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Abstract—A detailed study of a relatively well-exposed fragment of the Barabash Formation in the southern
part of the Voznesenka terrane is carried out to specify the geodynamic settings of the Permian volcanogenic
and volcanogenic-sedimentary complexes in South Primorye. It is established that the basaltic flows juxta-
posed in the studied sequence originated from sharply different sources. The geochemical characteristics
indicate that the basalts from the sequence base were presumably derived by melting of oceanic lithospheric
mantle or asthenosphere, while the source of the overlying basalts was lithospheric mantle reworked by a sub-
duction process. The basalts are subsequently overlain by tuffaceous—terrigenous and terrigenous rocks and
limestones with remains of Capitanian (Middle Permian) fauna. Accessory zircons extracted from the tuffa-
ceous—terrigenous rocks yield an U—Pb concordant age of 233.3 + 3.3 Ma (Middle Triassic Ladinian Stage)
for the youngest zircon population. The obtained data lead us to conclude that the Barabash Formation is a
tectonostratigraphic rather than stratigraphic unit and may be a fragment of the Triassic accretionary wedge.
The obtained data cast doubt on the accepted assignment of this unit to the Voznesenka terrane. It is more
logical to include it in the Laoelin—Grodekov terrane, which represents a fragment of the Late Paleozoic
active continental margin. This suggests that the boundary between these blocks should be specified and the
timing of the final stage of amalgamation of the Laoelin—Grodekov terrane with the terranes of the Bureya—
Khanka orogenic belt should be revised.
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INTRODUCTION

South Primorye consists of two large lithotectonic
domains of different ages: the linear Mesozoic Sikhote
Alin folded systems formed during the evolution of the
Pacific mobile belt and the Late Precambrian—Paleo-
zoic terrane collage related to the evolution of the
Central Asian Orogenic Belt (CAOB).

The Permian—Triassic transition is the key period
in the evolution of the eastern CAOB. Some research-
ers believe that this time was marked by the collision of
the Precambrian and Paleozoic blocks and the final
formation of the pre-Mesozoic geological structure of
the region.

The events that predated this transition are thought
to be related to the evolution of the active margin of
the Solonker paleoocean [2, 11]. These processes are

marked by the formation of accretionary wedges with
fragments of ophiolite sequences in the adjacent terri-
tories of China and Korea, and by the Early and Mid-
dle Permian volcanism followed by Permian intense
deformations and abundant granite formation in Rus-
sian South Primorye [2, 6, 9]. In the Triassic, most of
South Primorye was spanned by shallow-water marine
sedimentation with no traces of endogenic activity. It
should be noted that the first results of geochemical
study of the Permian volcanic rocks [7] suggest a more
complex geological evolution, but are consistent with
the marginal continental setting related to the interac-
tion of oceanic and continental plates in this region.

In Russian South Primorye, the most intense man-
ifestation of Permian volcanism occurred in the Early
Paleozoic terranes of the Bureya—Khanka orogenic
belt and the Late Paleozoic Laoelin—Grodekov ter-
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rane (Fig. 1). Early Permian volcanic rocks were found
in the local exposures of the Dunai Formation
(Sakmarian—Artinskian stages) in the Sergeevka ter-
rane and the Kazachkinskaya Formation (Bolorian
Stage) in the Laoelin—Grodekov terrane. The volca-
nic rocks of the Vladivostok Formation dated by the
Middle Permian Wordian stage are more abundant.
They are overlain by the Barabash Formation (and its
age analogue, the tuffogenic—carbonate Chandalaz
Formation), the age of which is determined as Capita-
nian on the basis of numerous faunal finds, mainly in
limestones (foraminifers Monodiexodina wanneri
(Schubert), Skinnerella schucheryi Dunb et Skinn.;
pearworts Dyscritella bogatensis Kis., Girtypora regula
Kis., brachyopods Anidanthus ussuricus (Frcsk),
Haydenella kiangsiensis (Kays.)). According to [4],
most of the sequences of the Barabash Formation are
subdivided into two subformations: the lower subfor-
mation consisting mainly of basalts, volcanosedimen-
tary rocks, and carbonates, and the upper subforma-
tion made up mainly of lavas and pyroclastic rocks of
intermediate—felsic composition, as well as sedimen-
tary rocks. These formations are characterized by a
tight association of volcanic, volcanosedimentary, and
sedimentary rocks, a gradual increase in the SiO, con-
tent in the volcanic products (from basalts and andes-
ites to rhyolites) from the bottom upward, as well as
coastal—marine and lagoonal sedimentation environ-
ments. The Barabash Formation, like other Permian
formations, is deformed and intruded by mainly Late
Permian granitoid intrusions (including the Gamov
and Sedanka complexes) exhumed during subsequent
erosion and overlain by Triassic rocks, which, corre-
spondingly, form the upper structural stage.

The Triassic deposits in the southern part of the
Voznesenka terrane are represented by a thick (over
1500 m) sequence of terrigenous rocks, which were
accumulated in coastal-marine and more rarely
lagoonal—continental environments during practically
the entire period (from the Indian to the Norian,
inclusive). The only exception is the western part adja-
cent to the Laoelin—Grodekov terrane (including the
studied area), where the basal beds are dated to the
Carnian stage while the Lower and Middle Triassic
sediments are absent. Carnian floral assemblage was
also identified in the Tal’min volcanosedimentary
sequence in the northern part of the Laoelin—Grode-
kov terrane [4, 5].

It should be noted that no “direct” isotope datings
are available for the volcanic rocks of the aforemen-
tioned stratotones: all of the available age determina-
tions are based only on the finds of faunal remains in
the terrigenous rocks associated with the volcanic
rocks in the sequences. Due to the poor exposure,
multiple tectonic reworking, and insufficient knowl-
edge of the relationships between the beds even in the
reference sequences, many questions concerning rock
succession, true thickness, and degree of lateral per-
sistence remain unclear. The insufficient geochemical
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study of the volcanic rocks makes it impossible to
determine the geodynamic setting of this area in the
Permian and Triassic. To solve at least some of the
aforementioned problems, we carried out a detailed
complex study of the relatively well-exposed section of
the Barabash Formation in the southern part of the
Voznesenka terrane. The results of these studies are
presented below.

GEOLOGICAL POSITION

The studied sequence is situated on the left bank of
the Barabashevka River, approximately 3 km north-
west of the Barabash settlement. The sequence is ori-
ented from the northwest to the southeast, practically
across the strike of the sediments. The beds dip
steadily to the southeast at angles of 40—50%. Imme-
diately in the Barabashevka River valley, the base of
the section is overlain by Cretaceous carbonaceous
deposits; to the west, the volcanosedimentary
sequences conformably rest (according to [3]) on the
Middle Permian rocks of the Vladivostok Formation.
From the top, the volcanosedimentary sequences are
unconformably overlain by faunally characterized
Late Triassic rocks.

The lower part of the sequence consists of a thick
unit of basaltic lavas and tuffs. Upsection, they give
way to tuffs and tuffites of mixed composition, which,
in turn, are overlain by another basaltic unit. The over-
lying sedimentary sequence consists mainly of sedi-
mentary rocks, sandstones, and gravelstones (rarely
conglomerates) with rare tuff and tuffite interbeds.
The volcanogenic—terrigenous sequence is overlain by
a thick unit of platy limestones with Middle Permian
fauna. A thick unit of felsic volcanic rocks ascribed
according to [3] to the Upper Barabash Formation is
located further southeast. The rocks are cut by doler-
ite, andesite, dacite, and rhyolite dikes. The general
structural scheme of the sequence and the position of
sampling points are shown in Fig. 2. The contacts
between units of volcanic, pyroclastic, and sedimen-
tary rocks are mainly overlain by Quaternary sedi-
ments and usually are inaccessible for direct observa-
tion.

METHODS

Petrographic study of the rocks was performed in
standard polished thin sections. The contents of major
components in the rocks were determined by the XRF
method at the Analytical Center of the V.S. Sobolev
Institute of Geology and Mineralogy of the Siberian
Branch of the Russian Academy of Sciences (analysts
N.M. Glukhova, N.G. Karmanova, and A.N. Tary-
anik) using the standard technique. The contents of
trace and rare-earth elements were determined by
inductively coupled plasma mass spectrometry (ICP-
MYS) at the Analytical Center of the V.S. Sobolev Insti-
tute of Geology and Mineralogy of the Siberian
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Fig. 1. (a) Scheme of the terranes of South Primorye (after [2]). (/) Laoelin—Grodekov terrane—a fragment of the Late Paleozoic
active margin; (2) terranes of the Early Paleozoic Bureya—Khanka orogenic belt: (MN) Matveevka—Nakhimovka, (SP) Spassk,
(VZ) Voznesenka, and boundaries between them (dash); (3) Sergeevka terrane—fragment of the Paleozoic and Mesozoic passive
margin, which is included in the structure of the Mesozoic orogenic belt; (4) terranes of the Late Mesozoic Sikhote Alin—North
Sakhalin orogenic belt; (5) faults, including (WP) West Primorsky, (Shk) Shkotovsky, (Ar) Arsen’evsky, (Pr) Partizansky,
(CSA) Central Sikhote Alin; (6) studied area. (b) Geological scheme of the southern Voznesenka terrane (mopdifed after [3]).
(1—4) Mesozoic—Cenozoic deposits: (/) Quaternary; (2) Paleogene—Neogene; (3) Cretaceous; (4) Late Triassic; (5—6) rocks of
the Barabash Formation: (5) subformation: (a) lower and (b) upper; (6) marker limestone horizons with Capitanian fauna;
(7) volcanosedimentary sequences of the Vladivostok Formation (P,); (&) Permian granitoids; (9) geological boundaries;

(10) faults: (a) proved, (b) inferred.

Branch of the Russian Academy of Sciences (Novosi-
birsk) using a Finnigan Element (analysts 1.V. Niko-
laeva and S.V Palesskii). The procedures of sample
preparation and analysis are given in detail in [10].

Accessory zircons were extracted by S.N. Rudnev
at the V.S. Sobolev Institute of Geology and Mineral-
ogy of the Siberian Branch of the Russian Academy of
Sciences. U—Pb studies were conducted at the Far
East Geological Institute of the Far East Branch of the
Russian Academy of Sciences using an NWR-213 UV
laser system (Electro Scientific Industries Inc., USA)
coupled to an Agilent 7500a ICP-MS (Agilent Tech-
nologies Inc., USA) with a laser beam of 20 um in size,
ablation time of 100 s, and crater depth up to 30—40
wm. In general, the technique of analytical studies is
close to that described in [13].

Zircon grains were implanted in epoxy and then
were sequentially washed in a warm ultrasonic bath in
2% Citranox solution (Alconox Inc., USA) to remove
possible impurities and in 2% HNO; to remove possi-
ble lead contamination. This procedure makes it pos-
sible to avoid “pre-ablation” of the studied sample.

The measurement technique of the isotope ratios is
described in detail in [1, 8]. The mass spectrum was
scanned over the centers of the following masses: 206,
207, 208, 232, and 238. No measurements were con-
ducted for mass 204 because of the ubiquitously high
Hg background in the spectrum. The U—Pb age was
calculated using the GLITTER  software
[www.mgqg.ed.au/GEMOC]. The stability of the device
operation and reproducibility were controlled by ana-
lyzing Temora 2 zircon standard (every eighth mea-
surement). The concordia diagrams and error ellipses
were plotted using the Isoplot/Ex v. 3.00 package [15].

PETROGRAPHIC CHARACTERISTICS
OF THE ROCKS

The basalts from the lower part of the sequence repre-
sent black or dark gray finely porphyritic rocks. The
phenocrysts (varying from single to 20—30% and
reaching 5 mm in size) are practically completely
replaced by large chlorite laths. There are rare clinopy-
roxene relicts, while some phenocrysts (judging from
the morphology) represent replaced olivine grains.
The hyalopilitic groundmass is made up of fine split
oligoclase crystals, fine equant grains of ore mineral,
and decomposed dark brown volcanic glass. The pla-
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gioclase frequently forms fan-shaped aggregates,
which are replaced by carbonate with high relief and
anomalous interference colors. The rocks have a flu-
idal, locally finely vesicular, structure, with pores
filled by chlorite—carbonate material.

The basalts of the upper unit are dark gray porphy-
ritic rocks. Phenocrysts up to 1 cm in size (amounting
45—50 vol %) are represented exclusively by elongated
prismatic plagioclase. The crystals show clear zoning
and broad twin bands. The groundmass has a micro-
doleritic texture, where the interstices between the
“framework” of small plagioclase euhedral laths are
filled with almost equant mafic mineral (clinopyrox-
ene mainly replaced by chlorite or, more rarely, epi-
dote) and small magnetite crystals. The rocks have a
massive, locally finely vesicular, structure.

The tuffs and tuffites are usually greenish gray to
light gray rocks. The tuffs are vitric—lithic. The rock
fragments are dominated by glass and volcanic rocks of
felsic composition (rhyolites), with less common pla-
gioclase porphyrites and quartz porphyry. The glass
fragments are identified by their shelly texture typical
of volcanic glasses and have very low relief in transmit-
ted light. It is seen under crossed nicols that they con-
sist of fine plagioclase microlites and quartz grains.
The felsic volcanics are porphyritic rocks with phe-
nocrysts of finely twinned sodic plagioclase and
quartz in an optically isotropic groundmass. The frag-
ments of plagioclase porphyrites are frequently fused
and subjected to greenstone alterations (the pla-
gioclase and mafic minerals distinguished by mor-
phology and relicts are practically completely replaced
by chlorite and black ore minerals). The groundmass is
made up of pumice, the pores of which are filled with
chlorite and fine acicular plagioclase, usually sericit-
ized and/or carbonatized.

The tuffites differ from the tuffs in their more
rounded fragments and dark gray groundmass. The
fragments, in addition to the above-described volcanic
rocks and glass, are also represented by numerous (up
to sharp predominance) quartz and feldspar grains.

The quartz, amounting to up to 70% of the clasts,
is variably rounded (mainly weakly rounded, partially
faceted) and frequently shows cloudy extinction. The
plagioclase forms moderately rounded, nonzoned
grains, frequently with fine twin hatching. The
groundmass is made up of pelite-size particles, includ-
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Fig. 2. Schematic section of the Middle Barabash subformation and sampling localities (arrows). Left bank of the Barabashevka
River, 3 km upstream of Barabash settlement. (/) siltstones; (2) silty (a) and psammitic (b) tuffites; (3) sandstones; (4) conglom-
erates, gravelstones; (5) tuff conglomerates; (6) tuffs of mixed composition; (7) basalts and their tuffs (b); (&) limestones;
(9) marls; (10) dikes of rhyolite (A), basalt (§), andesite (o), and dacite (t); (/1) localities of microfauna finds (a), orientation of

lamination (b).

ing fine fragments of magnetite, quartz, and feldspar
no more than 0.03 mm in size.

The sandstones correspond to silty quartz gray-
wackes with clayey—carbonate cement. The fragments
are dominated by quartz and cherts, with single pla-
gioclase grains and rock fragments.

The quartz, amounting to approximately 70—80%
of the clastic part, frequently has cloudy extinction.

RUSSIAN JOURNAL OF PACIFIC GEOLOGY Vol 11

The grain size varies from 0.009 to 0.16 mm, with the
predominance of 0.07—0.05 mm grains. The grains are
rounded to varying extents, with the predominance of
weakly rounded partially faceted grains. The rock frag-
ments (no more than 20—30% of the total clastic com-
ponent) are usually rounded with depressions on their
surface. The rocks are microquartzites, glassy felsic
volcanic rocks, and tuffs. The clastic component has a

No.2 2017



FIRST EVIDENCE FOR THE MIDDLE TRIASSIC VOLCANISM

fine-grained texture. The cement accounts for no
more than 20 vol % and has a clayey—quartz—carbon-
ate composition. The cement is of the island, discon-
tinuous contoured type, with regeneration, penetra-
tion, and locally replacement relations between the
clasts. The microstructure is massive.

The limestones are gray and light gray pelitomor-
phic rocks, with abundant remains of crinoid stems
and rare brachyopods. Individual units (up to a few m
thick) have a finely platy structure: platelets up to 3—
10 cm thick are separated by interbeds of dark gray
marls (1-3 cm).

COMPOSITION OF BASALTS

The basalts from the lower part are characterized
by low SiO, (45—49 wt %) at elevated TiO, (11.8—
2.4wt %) and P,05(0.32—0.99 wt %) contents. The
alkali contents show strong variations (Na,O +
K220 = 4.3—-6.9 wt %, K,O = 0.55-2.1 wt %). The
data points fall in the field of rocks of normal and
moderately alkaline series in the TAS diagram
(Fig. 3a) and define a linear trend from subalkaline to
alkali basalts in the Winchester and Floyd diagram
(Fig. 3b). The rocks correspond to the middle- and
high-potassium rocks in the SiO,—K,O diagram
(Fig. 3¢) and form a nonsystematic swarm around the
tholeiitic differentiation trend in the Myashiro dia-
gram (Fig. 3d). They are also characterized by elevated
Al,O5 (15-20 wt %), low Mg# (20—47), and low Ca
contents (Table 1).

The trace-element composition of the rocks is
characterized by wide variations of incompatible trace
elements. The HFSE and REE contents in the most
depleted varieties (low-Ti and low-P rocks) are close
to those of N-MORB (Zr 140—170 ppm, Hf 4—
4.5 ppm, Y 29—32 ppm, Nb 4.5—5.0 ppm, Ta 0.25—
0.3ppm, Th 0.3—-0.6 ppm, XREE 45-70 ppm,
(La/Yb)y 0.7—1.0, Figs. 4a, 4b, Table 1). The REE,
Zr, Hf, and Y contents in the most enriched varieties
are close to those of OIB, whereas their Th, Nb,
Ta, and Ti contents are much lower than the contents
typical of this rock type, resembling more closely the
E-MORB type (Table 1). All of the studied rocks are
characterized by enrichment in large-ion lithophile
elements (Rb and Ba). Sr shows a complex behavior:
the spidergramms show a positive anomaly in the
depleted varieties and a negative anomaly in the most
enriched varieties (Fig. 4b). Such variations in the
alkali and alkali earth metals are likely caused by post-
magmatic alteration of the rocks, rather than by the
specifics of crystallization differentiation. This, in par-
ticular, is supported by the distinct correlation
between Sr and Eu accumulating mainly in the pla-
gioclase (Fig. 4b).

In general, the basalts from the lower part of the
sequence in terms of the geochemical composition are
confidently identified as oceanic rocks (rocks of
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spreading centers and oceanic islands). This is con-
firmed by the position of the data points in the dis-
criminant diagrams (Figs. 5a, 5b).

The basalts from the upper unit sharply differ in
composition from the described basalts of the lower
unit (Table 1). They are characterized by the higher
Si0, content, lower TiO, and P,05 (1.3—1.4 and 0.28—
0.33 wt %, respectively), lower contents of FeO and
MgO, and elevated CaO (Table 1) content. The alkali
contents in them show more narrow variations than
those in the basalts from the lower part of the sequence
(Na,0 + K,0 =4-6.1 wt %, K,0 = 1.1-1.7 wt %).
The data points of the rocks fall on the boundary
between the fields of normal and elevated alkalinity in
the TAS diagram (Fig. 3a) and are plotted in the field
of high-potassium rocks in the SiO,—K,0O diagram.
However, the position of the data points in the Win-
chester—Floyd diagram (applied to avoid the effect of
spilitization on the composition of the volcanic rocks)
indicates their affiliation to the series of normal alka-
linity (Fig. 3b).

The trace element composition is characterized by
slightly lowered concentrations of high-field-strength
elements as compared to the basalts from the base of
the sequence (90—100 ppm Zr, 22—24 ppm Y, 2.7—
3 ppm Hf, 4.8—5.4 ppm Nb, ~0.3 ppm Ta) and much
higher Th contents (2.6—3 ppm). The rocks have near-
clarke REE contents (XREE 98—110 ppm). The REE
patterns show an asymmetric distribution with
(La/Yb)y = 4—5 and a subtle positive Eu anomaly
(Fig. 4a). The spidergramms (Fig. 4b) show a
clear negative Nb and Ta anomaly and a positive Sr
anomaly.

In the discriminant diagrams (Fig. 5), the data
points of the basalts from the upper subformation
either fall in the fields of the volcanic-arc rocks or in
the within-plate rocks, near the boundary with the
island-arc rocks.

It should be noted that the basalts of the studied
sequence (lower and upper parts) sharply differ in
composition from the basalts of the Barabash Forma-
tion of the Laoelin—Grodekov terrane. Table 1 and
Figs. 3—4 show the chemical compositions of the
basalts from the lower subformation of the Barabash
Formation from the sequence in the Cape Mramornyi
area. As compared to the basalts from the sequence
base along the Barabashevka River, these rocks have
lower TiO, contents, lower K,O and P,0Os, and clearly
expressed “suprasubduction” signatures. As compared
to the basalts of the upper unit, they have elevated con-
tents of FeO and MgO and lower contents of K,O,
P,0s, and practically all incompatible elements. At the
same time, it should be noted that the two groups of
basalts have similar shapes of the spidergramms
(Fig. 4b). The rock groups have similar magnesium
number and, hence, the observed differences cannot
be considered as products of the different degree of
melt differentiation and thus indirectly confirm their
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affiliation to a single stage of magmatic activity. In our
opinion, this indicates that the basalts were derived
from a similar source. On the basis of their geochemi-
cal characteristics, this source was lithospheric mantle
reworked by subduction processes. In this respect,
they sharply differ from the basalts from the lower part
of the sequence along the Barabashevka River, whose
geochemical characteristics point to derivation
through melting of oceanic lithospheric mantle or
asthenosphere.

AGE OF THE ROCKS

As was shown above, the faunal assemblage found
in the limestones indicates that the rocks of the
Barabash Formation in the Laoelin—Grodekov ter-
rane were formed at the Capitanian stage (Middle
Permian). However, the presence of sedimentary
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rocks formed in different facies conditions and basalts
of different nature in the same sequence calls into
question the extension of the age estimates obtained
for the limestones to all of the rocks of the sequence.

To solve this question, we attempted to extract zir-
cons from the tuffs and tuffites from the middle part of
the sequence.

Zircon was extracted using the heavy liquid tech-
nique at the V.S. Sobolev Institute of Geology and
Mineralogy of the Siberian Branch of the Russian
Academy of Sciences (Novosibirsk). Only three zircon
grains were extracted from a 2.5-kg sample of
dacitic tuff (sample no. 14-7). The tuffite (sample
no. 13-112) yielded around 50 grains, which then were
used for U—Pb isotope dating. In total, we performed
28 isotope determinations on 25 grains (Fig. 6a).
Except for three analytical points with high (over 10%)
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Table 1. Representative analysis of basalts(1—8) sequence along the Barabashevka River: (1—6) basalts from the lower unit,
(7—8) basalts from the upper unit; (9—11) sequence in the Cape Mramornyi area, basalts of the lower subformation.
Fe,O5*—total iron as Fe,Os.

Sa:;ple 13-113/2| 13-113/3 | 13-113/6 | 14-7/2 | 14-7/3 | 14-7/4 |13-109/1|13-109/4| 15-7/1 | 15-7/2 | 15-8/2
Element 1 2 3 4 5 6 7 8 9 10 1

Sio, 4518 | 4772 | 4737 | 4585 | 49.02 | 46.55 | 5048 | 50.86 | 49.10 | 51.82 | 50.98
TiO, 2.37 2.13 2.14 1.84 1.99 2.43 1.30 1.31 1.00 1.03 1.08
AlLO; 1500 | 19.14 | 1766 | 18.79 | 16.46 | 19.47 | 19.42 | 19.4 1772 | 1499 | 16.87
Fe,0,* | 19.26 | 12.89 | 11.70 | 13.01 8.68 | 118l 9.48 9.5 1039 | 1143 | 10.52
MnO 0.17 0.25 0.24 0.1 0.13 0.1 0.14 0.16 0.17 0.17 0.15
MgO 4.09 5.83 6.02 5.68 7.02 5.38 2.97 3.13 6 4.45 6.99
CaO 6.11 4.11 8.12 5.79 8.41 4.06 6.91 7.34 | 10.81 7.66 7.75
Na,O 4.42 3.82 3.26 3.31 3.76 4.05 4.28 4.11 2.49 4.01 3.54
K,O 1.19 0.55 1.16 2.07 1.19 1.89 1.59 1.51 0.9 1.06 0.81
P,0; 0.99 0.32 0.42 0.38 0.48 0.47 0.28 0.28 0.11 0.15 0.19
L.O.L 1.41 3.52 2.01 3.28 2.72 3.81 2.62 2.38 1.16 2.58 1.36
Total 100.21 | 100.28 | 100.09 | 100.35 | 100.05 | 100.37 | 99.48 | 99.98 | 99.97 | 99.46 | 100.35
Sc 29.3 29.6 31.4 31.4 31.2 36.6 23.8 22.7 35.8 39.8 41.2
Co 10.4 13.2 40.4 20.8 40.9 55.8 19.6 18.3 30.1 30.2 28.7
Ga 17.2 20.7 17.9 20.5 17.4 22.1 19.0 17.6 16.3 17.2 17.1

Rb 31 17 27 64 26 51 41 32 27 24 17

Sr 450 349 370 523 539 569 778 745 417 369 376

Y 55 31 53 31 35 34 25 23 18 21 21

Zr 290 148 150 177 155 198 100 88 47 55 75

Nb 13.4 4.8 4.3 5 4.2 5 5.4 4.9 15 1.9 2.4
Cs 2.6 8.4 6.6 8 2.9 7.4 125 6.9 6 1.6 2.3
Ba 425 210 389 [1060 324 914 453 443 129 262 161

La 37.98 3.53 6.68 783 | 145 30.64 | 18.25 | 16.4 4.72 7.6 7.43
Ce 99.37 911 | 18.59 | 2048 | 39.01 | 70.62 | 3812 | 3531 | 10.79 | 1561 | 16.7
Pr 16.02 171 3.6 3.28 6.07 9.16 5.71 5.15 1.62 2.12 2.33
Nd 66.08 8.63 | 2055 | 1507 | 28.61 | 3612 | 23.04 | 20.72 6.92 9.54 | 10.59
Sm 12.59 2.88 7.7 4.49 7.34 7.46 5 4.64 2.21 2.94 3.24
Eu 4.01 1.44 2.35 1.91 2.81 1.75 1.71 1.59 094 | 0.96 1.1

Gd 11.17 3.98 9.38 5.59 7.67 7.46 4.4 4.29 2.67 3.43 3.49
Tb 1.66 0.75 1.66 0.89 115 1.02 0.73 0.67 0.48 0.53 0.56
Dy 9.45 501 | 10.1 5.38 6.53 5.77 4.8 4.02 2.99 3.64 3.74
Ho 1.88 111 2 1.16 1.28 113 0.86 0.78 0.62 0.78 0.8
Er 5.40 3.18 5.7 3.31 3.60 3.4 2.45 2.25 1.9 2.2 2.22
Tm 0.81 0.49 0.8 0.48 0.52 0.5 0.38 0.35 0.29 0.36 0.35
Yb 5.10 3.13 4.96 3.15 3.38 3.18 2.5 2.14 1.93 2.4 2.3
Lu 0.75 0.46 0.75 0.48 0.51 0.49 0.37 0.32 0.29 0.36 0.35
Hf 75 4.2 4 4.5 4.1 5 3.1 2.7 1.4 1.7 2.1
Ta 0.7 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.1 0.1 0.1
Th 0.7 0.6 0.3 0.3 0.4 0.5 2.9 2.7 0.9 1.0 0.9
U 0.2 0.3 0.1 0.1 0.1 0.2 0.7 0.7 0.3 0.4 0.4
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Fig. 4. REE (a) and multielement (b) distribution patterns for basalts from the section along the Barabashevka River. Sample
numbers correspond to those in Table 1. Gray field shows the compositions of the basalts from the Mramornyi Cap sequence.
REE abundances were normalized to chondrite after [12]; multielement diagrams are normalized to the primitive mantle after

[19].
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Fig. 5. Discrminant diagrams for basalts from the Barabashevka River sequence.(a) diagram MnO*10-TiO,—P,05*10 [16];
fields: (MORB) mid-ocean ridge basalts, (OIT) oceanic-island tholeiites, (OIA) oceanic island alkali basalts, (IAT) island arc
tholeiites, (CAB) calc-alkaline basalts. (b) Th—Hf/3—Nb/16 diagram [21]; fields: (A) N-MORB; (B) E-MORB, within—plate
tholeiitic basalts and their derivatives; (C) alkaline within-plate basalts and their derivatives; (D) volcanic arc basalts and their

derivatives. Symbols are shown in Fig. 3.

discordance, all of the 2°°Pb/?3¥U determinations are
subdivided into five groups. One grain yielded a Pre-
cambrian age (740 = 17 Ma); four points (three grains)
showed Ordovician ages (476—461 Ma); seven points
(six grains) showed Carboniferous ages (351—
326 Ma); the most numerous zircon population (nine
grains, ten analytical points) showed Permian ages
(279—258 Ma); and three grains showed Middle Trias-
sic ages (235—231 Ma). The concordant age calculated
for the young points (grains nos. 7, 11, 12, Table 2) is
233.3 + 3.3 Ma (MSWD = 0.89), which corresponds
to the Ladinian Stage of the Middle Triassic (Fig. 6b).

The study showed that the zircon grains of different
ages differ in morphology and internal structure. In

RUSSIAN JOURNAL OF PACIFIC GEOLOGY Vol 11

particular, the Middle Triassic zircons (235—231 Ma)
have euhedral shape, smoothed facets and faces, pris-
matic habitus (130—170 um, K, = 1.6—2.0), and oscil-
latory (magmatic) type of inner zoning (Fig. 7a). Their
inner parts sometimes contain opaque ore minerals.
The most numerous zircon population of the Permian
age (279—258 Ma) is represented by both intact crys-
tals and their fragments, which, judging from their
morphology, have short prismatic habitus and sub-
euhedral shape, with oval facets and faces (Fig. 7b).
The grain size varies from 125 to 190 um (K, = 1.5—
2.0). As seen from the cathodoluminescent images,
their internal structure is characterized by thin mag-
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Fig. 6. U—Pb concordia diagram for zircons from tuffite sample 13-112. (a) all analyzed points; (b) three points of Triassic zircons.
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Fig. 7. Cathodoluminescent images of zircons from sample 13-112. (a) Triassic, (b) Permian, (c) Carboniferous, (d) Ordovician.

See text for explanation.

matic zoning and by the presence of syngenetic trans-
parent and opaque inclusions.

Individual zircon grains reveal signs of metamicti-
zation, local recrystallization, and dissolution, with
the development of wide zones of zoned zircon of the
late generation along their periphery.

RUSSIAN JOURNAL OF PACIFIC GEOLOGY Vol. 11

The Carboniferous zircons (351—326 Ma) have
prismatic habitus (120—300 pum, K, = 1.8—2.7) and
oval shape of facets and faces. They usually show oscil-
latory magmatic zoning and contain opaque synge-
netic inclusions in the marginal and central parts of
the crystals. Such inclusions are surrounded by a pleo-
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Table 2. Results of single-grain zircon dating of tuffite sample 13-112 (section along the Barabashevka River)

Grain and Isotope ratios Rio Ages +1 ¢ (abs), Ma b. %

point no 207pp 235U +16 % | 2°6Pb/238U +16 % 207py, /206 py, 207py, 235y 206pp, /238 ’
1z 0.4257 £ 4.0 0.0557 £ 1.9 0.47 430 £ 91 360 + 12 349+ 6 3
Ir 0.4097 £ 3.4 0.0549 + 1.6 0.49 378 =77 349+ 10 344+ 5 1
2 0.2996 + 2.8 0.0414 £ 1.5 0.53 306 * 66 266+ 7 262+ 4 2
3z 0.2859 = 4.7 0.0408 = 2.0 0.43 233+ 111 255t 11 258 £5 -1
3r 0.2957 £ 3.1 0.0421 + 1.6 0.51 238 £ 73 263+ 7 266 + 4 -1
4z 0.6014 + 6.4 0.0765 = 2.8 0.44 492 + 145 478 + 25 475 £ 13 1
4r 0.4182 £ 4.1 0.0555 £ 1.9 0.47 399 =93 355t 12 348 £ 6 2
5 0.3167 £ 4.3 0.0429 £ 2.0 0.46 354 £ 100 279 £ 10 2715 3
6 0.2988 £ 4.0 0.0411 £ 1.9 0.47 318 £ 93 266+ 9 260+ 5 2
7 0.2658 £ 5.1 0.0372 £ 2.2 0.44 280 £ 118 239+ 11 235%5 2
8 0.4160 £ 4.2 0.0560 + 2.0 0.47 364 + 97 353+ 13 3517 1
9 0.3030 £ 4.6 0.0416 £ 2.1 0.45 323 + 107 269 £ 11 263+ 5 2
10 0.2994 £ 4.3 0.0413 £ 2.0 0.46 312 + 101 266 + 10 261+ 5 2
11 0.2682 + 6.5 0.0367 + 2.8 0.43 330 = 150 241 + 14 232+ 6 4
12 0.2643 £ 6.4 0.0366 + 2.7 0.43 305 = 148 238 + 14 231+ 6 3
13z 0.6065 £ 4.9 0.0765 + 2.2 0.46 510 £ 110 481 £ 19 475+ 10 1
13r 0.6062 £ 4.8 0.0764 £ 2.2 0.46 511 £ 109 481 + 19 475 £ 10 1
15 0.5958 +£ 5.8 0.0741 £ 2.6 0.45 540 £ 131 475 +£ 22 461 £ 12 3
16 0.4095 £ 6.5 0.0542 = 2.7 0.42 402 £ 146 349+ 19 341 £ 9 2
17 0.3168 £ 6.6 0.0442+2.8 0.42 284 + 154 279 + 16 279 £ 8 0
18 0.3234 £ 6.4 0.0408 + 2.8 0.44 508 + 143 285+ 16 258 £7 9
19 0.3250 £ 8.0 0.0420 + 3.2 0.40 456 + 178 286 + 20 265+ 8 7
20 1.2107 £ 5.5 0121725 0.45 990+ 115 806 + 31 740 = 17 11
21 3.2516 £ 5.5 02198t 24 0.44 1753 = 103 1470 + 43 1281 £ 28 13
22 0.4206 + 6.4 0.0519 £ 2.8 0.43 557 £ 142 357+ 19 326+ 9 8
23 0.3031 £ 8.5 0.0430 + 3.4 0.41 247 + 195 269 + 20 271 £9 -1
24 1.0104 = 6.8 0.0502+ 3.2 0.47 2300 = 122 709 = 35 316 = 10 55
25 0.4259 £ 7.7 0.0528 £3.2 0.42 549 £ 169 360 £ 23 332t 10 8

Sharply discordant determinations omitted from consideration are shown by italic type.

chroic halo. In addition, metamictization or recrystal-
lization zones are sometimes developed along the
grain periphery. Rarely, zircons of this age population
have nearly equant shape (180 um, K, = 1.4) and
clearly expressed resorbed and oval shapes of facets
and faces. It is seen in the cathodoluminescence
images (Fig. 7¢) that the grains of such type have a
spotty color with weak signs of oscillatory zoning and
development of recrystallization and metamictization
along their rims.

The ordovician zircons (475—461 Ma) found in the
tuffites are morphologically diverse (Fig. 7d). One zir-
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con type is prismatic (~175 um, K, = 2.3), subeuhe-
dral, with oscillatory and sectorial internal zoning.
Another type is observed as fragments of large crystals
with oval facets and faces. This zircon bears signs of
strong metamictization in the inner parts, is recrystal-
lized along the periphery, and contains syngenetic
inclusions of accessory minerals. In rare cases, the zir-
cons of Ordovician age occur as xenogenic crystals in
the inner parts of Carboniferous zircons. The xeno-
genic zircon is characterized by short-prismatic
(~175 um, K, = 1.5) and subeuhedral shape and inner
sectorial magmatic zoning.
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DISCUSSION AND CONCLUSIONS

(1) Study of the age, morphology, and inner struc-
ture of the zircons from the tuffites has shown that
they were derived from different sources: some grains
are detrital (contained in the sedimentary matrix of
the tuffite), while others were presumably entrained
by magma passing through the continental crust, and
only three grains mark the felsic explosive volcanism.
The evidence for the Middle Triassic (no older) age of
the pyroclastic sequences is the presence of zircons
with traces of abrasion and later overgrowing in all
older populations (including Permian). With allow-
ance for the unconformable contact of the studied
sequence with the overlying (Carnian) sediments of
the Sadgorod Formation, its geological age cannot be
significantly younger than the age of the youngest zir-
cons in the tuffites (Ladinian stage). Thus, this indi-
cates that some of the volcanic rocks of the studied
area, which are presently ascribed to the Permian
Barabash Formation, have Triassic age (the foremost,
intermediate—acid volcanic rocks of the upper subfor-
mation). Correspondingly, it is highly possible that
volcanism, subsequent orogenesis, and granite mag-
matism of this area occurred in the Triassic rather than
in the Permian. This casts some doubt on the affilia-
tion of the considered block to the Voznesenka terrane
(as shown in Fig. 1), which remained “sterile” with
respect to volcanic manifestations during the entire
Triassic. Thus, it is more reasonable to include this
block in the Laoelin—Grodekov terrane—the frag-
ment of the Paleozoic active margin. In this case, it is
required, first, to refine the position of the boundaries
between these blocks, and, second, to revise the timing
(toward younger ages) of the amalgamation of this
block with the terranes of the Bureya—Khanka oro-
genic block.

(2) In the light of the obtained data, the studied
“stratotype” sequence of the Barabash Formation is
not a single stratigraphic sequence, but consists of tec-
tonically juxtaposed rocks of different ages. In partic-
ular, the Middle Triassic felsic pyroclastic rocks have
been identified as stratigraphically lower than the fau-
nally characterized Middle Permian limestones. Cor-
respondingly, some part of the boundaries shown in
Fig 2 represents layerwise thrusts and the entire stud-
ied sequence may represent a fragment of an accre-
tionary wedge in the structure of the Triassic active
margin. This assumption is supported by the above-
demonstrated juxtaposition of basalts from different
sources.

The considered questions are of great importance
for understanding the Late Paleozoic—Early Meso-
zoic geological history of Southern Primorye. Further
structural, petrological—geochemical, and geochro-
nological investigations of these rock complexes are
required to confirm the obtained results. Determining
the volume and nature of Triassic volcanism in the
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Laoelin—Grodekov terrane should be the subject of
future studies.
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