
literature, belongs to a reactivated suture zone (Charysh-Terekta)
which extends into the Altai-Mongolian terrane and hosts frag-
ments of the Late Cambrian-Early Ordovician oceanic lithosphere
(Fig. 1). Based on geochemically and geochronologically distinct
volcanic and sedimentary rocks, tectonically juxtaposed in a tec-
tonic mélange, and regional scale transpressional structural char-
acteristics, Buslov et al. (2000, 2004b) interpreted the late
Devonian Charysh-Terekta strike-slip or suture-shear zone as a
subduction-accretion complex that formed along an Devonian
convergent plate margin as a result of the Late Devonian collision
of the Gondwana-derived Altai-Mongolian microcontinent and

Siberian continent (Fig. 1; Buslov et al., 2001, 2004a). In this geody-
namic framework, based on a very limited amount of geochemical
data, tholeiitic and alkaline basalts were previously interpreted as
dismembered fragments of the oceanic lithosphere of the PAO
formed in mid-oceanic ridge and oceanic island settings (Buslov
et al., 2000, 2001; Safonova et al., 2004).

The geochemical characteristics of Paleozoic oceanic basalts are
of particular interest for understanding mantle evolution, petro-
genesis and geodynamic processes. Besides, the study of oceanic
magmatism is very important because it is an integral part of the
study of orogenic belts incorporating many commercially valuable
mineral deposits. The mutually correlated geochronological and
compositional data on ophiolites and intra-plate basalts are neces-
sary for reconstructing the histories of the paleo-oceans and their
related accretionary processes, which significantly contributed to
the Paleozoic continental growth of Central and East Asia. Last
but not least, identification of OIB-type basalts (oceanic island bas-
alts) is important for mantle plume modeling and global geody-
namic paleoreconstructions (e.g., Maruyama et al, 1997;
Safonova et al., 2009; Zhang et al., 2010).

This paper reviews few already published geochemical data
(Sennikov et al., 2003, 2004; Safonova et al., 2004) and presents
new high-precision ICP-MS trace element data for compositionally
diverse basalts from the Zasur’ya unit or accretionary complex
(Late Cambrian-Early Ordovician) of the Charysh-Terekta strike-
slip zone located in Rudny Altai (Figs. 1 and 2). We also report first
Nd-Sr isotope data for Zasur'ya basalts. Based on these results we
attempt to resolve different components in the mantle sources
from which the basalts were derived, and address the geodynamic
settings of basalt eruption.

2. Geology

The geological structure of the Charysh-Terekta zone comp-
rising the Zasur'ya accretionary complex with oceanic crust
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Fig. 1. Regional geology of the western Altay-Sayan foldbelt. NW Gorny Altai is outlined by a dotted rectangle. Modified from (Buslov et al., 2001).
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Fig. 2. Tectonic scheme of the Charysh-Terekta strike-slip zone hosting the Zasur'ya AC (modified from Sennikov et al. (2003) and Buslov et al. (2000)). 1 - Cambrian (?)
terrigeneous rocks without paleontological constrains; 2 - Late Cambrian-Early Ordovician Zasur'ya Series with oceanic sediments and volcanic rocks; 3 - Ordovician-
Silurian terrigeneous-carbonate sediments; 4 — Ordovician-Silurian carbonates; 5, 6 - Devonian volcanogenic-sedimentary rocks with mafic to andesitic (5) and felsic (6)
volcanic rocks; 7 - Cenozoic sediments; 8-11 - intrusive rocks: 8 - Devonian gabbroids, 9 - Late Devonian-Early Carboniferous biotite-hornblende I-type granitoids, 10 - Late
Devonian-Early Carboniferous A-type granites and leucogranites, 11 - Late Permian-Early Triassic amphibole-biotite S-type granites; 12 - faults; 13 - Altai major thrusts; 14

- location of sites/villages/small rivers.

fragments was discussed in Buslov et al. (1999, 2000) and Safonova
et al. (2004). The Charysh-Terekta strike-slip zone in NW Russian
Altai extends over a distance of 120-130 km and consists of several
deformed structural units (from west to east): Charysh-Inya, Za-
sur'ya, Talitsa and Anui-Chuya. The structural units which occur
as structural sheets and lenses are bounded by the late Carbonifer-
ous-Permian North-Eastern and Bashchelak faults (Fig. 2). These
units are composed of sandstones, cherts, pillow-lavas and lava
flows, volcanoclastics, and gabbro-diabase dikes (Buslov et al.,
2000; Safonova et al., 2004).

The Late Cambrian-Early Ordovician Zasur’ya unit or series of
the Charysh-Terekta strike-slip zone is of special interest because
it comprises several tectonic lenses consisting of terrigenous and
oceanic sediments and ophiolites including variolitic or aphyric
pillow-lavas, plagioclase and pyroxene-plagioclase porphyritic
basalts and their volcaniclastic derivatives, gabbro and gabbro-dia-
bases (Fig. 2). The basalts are associated with the sediments of Oce-
anic Plate Stratigraphy (OPS; Isozaki et al., 1990) such as pelagic
radiolarian/ribbon chert, hemipelagic siliceous shale, mudstone,
and other epiclastic slope facies. Biostratigraphy of associated oce-
anic siliceous sedimentary rocks was reported in Iwata et al. (1997)
and Sennikov et al. (2003, 2004).

The breccia-like structure, synsedimentation and asymmetrical
folding textural features of the cherts suggest that they represent
slope facies of oceanic islands. The Zasur’ya Series or is character-
ized by a unique combination of terrigenous, volcanic and siliceous
units (Fig. 2). The color of the cherts ranges from red to violet and
from gray to brown, depending on the degree of alteration by dia-
genesis and sea-floor-surface redox conditions (Fig. 3A), which is
typical of present-day seamount slope sedimentation environ-
ments (Jones and Murchey, 1986 and references therein). The sil-
ica-rich layers are up to several hundred meters thick with

individual siliceous beds of 20-30 meters (Sennikov et al., 2003).
The Series consists of three suites: (1) the lower Listvennaya Suite
of red and gray siliceous shale, mudstone, chert and basalt
(Fig. 3A); (2) the middle Talitskaya Suite chert, siliceous shale,
sandstone and siltstone; (3) the upper Marchetinskaya Suite of
intercalated red and gray siltstone, siliceous shale and mudstone.
No conformable contacts have been found between these three
suites: probably the rocks were replaced in respect to each other
along strike-slip faults (Buslov et al., 2000). The stratified cherts
of the Listvennaya Suite contain Late Cambrian pelagic planktonic
conodonts and radiolarians with siliceous skeletons (Iwata et al.,
1997; Sennikov et al., 2003).

Samples for geochemical analyses were obtained from the least
altered and deformed outcrops of volcanic flows in the Charysh-
Terekta zone, along the Molchanikha River (Nos. 96-71, 96-72)
and near Krasnoshchyokovo Village (Nos. 97-120-1a, 91-120-3,
97-120-5), along the Tabunka River (Nos. C-997, C-9914, C-
99144, Zas-21/22-07) and Komikha River (Nos. Zas-23/25-07, 95-
130) near Charyshskoye Village, and on the left bank of the Slyudy-
anka river near Mikhailovka Village (Nos. 96-81, Zas-30/31-07;
Fig. 2; Table 1).

3. Petrology

Medium to strongly altered volcanic rocks were sampled from
the Listvennaya Suite of volcanogenic-sedimentary rocks of the
Zasur’ya Series (Figs. 2, 3a; see Section 2). The rock samples col-
lected and analyzed in this study are basaltic lavas, microgabbros
and diabases, which display well-preserved original igneous
textures in spite of post-magmatic alteration. The basalts are
dark gray to green-gray in color and commonly show massive
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Fig. 3. A - Original/sedimentary field contacts of oceanic light gray to brown chert and basalt. B - typical aphyric basalt (thin-section). (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

structure and subporphyritic, porphyritic and ophitic textures
(Fig. 3B). The porphyric varieties consist of phenocrysts of altered
clinopyroxene and plagioclase up to 1-2 mm in size. The ground-
mass contains fine-grained plagioclase, pyroxene, Fe-Ti oxides
and volcanic glass. Pyroxene phenocrysts and volcanic glass are
partly or completely replaced by saussurite, chlorite, calcite,
and epidote, and plagioclase by albite. The microgabbros and dia-
bases show various degrees of hydrothermal-metamorphic alter-
ation effects resulting in development of quartz, albite, epidote,
chlorite, calcite, hornblende and hematite. The mineral assem-
blage consists of plagioclase (25-30%), hornblende (50-65%),
clinozoisite and epidote (5-10%), opaque mineral, leucoxene
and chlorite (up to 5%). The prismatic crystals of light-
colored hornblende are partly replaced by leucoxene containing
albite-oligoclase (Ng = 1540, N, = 1535). The opaque minerals are
subidiomorphic and xenomorphic Ti-magnetite and idiomorphic
magnetite grains.

Our study mainly focuses on the whole rock geochemical
characteristics because it was very hard to find fresh grains of
olivine, pyroxene and plagioclase and to get pure igneous mineral
separates.

4. Analytical methods

This paper presents both original and published geochemical
data. Representative samples of metabasalts, microgabbros and
diabases were selected for analyses. The rock samples were first
split into small chips and soaked in cold 4 N hydrochloric acid
for 1 h in order to leach out possible alteration minerals. The rock
chips were then ground in an agate mill. Abundances of major-ele-
ments in all samples were determined at the Institute of Geology
and Mineralogy SB RAS by X-ray fluorescence spectrometry (XRF)
using a “Nauchpribor” device. The analytical procedure followed
the Russian state analytical standard OST-41-08-212-82 Mingeo
SSSR; relative standard deviations (RSD) are within 5%, and totals
were within 100 + 1%. Trace elements in new samples (Zas-21/
31-07) were analyzed by inductively coupled plasma mass-spec-
trometry (ICP-MS) in the Tokyo Institute of Technology (ThermoEl-
emental VG 244 PlasmaQuad 2 LA ICP-MS; on fused glass beads)
and in the Institute of Geology and Mineralogy SB RAS (Finnigan
Element ICP-MS device; on powdered samples) using the protocols
of Jenner et al. (1990). Powdered samples were dissolved using a
HF-HNOs (2:1) mixture in a screw-top Teflon beaker for 2 days at
~100 °C followed by evaporation to dryness, refluxing in 6 N HCl
and drying twice, and then dissolution in 1 N HCl. The procedure
was repeated until the powder was completely dissolved. The final
solution was evaporated to dryness, refluxing in 6 N HNO3 and dry-
ing three times, and dissolved in 2% HNOs. Wet chemical proce-

dures were conducted under clean lab conditions. BHVO-1
(Jenner et al., 1990), BCR-1 (Jochum and Nohl, 2008) and ]B-3
(Orihashi and Hirata, 2003) were used as international reference
materials to estimate precision and accuracy. The analytical errors
are estimated as 2-7% for rare earth elements (REE) and high-field
strength elements (HFSE).

The obtained analyses were screened for least alteration on the
criteria of preservation of igneous textures, petrographic freshness,
low losses on ignition (L.O.L; Table 1), coherent chondrite normal-
ized REE patterns and primitive mantle-normalized multi-element
spectra for given igneous suites.

The published trace element data (see footnote to Table 1) were
obtained by synchrotron radiation XRF (Ni, V, Rb, Sr, Y, Zr, Nb),
atomic absorption (Ni, Ba, Rb, Sr) and instrumental neutron activa-
tion analysis - INAA (REE, Hf, Ta, Th, U, Rb, Ba, Cr; Safonova, 2005;
Sennikov et al., 2003; Safonova et al., 2004). The synchrotron radi-
ation XRF technique is described in Phedorin et al. (2000). The
atomic absorption was performed using a Pye Unicam SP-9
spectrometer following the Russian state analytical standard
0ST-41-08-205-04. The details of the technique were reported in
(Simonova et al., 1987); the analytical error is within 10%. The
INAA was performed by using Ge detectors for y-rays higher that
30 keV and below 2000 keV. All the data are of good quality and
well within international standards; the analytical errors on most
REE and HFSE were within 5-10% (Safonova, 2005).

Selected elements are normalized to chondrite (n) and primitive
mantle (pm) (Sun and McDonough, 1989) such that zero fraction-
ation represents 1 (e.g., primitive mantle Nb/Thpy, = 1). Zr/Zr* and
Eu/Eu* ratios were calculated with respect to the neighboring
immobile elements, following the method of Taylor and McLennan
(1985). Samples were recalculated to 100% anhydrous for inter-
comparisons. Mg-numbers (Mg#) were calculated as the molecular
ratio of Mg/(Mg + Fe?*) assuming 10%Fe®*, which corresponds to
low-pressure crystallization conditions for oxygen fugacity of
~FMQ-1.

The isotopic compositions of Sm, Nd, Sr, and Rb were analyzed
at the Vernadsky Institute of Geochemistry and Analytical Chemis-
try RAS using a TRITON mass spectrometer. The concentrations of
Rb, Sr, Sm, and Nb were determined by the isotope dilution meth-
od. The samples were decomposed in an HF + HNO3 mixture at a
temperature of 200 °C for two days using titanium autoclaves with
Teflon inserts. The sample was spiked before decomposition with a
mixed 8°Rb + 84Sr tracer. The separation of Rb, Sr, and all rare earth
elements was carried out by ion exchange chromatography using
Teflon columns with 3.5 ml of Dowex 508 resin and 2.3 N HCl as
an eluent. Nd and Sm were separated on Eichrom Ln.spec columns
by stepwise eluation with 0.5 N and 0.75 N HCI, respectively. The
long-term precision of isotopic analysis was controlled using inter-
national standards: SRM-87 for Sr and La Jolla for Nd. The obtained



Table 1

Major oxides (wt.%) and trace elements (ppm) in the Zasur'ya basalts.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Sample  Zas-21- Zas- 97- 96- C- C- I'- E- 96- C- C- 97- 97- 95- 96- 96- B- V- Zas- Zas- Zas- Zas- Zas-
07 22-07 120-1a 81 997 9912 2921 2921 83 007-3 9914A 120-3 120-5 130 71 72 2921 2921 23-07 24-07 25-07 30-07 31-07

SiO, 48.1 47.18 48.93 48.15 47.59 4796 4793 4820 4644 47.70 46.17 43.98 4591 46.40 49.05 5237 46.56 47.13 4991 45.38 45.67 44.86 44.26
TiO, 1.95 1.42 1.32 1.96 1.47 1.54 1.56 199 204 2.14 2.08 4.05 2.79 239 273 271 3.19 2.71 2.72 2.93 3.15 2.53 3.84
Al,03 143 144 13.7 13.8 1445 15.7 13.7 16.1 144 17.2 143 16.6 15.3 18.8 14.1 14.7 19.5 17.8 17.7 174 16.5 16.6 154
Fe,05 13.8 13.0 9.7 14.2 1268 11.6 139 12.1 124 95 14.0 14.7 13.2 8.5 16.9 154 14.2 11.2 8.3 111 115 12.2 12.6
MnO 0.19 0.18 0.20 0.26 0.22 0.26 0.21 020 0.22 0.21 0.25 0.27 0.18 0.11 0.08 0.14 0.15 0.17 0.19 0.19 0.3 0.19 0.21
MgO 7.12 7.93 8.35 6.99 8.50 7.02 7.45 6.79 8.57 5.74 7.48 4.05 7.72 5.50 249 1.97 2.29 7.25 5.28 7.29 6.33 7.77 6.33
Cao 8.87 11.49 9.66 109 8.80 8 9.77 8.08 8.20 7.92 8.56 7.24 8.11 8.80 470 4.25 3.18 3.59 5.29 7.33 5.44 6.95 8.48
Na,O 33 2.14 2.46 214 256 474 227 2.73 2.85 3.20 3.81 3.22 2.50 285 489 3.15 214  3.28 5.9 3.05 5.1 3.93 3.26
K;0 0.23 0.51 0.41 0.13 0.48 0.69 024 0.76 092 0.59 0.15 0.22 0.36 0.65 2.82 3.25 5.37 216  0.68 0.26 0.14 0.38 0.65
P,0s 0.19 0.13 0.18 0.16 0.15 0.21 0.16 0.27 0.20 0.43 0.24 0.48 0.38 0.61 0.72 0.75 0.57 0.47 0.52 0.54 0.56 0.49 0.85
L.O.L 235 1.99 5.06 270  2.79 3.02 2.77 277 344 487 2.75 5.02 3.49 4.92 1.94 135 2.83 4.15 3.62 4.76 5.52 3.88 3.71
Total 100.4 100.4 100.0 101.3 99.7 100.8 100.0 100.0 99.7 99.4 99.8 99.9 99.9 99.4 1004 1000 99.9 99.9 100.1 100.2 100.2 99.8 99.6
Mg# 51 55 63 50 57 55 52 53 58 55 52 36 54 57 23 20 24 56 56 57 52 56 50
Rb 6.0 12.1 10.0 4.0 6.0 3.0 3.0 18.0 13.0 12.0 11.0 11.0 7.0 27.0 40.0 124.0 35.0 17.9 8.9 4.7 124 24.0
Sr 202 237 97 230 191 134 144 338 490 747 422 321 425 300 360 135 403 349 391 326 701 1033
Y 37.6 31.9 33.0 40.0 335 54.6  34.0 320 320 34.4 27.6 40.0 42.0 54.0 82.0 45.0 340 416 44.5 48.6 38.2 57.6
Zr 154 128 84 112 104 157 85 124 160 220 104 239 191 330 565 259 222 479 299 325 328 426
Nb 7.0 4.3 1.0 5.0 5.1 9.5 5.0 21.0 19.0 319 304 35.0 27.0 54.0 65.0 59.0 50.0 533 45.6 57.5 72.4 92.6
Ba 60 61 138 30 66 80 120 382 500 150 386 200 209 320 550 557 905 446 81 68 572 637
La 6.4 4.6 29 6.0 5.2 7.3 5.6 12.7 15.0 17.0 12.8 249 189 42.0 50.0 40.0 335 29.8 324 28.4 35.2 46.7 54.6
Ce 17.3 12.6 8.90 14.5 13.0 19.0 146 275 30.0 37.0 24.0 54.0 41.0 77.0 100.0 76.0 70.0 56.5 71.1 64.4 76.3 95.8 115.7
Nd 8.7 7.4 9.5 10.0 10.0 15.0 10.0 16.5 15.0 25.0 16.0 31.0 26.0 240 650 440 38.0 29.0 272 25.8 30.9 38.8 40.6
Sm 4.0 3.7 32 4.0 35 5.2 3.6 4.8 4.5 4.7 41 8.6 7.2 5.6 14.0 125 9.7 6.8 8.4 8.0 103 10.5 131
Eu 141 1.26 1.11 1.60 1.21 1.61 1.29 1.62 1.9 1.7 13 2.88 2.34 2.5 4.1 3.8 2.98 224 256 2.72 3.28 3.22 4.02
Gd 2.81 2.64 4.10 6.00 4 6.6 4.60 5.1 4.6 3.6 43 8.4 8.1 6.3 14 9.1 7 8.65 493 5.93 11.0 13.2
Tb 0.80 0.84 0.74 1.05 0.80 1.17 0.83 094 0.90 0.70 0.73 1.43 1.29 1.10 220 1.80 1.51 1.08 1.43 1.57 1.60 1.45 1.67
Dy 5.04 5.44 8.30 8.14 9.17 7.32 8.95
Ho 1.06 1.06 141 1.43 1.60 1.31 1.39
Er 2.98 3.01 4.47 4.46 4.35 3.19 4.53
Tm 0.61 0.57 0.35 0.76 0.69 0.79 0.57 0.97
Yb 2.99 3.21 2.61 420 3 5.1 3.20 266 25 2.7 2.6 2.8 3.9 2.6 7.5 6.8 3.39 235 4.57 4.34 4.73 3.49 6.36
Lu 0.5 0.5 0.4 0.6 0.5 0.8 0.5 0.4 0.4 0.4 04 0.4 0.5 0.4 1.1 1.1 0.5 0.3 0.6 0.7 0.7 0.5 0.8
Hf 4.6 4.9 2.2 3.2 25 4.2 2.3 34 35 34 2.6 6.0 4.7 12.0 12.0 6.4 5.4 11.8 8.3 8.9 8.8 11.2
Ta 0.5 0.3 0.1 0.4 0.3 0.3 0.3 1.1 0.8 13 13 1.9 1.5 3.0 3.2 3.2 2.6 4.3 34 4.1 5.1 7.1
Th 0.5 0.4 0.3 0.3 0.4 0.5 0.4 14 0.4 1.6 1.5 2.5 1.6 3.7 43 4.5 3.5 4.0 3.5 4.6 5.5 7.5
Ba/Rb 9.9 5.0 13.8 7.5 11.0 26.7 40.0 21.2 38.5 125 35.1 18.2 29.9 119 138 45 25.9 24.9 9.2 14.5 46.2 26.6
La/Sm, 1.0 0.7 0.9 1.0 0.6 0.9 0.9 1.7 21 23 1.9 1.8 1.6 4.7 2.2 2.0 2.2 2.7 22 1.8 2.1 2.8 2.6
Gd/Yb, 13 1.0 1.2 1.2 13 1.1 1.0 1.6 1.5 1.1 1.3 24 1.7 2.0 1.5 14 2.2 24 1.7 1.7 1.0 25 24
La/Yb, 1.5 0.8 1.0 1.2 0.8 1.2 1.0 3.2 41 43 33 6.0 33 11.0 45 4.0 6.7 8.6 44 4.8 51 9.1 8.5
(Eu/ 1.0 1.1 1.0 1.0 0.9 1.0 0.8 1.0 13 1.2 0.9 1.0 0.9 13 0.9 0.9 1.0 1.0 1.0 1.1 1.2 0.9 0.9

Eu”),
>REE 57 49 33 48 41 62 44 72 75 93 66 134 109 162 258 186 169 135 180 163 194 235 280
Al,03/ 7.3 10.2 104 7.0 9.8 6.9 8.8 8.1 7.1 5.1 10.2 4.1 5.5 7.8 5.1 5.4 6.1 6.6 6.5 5.9 5.2 6.6 4.0

TiO,
Ti/Zr 0.0 0.0 95.2 122.8 0.0 0.0 1153 108.1 92.6 0.0 0.0 101.0 589 340 89.6 820 0.0 0.0 0.0 0.0 0.0
Zr/Nb 22.0 29.9 84.0 224 206 16.5 17.0 5.9 8.4 6.9 34 6.8 7.1 6.1 8.7 4.4 4.4 9.0 6.6 5.7 4.5 4.6
Zr[Y 4.1 4.0 2.5 2.8 3.1 29 25 39 5.0 6.4 3.8 6.0 4.5 6.1 6.9 5.8 6.5 11.5 6.7 6.7 8.6 74
Y/Nb 54 7.5 33.0 8.0 6.6 5.7 6.8 1.5 1.7 1.1 0.9 1.1 1.6 1.0 1.3 0.8 0.7 0.8 1.0 0.8 0.5 0.6
Zr[Hf 334 26.0 38.2 350 416 374 370 36.5 45.7 64.7 40.0 39.8 40.6 27.5 47.1 40.5 41.1 40.5 35.8 36.7 37.2 38.1
Nb/Ta 153 16.8 143 135 174 279 19.2 18.8 238 24.5 23.2 18.7 179 180 203 18.7 189 124 13.2 139 141 131
Nb/ 1.1 0.9 0.8 0.9 1.0 0.9 13 1.6 1.2 1.8 23 14 14 1.0 1.6 1.7 1.6 1.8 1.5 1.6 1.5 1.6

Lapm

(continued on next page)
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Table 1 (continued)
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Columns: 1-7 - depleted basalts (MORB-type); 8-13 - transitional basalts (T-OIB-type); 14-23 - enriched basalts (OIB-type). The previously published data for 5, 6 are from Sennikov et al. (2003)) and for major oxides in 4, 7-9,

13-17 from Safonova et al. (2004).

isotopic ratios are 87Sr/%6Sr=0.710256+18 (N=21) and
143Nd/*“Nd = 0.511843 £ 11 (N = 19).

5. Results
5.1. Major and trace element compositions

A part of the whole rock analyses of basaltic rocks from the Za-
sur'ya AC was reported by Sennikov et al. (2003) and Safonova
et al. (2004). Table 1 the chemical data, both new and few previ-
ously published, with Fe tabulated as Fe,0s3. On the basis of their
Ba/Rb abundance ratios ranging from 5 to 40 compared to the aver-
age oceanic basalt ratio of 11.6 (Hofmann and White, 1982) these
rocks have experienced significant post-magmatic mobility of alka-
li metals. Most samples contain more than 2 wt.% H,O (based on
L.0.L), and the compositions of these samples may have been
slightly modified by late-stage alteration. Based on their TiO,, Nb
and LREE concentrations the volcanic rocks are subdivided into
three groups: depleted, transitional and enriched basalts (Table
1). The classification is based on the elements, which are generally
thought to be low-mobile and immobile during secondary alter-
ation processes (for details see Discussion, Section 6.1 “Post-mag-
matic alteration”). All the samples are subalkaline to alkaline
(trachy-) basalts and basaltic andesites in the total alkali-silica dia-
gram (Fig. 4A), which is not reliable though because of greenstone
alteration. The SiO, versus Nb/Y classification diagram is more
suitable and shows two groups of basalts: subalkaline and alkaline
(Fig. 4B). In respect to the element relationships in the Al,O3-
TiO, + FeO* — MgO system the majority of subalkaline samples
are high-Fe-tholeiites (Jensen, 1976; Fig. 4C).

Analyses of 23 representative samples are illustrated in Figs. 5-
7. The principal major-element characteristics of both groups are
variable MgO (2-8.6 wt.%) and Fe,O3(tot) (8.3-16.9 wt.%), resulting
in Mg# between 20 and 63 (Table 1). The depleted samples have
lower TiO,, Al,03, P,0s and higher SiO,, MgO and CaO compared
to the transitional and enriched varieties (Fig. 5A-D).

5.1.1. Depleted basalts

The depleted tholeiitic basalts (Fig. 4C) are characterized by a
relatively large range of Mg# and Fe,03 contents over a restricted
range of SiO, and by near-flat REE patterns (Table 1; Figs. 5 and 6);
SiO, spans 47.2-48.9 wt.%, Mg# = 50-63, Fe,03=9.7-14.2 wt/%,
and Ni=28-139 ppm; Al,O3 varies between 13.7 and 15.7 wt.%
suggesting little, if any, fractionation of clinopyroxene and plagio-
clase (Fig. 5B). Concentrations of TiO,, Fe;03, Nb and La increase as
MgO decreases (Fig. 5A, D, F, and G). The TiO, concentrations vary
between 1.3 and 1.9 wt.%, and P,0s is in the range 0.13-0.19 wt.%.
Both TiO, and Fe,03(cor) increase with decreasing MgO suggesting
fractionation of olivine and pyroxene (Fig. 5A and D). In this suite
of basalts, La/Sm, ranges from 0.6 to 1.0, and Gd/Yb, ranges from
1.0 to 1.3 (Table 1). The REE patterns are flat to moderately LREE
depleted (Fig. 6A) and display no Eu anomalies. The samples have
subchondritic and near-chondritic Ti/Zr ratios, whereas Zr/Y ratios
are supra- and near-chondritic independently of their #Mg. The ra-
tios of Al,03/TiO, and Zr/Nb are consistently high, 8.9 and 35.0,
compared to 5.8 and 6.2 in the transitional and enriched varieties,
respectively (average values; Table 1). The trace-element spectra
are characterized by zero to small negative Zr anomalies (Zr/
Zr*=0.7-1.0), and coupled with weakly fractionated HREE they
suggest a mantle source of the basalts in the spinel stability field
(Fig. 7).

Thorium-Nb-LREE inter-element relationships are not com-
plex. The Zasur'ya depleted basalts have zero to negative Nb anom-
alies (Nb/Lapy,=0.80-1.05) and negative Th anomalies (Th/
Lapm = 0.40-0.84) with respect to La, that form negative trends
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with La/Sm,, (Figs. 7, 8c), and positive Nb anomalies in respect to
Th (Nb/Thpmy, = 1.2-2.3; Fig. 7, Table 1). Thus, the samples plot as
a cluster of negative Nb and Th anomalies over a range of La/Sm,,
similar to those of Pacific MORBs (mid-oceanic ridge basalts) from
the East Mariana Rise (Fig. 8A).

5.1.2. Transitional and enriched basalts

These basalts are defined on the basis of their positive Nb
anomalies in the trace-element diagram (Fig. 7) and pronounced
positively fractionated REE patterns, where La/Yb, =3.2-11 com-
pared to La/Yb, = 0.8-1.4 for the depleted counterparts (Fig. 6; Ta-
ble 1). Relative to the suites of depleted tholeiitic basalts, they have
higher contents of relatively or clearly incompatible elements (Ti,
P, Th, La, Nb, Sm) at a given MgO value (Fig. 5A,C.E-H), greater
incompatible/compatible element ratios, e.g., Zr/Y = 3.8-11.5 ver-
sus Zr/Y=2.5-4.1, and moderately lower Zr/Nb=3.4-9.0 and
Al,03/TiO, =4.0-6.9 compared to Zr/Nb=17-84 and Al,03/
TiO, = 7.3-10.4 (Table 1). Two types are present on the basis of ma-
jor and trace element compositions: (1) transitional basalts; (2) en-
riched basalts. Both varieties occur as sheeted fragments within
folded structures and it is impossible to identify their original geo-
logical relationships. Transitional basalts have generally higher
MgO (6.9 vs. 5.3 wt.%), lower TiO, (2.6 vs. 2.9 wt.%), Al,O3 (15.3
vs. 16.8 wt.%) and most trace element contents, and less fraction-
ated REE (La/Yb,, =4.0 vs. 6.7 av.) than the enriched counterparts
(Table 1; Fig. 5A, B, and F). Both types of basalts show LREE enrich-
ment though to a different degree (Fig. 6). Transitional and en-
riched basalts show less Th depletion over La (Th/La, =0.8 vs.
0.9) compared to depleted basalts (Th/La, = 0.6). Both transitional
and enriched varieties are characterized by clear positive anoma-
lies of Nb with respect to La: Nb/La,m =1.6 and 1.4 (averages),
respectively (Table 1, Fig. 7). A subset of the enriched varieties have
pronounced negative Zr anomalies (Zr/Zr* = 0.43-0.7), which to-
gether with fractionated HREE suggest their mantle source was
within the garnet stability field (Table 1; Figs. 6 and 7). Similar
trace element patterns have been documented for many Phanero-
zoic transitional to enriched OIB-type basalts hosted by accretion-
ary complexes of Central Asia, Far East and Japan (e.g., Chen et al.,
1991; Ichiyama et al., 2008; Safonova, 2008, 2009; Safonova et al.,
2009), and Proterozoic and Archean volcanic rocks interpreted as
ocean island basalts (e.g., Stern et al., 1995; Polat et al., 1999; Ko-
miya et al., 2004).

In the diagrams of highly incompatible elements, such as Nb
versus Th, Nb versus La/Yb and Nb versus Y (Fig. 9A and B), the de-
pleted basalts plot near the modern MORB and the oldest sea-
mounts of the Emperor-Hawaii Chain of Seamounts (EHCS;
Regelous et al., 2003) - Detroit and Meiji (81-84 Ma). The transi-
tional basalts plot near the points of younger seamounts of the
EHCS - Nintoku and Koko (43-56 Ma). The compositional points
of the enriched basalts are close to those of the Hawaii Islands
(0-2 Ma). In the Nb versus Y diagram (Fig. 9C) the three groups
of basalts plot along three different trends due to variable Y/Nb ra-
tio: 7.6 for the depleted group, 1.3 - for transitional and 0.8 - for
enriched varieties (average values; Table 1).

5.2. Sr-Nd isotopic compositions

The paper presents first Sr and Nd isotopic data for Zasur'ya
oceanic basalts, two depleted (Zas-21-07, Zas-22-07), two transi-
tional (G2921, E2921) and two enriched (Zas-23-07, Zas-30-07)
samples, which were corrected for radioactive decay since erup-
tion. The initial isotopic ratios were corrected to 500 Ma - a con-
ventional average of the Late Cambrian-Early Ordovician age
range of Zasur'ya basalts. The €. and eyqg values are reported rela-
tive to CHUR. The enriched samples have the initial 87Sr/2Sr ratios
of 0.70571, 0.70633 and 0.70231 and &nq(t) values of 7.0, 7.1 and
6.6, respectively (Table 2; Fig. 10). The transitional samples have
the initial 87Sr/86Sr ratios of 0.70473 and 0.70547, and eng(t) values
of 6.3 and 8.5, respectively. The depleted samples have the initial
875r/85Sr ratios of 0.70467 and 0.70430, and eng(t) values of 8.4
and 9.9. The relatively stable Nd and the more variable Sr data
(possibly affected by alteration; see below), may reflect derivation
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Fig. 5. Major and trace element data versus MgO (wt.%) for oceanic basalts from the Zasur’ya accretionary complex. Symbols as in Fig. 4.

from different types of mantle or from a heterogeneous mantle
source, that is typical of plume-related intra-plate basalts (Safono-
va, 2008), or a different/complex magma generation process, and
alteration superimposed on all this. A similar situation was men-
tioned for Permian plume-related mafic dykes of the Emeishan
LIP (Zi et al., 2008). In the (37Sr/26Sr); versus enq(t) diagram, the
samples plot near the field of HIMU (OIB) and DM (MORB) (Fig. 10).

Generally, the range of initial 87Sr/%6Sr values is much wider
than those for oceanic tholeiites, reported from the modern MORB
and OIB. Most samples plot in the “prohibited” right-upper quad-
rant in Fig. 10. Mahoney et al. (1998) observed a similar result
for leached, old, highly altered basalts, and attributed this to incor-
poration of non-magmatic Sr into the crystal structure during

replacement of plagioclase by secondary feldspar. Therefore, we
interpret this as a result of post-magmatic alteration of sea-floor
conditions. If we boldly project the plotted point to the vertical
axes we will find them within the HIMU/OIB field. The Sr and Nd
isotopic compositions of similar rocks from the Altai-Sayan folded
area (Yarmolyuk and Kovalenko, 2003; Utsunomiya et al., 2009) as
well as from the Aruba oceanic plateau (White et al., 1999) also fall
within the right-upper-quadrant range of our samples. Thus, if
ignoring the post-magmatic alteration processes, the value of the
Zasur'ya enriched samples overlap with the field defined by OIB-
type lavas in terms of their Sr-Nd isotopic compositions. The de-
pleted samples have initial 87Sr/®¢Sr ratios higher and enq slightly
lower than typical MORB (Fig. 10). There is no direct correlation
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between isotope ratios ('*>Nd/***Nd and 87Sr/%Sr) and the degree
of LREE enrichment in the plume-type transitional and enriched
samples; hence, it can be supposed that the source of the enriched
basalts was enriched shortly before the derivation of basaltic melt
or they were derived from different mantle sources.

6. Discussion

In order to discuss the origin of three basaltic units, we must
evaluate possible effects of secondary post-magmatic alteration,
crustal contamination and fractional crystallization on their com-
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position in general and the concentrations of highly incompatibles
elements, e.g., Th, Nb and LREE, specifically, because we regard the
key elements in differentiating oceanic (OIB, OPB, MORB) and con-
tinental margin (island/back/fore-arc) basalts.

6.1. Post-magmatic alteration

Variable element mobility is a possibility for Paleozoic volcanic
rocks that have undergone sea-floor hydrothermal alteration and

greenschist to epidote-amphibolite facies metamorphism induced
by polyphase accretion and subsequent collision, but there is a
general agreement that the most of the REE, HFSE and some tran-
sitional metals are least sensitive to mobility (Winchester and
Floyd, 1977; Rollinson, 1993 and references cited therein). Light
REE are more sensitive to secondary processes compared to middle
and heavy REE, however the mobility of REE takes place only at
high water/rock ratio or during carbonatization (Humpbhris,
1984), which is not observed in our case. Those samples with the
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values of L.O.I. exceeding 4 wt.% or large Eu anomalies were not
used for petrogenetic interpretation. Primary clinopyroxene is spo-
radically present in the Zasur’ya basalts. However, intense struc-
tural transposition which resulted in abrupt lithological changes
in many of the Zasur'ya sedimentary and volcanic rocks inhibits
detailed individual flow scale alteration study.

In the studied set of least altered basaltic rocks, evidence for
low mobility of HFSE, REE (except Eu) and, to a lesser degree, Th
includes the following: (1) there is no significant enrichment or
depletion of groups of elements (e.g., light REE) in a given rock type
over a range of L.O.L (Fig. 6; Table 1); (2) primitive mantle-normal-
ized trace-element diagrams of given suites of basalts associated in
the field exhibit coherent patterns for Th, HFSE, and REE (Fig. 7);
(3) Th-Nb-La inter-element relationships do not correlate with
the CIA (chemical index of alteration; not shown here), Eu/Eu*, or
loss on ignition (Fig. 11A-C; Safonova, 2005). So, all these features
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indicating that crustal contamination did not influence the Th-Nb-La systematics.
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also perhaps emphasize the excellent inter-element correlations
between Th, Nb and La.

Similar conclusions concerning the relative immobility of Ti,
REE and HFSE in ancient volcanic rocks that have experienced
alteration under conditions of low water-rock ratios have been
reached by workers in Phanerozoic accretionary complexes of Cen-
tral Asia including Altai-Sayan (e.g., Simonov et al., 1994; Safonova,
2005; Safonova et al., 2009; Utsunomiya et al., 2009), and in older
Archean terranes (e.g., Polat et al., 1999; Jochum et al., 1991; Ko-
miya et al., 2004). Thus, emphasis is placed on HFSE, REE and Th
that are relatively immobile during secondary processes.
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Fig. 9. Nb versus Th (A), La/Yb (B) and Nb versus Y (C) variations in the Zasur'ya
lavas. Data for Emperor Seamount tholeiites (older - gray circles, younger - crosses;
Regelous et al., 2003), Hawaii (GEOROC database - small stars), and average values
of bulk crust (green circle), N-MORB (star in square; Sun and McDonough, 1989)
and OIB (X-cross in square; Sun and McDonough, 1989) are shown for comparison.
Other symbols see in Fig. 4. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Table 2
Sm-Nd and Rb-Sr isotope data for Zasur'ya basalts.
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Sample Rb” Sr’ 87Rb/86sr  87Sr/%5sr 20m  Is(500) Sm” Nd* 1475m /144Nd Nd/"Nd  20,m  éna 20m £na(500)
Zas21-07 470 2112  0.0644 0705130 13 070467 417 13.6  0.18571 0.513031 13 7.7 026 84
Zas22-07 921 2314  0.1152 0705117 15 070430 296 881 020335 0.513165 8 103 016 99
G 2921 291 1773 0.0475 0.705064 12 070473 323 105  0.18667 0.512930 6 5.7 012 63
E 2921 174 4157  0.1213 0.706338 7 070547 421 167  0.15276 0.512928 4 5.6 009 85
Zas23-07 115 3360  0.0993 0.706422 7 070571 645 282  0.13843 0.512806 9 3.3 017 7.0
Zas30-07 816 7003  0.0337 0.706571 7 070633  6.76 324  0.12609 0.512771 6 2.6 011 71
" Concentrations in ppm.
15 The noted above geochemical features taken with geological
evidence for an intra-oceanic setting in these suites, suggest that
L the low Nb/Lapy, values found in some of the Zasur'ya tholeiites
114 may reflect a subduction-derived component in the mantle rather
9 | Y A than crustal contamination. However, subduction-related lavas are
- % A L=, usually characterized by positive Th anomalies relative to La (Th/
% 7 M ae Heng, "2 Lapm > 2; Safonova et al., 2009), that is not observed in our case.
= 51 - The low Nb/Lapy, values in those depleted samples does not result
& 3 S from contamination of tholeiitic liquids by continental crust during
S magma upwelling and eruption (exogeneous contamination), but
14 Ky may have resulted from recycling of lithosphere into the mantle
1 A (endogeneous contamination with mafic oceanic crust material;
Fig. 8; Polat et al., 1999). Thus, geological relationships with OPS
'3_702 0703 0704 0705 0708 0707 0.708 sediments and their lithology anf:l geoc.hemicalland isotopic fea-
. tures of the Zasur'ya basalts are inconsistent with basalt magma

Fig. 10. Initial 37Sr/36Sr versus eyg values of the Zasur'ya lavas. DM and HIMU fields
are from Zindler and Hart (1986).

6.2. Crustal contamination

Contamination by continental crust is a possibility for mafic
magmas; however, several lines of geological evidence are consis-
tent with an intra-oceanic setting for the basalt sequences (Sec-
tions 1 and 2). The presence of multi-colored sandstones and
cherts with oceanic radiolarian and conodonts interlayered with
pillowed basalts and flows suggests an oceanic environment for
the eruption of the volcanic rocks (Buslov et al., 1999, 2000,
2001; Sennikov et al., 2003; Safonova et al., 2004).

Generally speaking, most crust contaminated mafic lavas are
characterized by high Th contents and Nb negative anomalies rel-
ative to Th and La in trace-element diagrams. The Zasur’ya de-
pleted, transitional and enriched lavas display no negative Nb
anomalies in respect to Th (Figs. 8 and 9). Several depleted samples
possess weak Nb depletion relative La (Nb/La,r, = 0.8-0.9; Fig. 8B).
However, SiO,, MgO, Ni, Cr and LREE contents in these basalts do
not correlate with the magnitude of negative Nb anomalies as is
expected for crustal contamination (Table 1). Those trends are
present in crustally contaminated basalts of Western Australia
and Early Proterozoic basalts of the Baltic shield (Redman and
Keays, 1985; Arndt and Jenner, 1986; Putchel et al., 1997; Polat
et al.,, 1999). Additionally, the presence of profound positive Nb
anomalies, low Al,03/TiO, and Th/Lapy, ratios in most of the spa-
tially associated transitional and enriched basalts, rules out con-
tamination of these basalts by continental crust (Fig. 9; Table 1).
Besides, the high concentrations of LREE in some transitional and
in most enriched basalts preclude any significant crustal contami-
nation since average continental crust is characterized by much
lower LREE and distinctly different REE patterns (Taylor and
McLennan, 1985). This conclusions is also supported by high con-
centrations of other incompatible elements such as Zr
(~350 ppm), Nb (~60 ppm), Ti (~2.9 wt.%), and Th (~4 ppm) in
those basalts.

contaminated by continental crust.
6.3. Fractional crystallization

The range of Mg# in most samples of basalts is not wide enough
(Fig. 5) to test fractional crystallization control on Nb anomalies.
Nb is not compatible in clinopyroxene, but in Fe-Ti oxides which
can be fractionating phases in mafic liquids. However they are sta-
ble under high oxygen fugacities, which are more typical of sub-
duction-related magmas. Fowler and Jensen (1989) modeled the
evolution of Mg- to Fe-tholeiites in the Kinojevis group of the Abi-
tibi belt: they found that the compositional range could be ac-
counted for by fractional crystallization of olivine, clinopyroxene,
plagioclase, and Fe-Ti oxides. The limited variation of La/Sm,, ratios
over a wide range of MgO contents within each group of basalts
(Fig. 8A) suggests that there was no significant LREE fractionation
as a result of fractional crystallization of clinopyroxene, and there
is no correlation of Nb anomalies with Mg# (Fig. 11D). Fe-Ti oxides
may accommodate Nb, but there is no clear correlation of Nb/Lapm
with Ti/Ti* (Fig. 11E) and Fe,0O5 contents in the Zasur'ya basalts.
Consequently, Th-Nb-LREE inter-element ratios in the transitional
and enriched lavas are independent of olivine, clinopyroxene, pla-
gioclase or Fe-Ti oxide fractionation or accumulation, however,
such a tendency is not obvious in the depleted basalts (Fig. 11D-
F) suggesting their different origin.

6.4. Mantle sources and melting

If we accept that post-eruption alteration, fractional crystalliza-
tion and crustal contamination did not affect the Th-Nb-LREE sys-
tematics, then the variations of these elements in the transitional
and enriched basalts may be a signature of compositionally heter-
ogeneous mantle, as is observed in Phanerozoic and Cenozoic oce-
anic plateaus such as Ontong Java (Polat et al., 1999; Mahoney
et al., 1993; Neal et al., 1997) and the oceanic islands of Iceland
and Hawaii (e.g., Hards et al., 1995; Regelous et al., 2003). As far
as Nb, La and Th have similar partition coefficients, they are unli-
kely to be fractionated from one another during the relatively high
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Fig. 11. Binary ratios for the Zasur'ya three basaltic suites, indicating that Th-Nb-La inter-element ratios weakly correlate with alteration and metamorphism (A and B) and
with fractional crystallization (D-F). The dashed lines are primitive mantle ratios (from Sun and McDonough, 1989). Symbols as in Fig. 4.

degrees of partial melting involved in the genesis of mafic oceanic
lavas (Polat et al., 1999 and the references cited therein).

The medium to high differentiation of HREE (Gd-Yb, = 1.5-2.4)
in the most of Zasur'ya transitional and enriched samples may re-
flect mantle melting in the garnet stability field (e.g., Green, 1994;
Hirschman and Stolper, 1996; Fig. 6B and C), because garnet pref-
erentially sequesters the HREE into its structure. Besides, the high-
er enrichment of the transitional and enriched varieties in Nb
compared to the depleted group is typical of plume-related volca-
nic rocks, i.e., OIBs (e.g., Sun and McDonough, 1989; Figs. 5G, 7, 9).
Saunders et al. (1988) supposed that Nb resides in the subducting
oceanic slab, whereas LREE and Th are fractionated from it to be
transferred to the subarc mantle. Nb is an element compatible in
Fe-Ti oxides only, such as rutile, which dominates the budget of
incompatible elements relative to LREE in the eclogites formed
during subduction (Rudnick et al., 2000). Nb can fractionate from
Th and LREE through subduction-induced dehydration and accu-
mulate through the mixing of subducted oceanic slabs back into
the lower mantle, possibly reaching the core-mantle boundary
(McCulloch and Gamble, 1991; Brenan et al., 1994). The medium
to high HREE fractionation of most enriched basalts coupled with
positive to negative Zr anomalies suggest spinel to garnet facies
depths of melt segregation in the mantle, i.e., below and above

0.254
4
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0.15-
T Spinel peridotite
3 0.5
| 0.3 0.2
0.1
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0.2
Garnet peridotite
0 T T T r J
0 2 4 6 8 10

La/Sm

Fig. 12. Lu/Hf versus La/Sm in the Zasur'ya lavas. The curves are taken from
(Regelous et al., 2003) and show the effect of the equilibrium melting of spinel and
garnet peridotites between 0.01% and 20%. The source (star) has primitive mantle
composition (Sun and McDonough, 1989). The transitional and most of enriched
lavas are mixtures of spinel and garnet peridotite melts formed at low to medium
degrees of melting. The depleted lavas have low La/Sm and high Lu/Hf ratios which
are indicative of even higher degrees of melting within the spinel stability field.
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the 400 km level, whereas the depleted basalts melted at even
shallower depths in the entrained upper mantle.

In the La/Sm versus Lu/Hf diagram (Fig. 12) showing the melt-
ing curves for spinel and garnet peridotite the Zasury’a depleted
tholeiites clearly plot within the MORB field, whereas the transi-
tional and enriched varieties are likely to be mixtures of melts of
both spinel and garnet peridotite. The low La/Sm and high Lu/Hf
ratios of the depleted basalts require relatively large degrees of
melting within the spinel stability field, of a source with lower
La/Sm than primitive mantle. Alternatively, the enriched basalts
likely formed at lower degrees of partial melting in both spinel
and garnet stability fields.

Thus, the mantle plume column may be heterogeneous and
contain mixed enriched and depleted melts resulting in variable
enrichment in incompatible elements, such as Ti, REE, Nb and Th
(e.g., Silver et al., 1988; Mahoney et al., 1993; Hards et al., 1995).
The degree of such enrichment probably depends on the degree
of partial melting (Regelous et al., 2003 and references therein; Ta-
ble 1; Figs. 6, 12 and 13). Younger seamounts formed over thin oce-
anic lithosphere and/or close to mid-oceanic ridge spreading zones
(Regelous et al., 2003; Safonova, 2008) may have lower concentra-
tions of Nb and less profound Nb anomalies compared to typical
OIB (Figs. 9, 11B,C). Those basalts, like the older seamounts of
the Emperor Seamount Chain (Meiji, Detroit), possess flat REE pat-
terns, which are indicative of shallower depth and/or higher de-
grees of melting (e.g., Hofmann, 1997; Polat et al, 1999;
Regelous et al., 2003; Figs. 7 and 12). Near-flat HREE patterns of
some Zasur'ya transitional and enriched basalts are furthermore
consistent with a shallower melting depth (Safonova, 2008).

A part of depleted have Nb and Th negative anomalies (Figs. 7A,
11B,C; Table 1) that also can be attributed to compositionally
heterogeneous mantle plumes, incorporating a recycled subduc-
tion-derived component (Nb/Lap, < 1) and a residual slab derived
component (Nb/Layy, > 1) into the mantle (Polat et al., 1999 and
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the referenced cited therein). There is no evidence for recycled sed-
iments because there are no samples with negative Nb but positive
Th anomalies.

Many investigators have shown that the Cretaceous to Quater-
nary plume-related oceanic plateau and island basalts, e.g., Ontong
Java, Hawaii, Iceland, etc., have diverse geochemical compositions
and several mantle components (Neal et al., 1997; Wilson, 1993;
Hemond et al., 1993). Like the Zasur’ya basalts, other western Al-
tai-Sayan folded structures also have tholeiitic basalts with a wide
range of trace element (Th, HFSE, REE) characteristics suggesting
that Late Neoproterozoic-Early Paleozoic mantle plumes in general
may also have contained several mantle source components (Safo-
nova, 2008; Safonova et al., 2009). These different components,
partly derived from lithosphere recycling, have not formerly been
identified in the Early Paleozoic mantle based on trace element
systematics.

6.5. Tectonic Implications

6.5.1. Tholeiitic basalts

The Zasur’ya tholeiites are characterized by medium TiO,,
weakly LREE depleted to flat REE patterns, zero to slightly negative
Nb anomalies relative La and positive Nb anomalies relative to Th
(Table 1; Figs. 6A, 7, 9). These geochemical features have been
found in basaltic lavas formed in mid-oceanic ridge or oceanic pla-
teau or even oceanic island setting. Oceanic plateau basalts (OPB)
have been compared with those of oceanic islands (OIB) by many
investigators (e.g., Floyd, 1989; Mahoney et al., 1993; Neal et al.,
1997). Ocean plateaus (OPBs) comprise extensive and structurally
and compositionally uniform tholeiites and are the oceanic coun-
terparts of continental flood basalts. In contrast, ocean islands have
topographically pronounced volcanic buildings, and generally in-
clude tholeiitic, transitional and alkaline basalts. Mid-oceanic ridge
basalts compose the ocean floor and often occur at the base of oce-
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anic rises. Although, unlike MORB, many OPBs have “transitional”
chemistries with inter-incompatible element ratios similar to
chondrite or bulk silicate Earth we decline the plateau setting of
formation for the Zasur'ya depleted basalts because, like it was
mentioned, the size of most presently known oceanic plateaux is
very big. Therefore, it is unlikely that even strong tectonic events
like strike-slip faulting could completely destroy such a giant
structure. In the Zasur'ya AC we observed only small fragments
of basaltic units - up to several meters thick and tens meters long.
However, the fragments of most accreted oceanic plateaus, ranging
in age from the Archean to the Cretaceous, are large slivers up to
hundreds meters thick and many kilometers long (Kerr et al.,
2000 and the references cited therein).

We also decline a plume-related origin of the depleted melts
because in the most incompatible element diagrams they are plot-
ted separately from the transitional and enriched varieties, which
hot-spot origin will be discussed below. Moreover, in the Nb versus
Y diagram (Fig. 9C) the depleted basalts plot along a separate line,
which lies notably steeper than the trend of the most depleted bas-
alts in the EHCS, i.e., those of the oldest Meiji and Detroit Sea-
mounts (Figs. 8A, 9AB). Finally, the depleted unit occurs
structurally below the units hosting transitional and enriched bas-
alts. Thus, based on both geological and geochemical data we con-
clude that the Zasur’'ya depleted basalts having flat REE patterns
and the most pronounced Nb depletion relative La may be analogs
of Phanerozoic mid-oceanic ridge basalts, that is supported by Nb
versus Y and La/Sm versus Lu/Hf diagrams (Figs. 9C, 12). They
probably represent a base of the Zasur'ya oceanic island/seamount
consisting of transitional and enriched basalts.

6.5.2. Transitional to alkaline basalts

Basalts of transitional to enriched incompatible element com-
position with strongly fractionated REE and high Nb contents are
rather abundant in the Zasur'ya Series of the Charysh-Terekta
strike-slip zone (Sennikov et al., 2003; Safonova et al., 2004,
2009). The transitional basalts are similar to Fe-tholeiites; they
have pronounced REE fractionation and zero to positive Zr anoma-
lies. The weak HREE fractionation coupled with zero Zr and Hf
anomalies in a part of enriched samples signify that their paternal
basaltic liquids segregated in the spinel-facies deep mantle
(Fig. 9C). Transitional and enriched basalts have Zr/Hf and Nb/Ta
ratios that extend to slightly higher average values than the
respective mantle values of 36 and 16 in common with many
Phanerozoic and Cenozoic within-plate basalts (Kamber and Coll-
erson, 2000; Green et al., 1989, Table 1).

It is quite possible that the Zasur’ya transitional basalts were re-
lated to hot-spot volcanism, but erupted over a thinner oceanic
lithosphere and/or closer to mid-oceanic ridge than the enriched
basalts (Fig. 13A and B). Such a tendency was noted before be-
tween the older (Detroit and Meiji; 81-83 Ma) and younger (Nin-
toku, Daikakuji; 55-42 Ma) seamounts of the EHCS in the Pacific
Ocean (Regelous et al., 2003) and between the older Kurai
(600 Ma) and younger Katun (540 Ma) Paleoseamounts of the
PAO (Safonova, 2008). However, taking into account the average
velocity of oceanic subduction and the growth of the oceanic
lithosphere thickness (e.g., Parsons and Sclater, 1977; Reid and
Jackson, 1981) the age difference between more depleted (transi-
tional in our case) and enriched basalts erupted over one hot-spot
and one oceanic plate, like in the EHCS, must be at least 30 Ma, i.e.,
approximately equal to the time interval between the Late Cam-
brian and Early Ordovician, which was estimated by micropaleon-
tological data (Sennikov et al., 2003, 2004). Therefore, for our
interpretations we suggest that the older seamount could ne early
Late Cambrian with an average age of 500 Ma and the younger sea-
mount could ne Latest Cambrian to Early Ordovician with an aver-
age age of 470 Ma.

6.6. Geodynamic model

Contacts between the oceanic island/seamount and ridge units
are likely tectonic in the Charysh-Terekta strike-slip zone (Buslov
et al., 2000, 2004b). The tectonic strike-slipping destroyed original
geological relationships and the tectonic interleaving has not pre-
viously been addressed in detail, in part because of the difficulty
in distinguishing various basalt subtypes in outcrop. Previously it
was shown that the structural and field relations of imbricated
lithotectonic units in the Charysh-Terekta strike-slip zone (Buslov
et al., 2001) are comparable with modern accretionary complexes,
e.g., Naizawa accretionary complex of the Idonappu zone in Hokka-
ido, Japan (Ueda et al., 2000), over a wide range of scales. The pre-
sented geochemical results support this idea and suggest that the
mid-oceanic ridge tholeiitic sequences relatively depleted in Nb
may be tectonically juxtaposed with accreted ocean island/sea-
mount basaltic sequences possessing positive Nb anomalies rela-
tive La and Th (Fig. 7).

Structural complexity of the Charysh-Terekta strike-slip zone in
particular, and in Late Neoproterozoic—Early Paleozoic accretionary
belts in the western Altai-Sayan in general, creates a major diffi-
culty in identifying all these tectonic entities (Buslov et al., 2000,
2001; Safonova et al., 2004). The spectrum of positive to negative
Nb anomalies, and Th/Lap, ratios mainly <1 in the Zasur’ya basalts,
flat REE patterns of MORB-type tholeiites and the presence of
LREE-enriched OIB-type alkaline basalts are compatible with the
accretionary complex model of Buslov et al. (2000). A similar struc-
ture of the accretionary wedge was deduced for younger accretion-
ary complexes in the Western Pacific, Japan (Wakita, 2000; Isozaki
et al., 2010). Another evidence for the oceanic island environment
for the alkaline basalts comes from their spatial association with
seamount slope-type radiolarian cherts and other siliceous beds
(Sennikov et al., 2003, 2004).

Based on the detailed analysis of geochemical data, previously
reported geological and lithological data (Sennikov et al., 2003,
2004) and tectonic implications (Buslov et al., 1999, 2000) we pro-
pose the following tectonic model for the formation of the oceanic
basalts of the Zasur’ya accretionary complex (Fig. 13). In Late Cam-
brian time, a spreading zone was located in the Ob’-Zaysan branch
of the PAO and produced mid-oceanic ridge basalts, the Zasur'ya
depleted basalts, which became a part of the oceanic floor. At that
time the mantle plume located beneath the PAO oceanic litho-
sphere induced hot-spot volcanism, which produced seamounts/is-
lands. The seamounts built in the early Late Cambrian, i.e., over a
younger/thinner oceanic lithosphere, consisted of relatively en-
riched incompatible element basalts - the Zasur’ya transitional
basalts (Fig. 13A). The seamounts formed later, i.e., in the latest
Late Cambrian Ordovician, which lavas erupted on the older/thick-
er oceanic crust, were composed of stronger incompatible element
enriched volcanic rocks possessing geochemical features of typical
OIB-type and HIMU-type basalts - the Zasur’ya enriched basalts
(Fig. 13B). In Devonian time, the oceanic subduction of the PAO be-
neath the SW active margin of the Siberian continent resulted in
the accretion of the seamounts to the Rudny Altai island arc
(Fig. 13C). Later, the accretionary complex experienced tectonic
deformation and strike-slip faulting as a result of continuing sub-
duction and subsequent collision of the Altai-Mongolian microcon-
tinent and Siberian continent (Buslov et al., 2000, 2001).

7. Conclusions

High-precision ICP-MS, SR XRF and INAA trace element data ob-
tained from the Late Cambrian-Early Ordovician basaltic volcanic
sequences of the Zasur’ya accretionary complex, which is a part
of the Late Devonian Charysh-Terekta strike-slip zone, reveal con-
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siderable geochemical diversity. Th-Nb-LREE-depleted, transi-
tional and enriched basalts coexist in this geological structure.

The Zasur’ya depleted tholeiitic basalts have near-flat REE pat-
terns, relatively high eyg and multi-element spectra with domi-
nantly negative Nb and Th anomalies, which are interpreted to
stem from a shallow-deep mantle with recycled subduction influ-
enced lithosphere. According to their geological association with
deep-sea radiolarian cherts and geochemical data they were
formed in a mid-oceanic ridge setting basalts and probably repre-
sent base of the Zasur’ya oceanic island/seamount.

The Zasur’ya transitional and enriched basalts are interpreted as
liquids segregated from mantle plumes and erupted in an intra-
plate oceanic environment. Many of transitional basalts are
compositionally similar to the lavas of the older seamounts of
the Emperor-Hawaii Chain, which have less enriched LREE and
similar Nb and Th anomalies from mixing of different mantle com-
ponents. The enrichment of Nb with respect to La and Th, coupled
with the medium &yq values close to those in HIMU and the posi-
tively fractionated LREE patterns in transitional and enriched bas-
alts is comparable with modern HIMU-type OIBs involving
recycled oceanic crust in their mantle source. Negative to positive
Zr (Hf) anomalies in these basalts suggest spinel to garnet facies
depths of melt segregation in the mantle, i.e., below and above
the 400 km level. Given the structural evidence for an accretionary
complex setting, the plume from which the transitional and alka-
line basalts were derived most probably erupted in an intra-oce-
anic environment far away from a Late Devonian collision zone.

Field relations suggest that all three types of basaltic sequences
occur along the same tectonic zone, and have been laterally dis-
placed by strike-slip faults. Accordingly, these mafic volcanic rocks,
which are chemically diverse but occur within the same tectono-
stratigraphic unit, are likely fragments of Early Paleozoic (Late
Cambrian) oceanic crust (oceanic floor) and oceanic islands/sea-
mounts derived from a heterogeneous mantle plume. The diversity
suggests that Late Neoproterozoic - Early Paleozoic subduction
processes may have played an important role in the generation
of chemically heterogeneous mantle.
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