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Abstract—The structural—geodynamic features of the Anna, Gaidamak, Dunai, Tinkan, and Tafuin gab-
broid and granite intrusions are analyzed. They are recently considered as elements of the basite Sergeevka
terrane, which was previously known as the Sergeevka metagabbroid inlier (or massif). At the same time, their
outcrops mark the ENE-trending Tafuin anticlinorium, which, being conjugate and synchronous with the
northerly adjacent Petrovka depression, was formed in the Mesozoic as a constituent of the long-living Ser-
geevka structure. Therefore, these intrusions are considered in this work along with Cretaceous massifs,
which occur among Mesozoic sediments, as resulting from tectonic-magmatic pulses transforming the basic
substrate. These pulses mark the Proterozoic—Early Paleozoic, Late Paleozoic, and Mesozoic geodynamic
periods with each being characterized by particular directions of the lateral compression with the Late Pale-
ozoic one being the most intense. The latter was responsible for the near-meridional elongation of the struc-
tures and the dominant directions of their elements: the layering, banding, taxitic textures, cleavage, and foli-
ation. All of them were determined by the cleavage formation and thrusting (in form of counter thrusts) of the
same direction. The intrusions exhibit shear-type pseudofolds, which are considered as produced by flatten-
ing and warping.

Keywords: structural patterns, geodynamic periods, nonisostatic strain field, longitudinal compression, band-

ing, layering, cleavage, pseudofolded structures, intrusive massifs, southern Primorye region

DOI: 10.1134/S1819714013020061

INTRODUCTION

Reconstructions of regional paleostrain fields and
block movements derived from the terrane and plate
tectonics analyses, which are based to a significant
extent on the compositional features of igneous rocks,
lead to the concepts of the dominant role of longitudi-
nal compression in the earth crust [3]. On the other
hand, based on these compositional properties of the
magmatic chambers, it is traditionally believed that
large and small intrusions are characterized by auto-
structuring under intense transverse (vertical)
dynamic influence on the host medium of the “emerg-
ing” magmatic column. In our opinion, the contra-
diction between these two gnoseologic approaches
may be eliminated by conducting structural—geody-
namic investigations of the geological position and
structures of the intrusions. Such investigations car-
ried out in the Albian Uspenka [12, 13] and Cambrian
Tafuin [15] intrusions of the southern Primorye region
revealed the inheritance of the host structures by these
massifs and the dominant role of lateral compression
in the formation of their architecture and structure.

Previously, such investigations involved mostly
granite massifs. The main purpose of this work con-

sisted in the sampling and analysis of the factual mate-
rial concerning the structures of the basic intrusions,
the comparison of their structural features with those
of the granite massifs, and revealing the consistencies
in structural patterns of the gabbroid bodies and defor-
mations corresponding to three geodynamic periods
[14].

The investigational methodology corresponds to
the level of the meso- and macro structural studies, or
small- and large-scale geological mapping. It includes
several traditional methods of structural investigations
developed in the works by E. Cloos, B. Sander,
A.A. Polkanov, N.A. Eliseev, A.V. Luk’yanoy,
A.IL. Suvorov, V.S. Burtman, S.I. Sherman, V.P. Utkin,
and many others. The main attention was paid to the
study of the strain field indicators such as the struc-
tural parageneses and patterns [2, 9, 17, and others]
formed by the directions of the bedding, foliation,
banding, layering, and other elements.

The structural paragenesis is an association of tec-
tonic elements, the formation of which was deter-
mined by the same geodynamic factor; i.e., they were
formed synchronously. Every element and geody-
namic impact are characterized by a genetic connec-
tion, while the elements are connected by paragenetic
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relationships. The parageneses of elements as reflec-
tions of tectonic events serve as a main tool for inter-
preting the paleogeodynamic environments: strain
fields (the deviator stress is meant) and block move-
ments. Knowing the impact type, we may forecast a
missing element of the paragenesis during, for exam-
ple, investigations of ore-bearing structures. The
parageneses are named after the corresponding
dynamic settings (paragenesis of longitudinal or trans-
verse compression or extension) and types of deforma-
tions (reversed-fault, strike-slip-fault, fold, pure- or
simple-shear, and others). The knowledge of the
parageneses is continuosly improved owing to experi-
mental, theoretical, and natural modeling. Every type
of parageneses may belong to different levels of struc-
tural organization of the geological space. In natural
environments, the researcher, in fact, deals almost
always with the integrity of different-order paragene-
ses. For example, the paragenesis of the pure shear
(conditionally of the first order) surely includes the
simple-shear parageneses of the second (and higher)
order. The latter contains unavoidably thrust and pull-
apart parageneses of the third and fourth orders,
which, in turn, may include normal-fault parageneses
of the fifth order. The same is true of different-order
parageneses of fold deformations, where the first-
order structures resulting from the longitudinal com-
pression may include hierarchically subordinated folds
and disjunctive elements related to transverse com-
pression that indicate the formation of a similar hier-
archically of subordinate strain fields. Proceeding
from the interpretation principles in [9], it would likely
be more correct to name different-order paragenetic
integrities as structural patterns. At the macro- and
microlevels, the researcher deals usually precisely with
patterns defining dominant paragenetic associations
of tectonic elements among them. Further, cells of
domains should be determined [5]. In this work, the
cell is a space area where the structural pattern is dom-
inated by a certain type of single or several parageneses
that mark the same geodynamic setting. Such areas are
usually characterized by different sizes. In mesolevel
constructions, domains are usually defined using
graphical and statistical analyses. In this case, the
main role belongs to the graphical analysis and statis-
tics in the orientation of structural elements proper,
which serve frequently as indicators of tectonic move-
ments. The graphical analysis comes mostly to the
construction and interpretation of different-scale
plans, sections, and maps for revealing structural pat-
terns and parageneses. The statistical analysis consists
largely in obtaining of the generalized statistical orien-
tation picture of structural and kinematic elements.
For this purpose, circular diagrams are constructed by
the traditional method using many measurements of
dip azimuths and angles of elements. These methods
are considered in many works [e.g., 26]. Our diagrams
are constructed on the upper hemisphere of the Wulff
equiangular projection. This equiangular stereo-
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graphic projection allows more correct comparison of
angles between probable systems of conjugate shears,
and its upper hemisphere is significantly more conve-
nient for plotting poles of planar elements. Clouds of
poles form different-intensity maximums. In the end,
the diagram represents a statistical model of the struc-
tural pattern or paragenesis [17]. The more regular the
distribution of the measurement points in the space,
the more objective the diagram is. The statistical anal-
ysis is in fact performed simultaneously with the geo-
metrical one. Their results supplement each other.

Let us recollect also the paragenesis of pure-shear
deformation, which represents a reliable indicator of
the strain field. Under the load of the pure-shear
deformation, the anisotropic strain field is character-
ized by the formation of conjugate shears, which are
expressed as a system of intersecting fractures [18, 28,
and others]. The intersection of shears forms two pairs
of opposite dihedral angles. Moreover, the maximal
stress G, is directed along the bisector plane of a pair of
opposite angles orthogonally to the conjugation
(intersection) of the shears. The angle between the axis
of the main compression and the one of the conjugate
shears is termed as a shear angle (0). The angle
between two conjugate shears is termed as an angle of
conjugation (20). Under brittle deformation, the
angle 0 never exceeds 45°. At the same time, in case of
plastic shearing in the crust, for example, at shallow
and medium depths [18], the angle 6 may be as large as
70°—80° [18]. The minimal compression stress G5 is
directed along the other bisector plane of another pair
of opposite angles. In this case, the intermediate strain
axis o, is parallel to the conjugation line.

MATERIALS
Geodynamic Structure-Forming Periods

Three structural styles of interfering successive
deformations that correspond to three geodynamic
periods [14, 20, 21] lasting in total from the Late Pro-
terozoic to the initial Cenozoic are definable in the
western and southwestern Primorye region. The inves-
tigations of the structural patterns and parageneses
reveal that the dominant structure-forming compres-
sion during each of these periods was practically uni-
directional. The Anna, Gaidamak, Dunai, and Tinkan
intrusive massifs, the structures of which represent the
main objects for this study, became elements of the
structural plans corresponding to these geodynamic
periods.

Late Proterozoic—Early Paleozoic period. The
compression vector during this period is interpreted
from the gentle folds observable in rocks constituting
the basement, for example, of the Khanka massif. In
this intrusion, gentle hinges of folds are usually ori-
ented at ~255°—285° orthogonally to the direction of
the main compression vector confined to the sector
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between ~345° to 15°. This is exemplified by the posi-
tion of the Tafuin massif.

Middle—Late Paleozoic period. This period
was characterized by the dominant sublatitudinal
compression vector, which determined the structural
flattening in reliably dated (by faunal assemblages)
stratified Silurian and Lower and Upper Permian sec-
tions (the Kordonka (S,), Kazachka (P,), Reshetnik-
ovka (P,_,), and Barabash (P,) formations) with the
development of narrow strongly compressed folds,
cleavage, and counter-thrusts [14, 21], as well as in the
Gamov and Grodekovo granite batholiths. The col-
lected material shows that precisely the principal
regional sublatitudinal compression during this period
was responsible for the formation of the structures of
the basic and leucogranitic intrusions under consider-
ation.

Mesozoic period. This period was marked by
NNW-oriented lateral compression, which deter-
mined the Sikhote-Alin deformation plan [19]. Its
resulting structures include large and small folds of the
northeastern strike, meridional and NNE-trending
sinistral strike-slip faults, northeastern thrusts, and
northwestern normal faults. In the western Primorye
region, Mesozoic deformations were superposed on
Late Paleozoic structures bending, displacing, renew-
ing, and transforming them. The different-order folds
of the northeastern strike are also observable in the
general system of integral folding. The main of them
are represented by large warping fold deformations,
which control the magmatic processes and mineral-
ization.

Structures with many intrusions produced during
different geodynamic periods are variably expressed in
the southern Primor’e region as well. In this work, the
main attention is paid to the Anna, Gaidamak, Dunai
gabbroid, and Tinkan granite massifs, which were
formed during the Middle—Late Paleozoic geody-
namic period.

Geological Position of Intrusions

The Paleozoic Anna, Gaidamak, Dunai, Putyatin
gabbroid, Tafuin, Tinkan granite (Fig. 1), and other
smaller massifs crop out in the axial part of the Tafuin
anticlinorium [4] (Fig. 1b). This anticlinorium was
formed during the Mesozoic geodynamic period
simultaneously with the neighboring (in the north)
Petrovka depression filled with Triassic—Cretaceous
sediments.

The anticlinorium was previously considered as the
Sergeevka inlier of the ancient ophiolitic substrate [6,
10], which is better known now as the Sergeevka ter-
rane (Fig. 1a) accreted owing to subduction [22, 23] or
obduction [8] to the continental block (Fig. 1). The
main terrane-constituting complex was subjected to
several pulses of tectonomagmatic activity [6, 11]. Its
separate easterly located block represents a complex
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composite structure termed the Sergeevka metagab-
broid massif.

The following complexes are definable with differ-
ent confidence in the Sergeevka terrane-forming mas-
sif: (1) the Avdokimovka (PR—?) composed of meta-
amphibolites, paragneisses, metasedments, metavol-
canics, and marbles constituting relicts (including
shadow structures) in orthometamorphites; (2) the
Sergeevka (PZ,—?) represented by layered gneissoze
gabbroamphiboltes and diorites; (3) the Partizansk
(PZ—-?) consisting of oval gneiss—granite and gneiss—
plagiogranite bodies usually with obscure boundaries;
(4) the Vladimiro-Aleksandrovskoe (€—?) peridotite;
and (5) the Taudemi (€), which includes microcline
hybrid granodioritic plagiograntes [6]. The alternation
of the contrasting bodies of the Sergeevka, Partizansk,
and Taudemi complexes is considered as resulting
from the transformation of the mafic substrate during
the subsequent palingenesis and migmatization [6].
Developing this viewpoint, we defined preliminarily
four tectonic-magmatic stages of mega-layering. Each
of these stages is represented by a pair of near-syn-
chronous contrasting (leuco- and melano-) com-
plexes [11].

The examined intrusions of the Tafuin anticlino-
rium are spatially and temporarily interrelated with
each other so closely that they may together be consid-
ered as a composite massif resulting from the transfor-
mation of the mafic substrate. It is conceivable that
their above-mentioned structural properties have ana-
logs immediately within the parental block proper and
may help in interpreting the relatively complex stuc-
turization of both the Sergeevka terrane and the south-
ern Primorye region as a whole.

The intrusive structures considered in this work
experienced the variable impact of geodynamic pro-
cesses during all three periods. Nevertheless, the lati-
tudinal compression during the Middle—Late Paleo-
zoic geodynamic period was the principal structure-
forming factor for all the intrusions except the Tafuin
one.

Structurization of Intrusions
The Tafuin Granite Intrusion

The brief characteristics of the Tafuin massif are
given only for the comparison with the basite massifs
considered below. The massif is located on the
Livadiya Peninsula, where it is composed of bimica-
ceous granites. It represents an ESE-extending inlier
among younger rocks, and its configuration is inter-
preted from erosional windows. The structure of the
massif is in detail considered in [15], where it is shown
that the structures of the Cambrian Tafuin massif are
consistent with the deformations produced by the Late
Proterozoic—Early Paleozoic NNE-oriented com-
pression. This compression resulted in the formation
of the main folds belonging to two types.
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Fig. 1. Tectonic position of the intrusions in the southern Primorye region.

(a) The terranes (hachured) and overlying complexes (dots) after [23] and simplified; the terranes: (SR) Sergeevka, (TU) Taukha,
(ZR) Zhuravlevka, (SM) Samarka. (b) the principal tectonic units after [4] slightly modified. (c) the positions of the intrusions.
(/) Quaternary sediments; (2—J5) stratified sequences: (2) sedimentary, volcanosedimentary, and volcanogenic K;_,, (3) sedi-
mentary (J_,), (4) sedimentary (T;_3), (5) volcanogenic (P;) (a), terrigenous (P;) (b); (6) granitoids (K,); (7) gabbroids (K,);
(8) granitoids of the Tinkan massif (P,); (9) gabbroids of the Anna and Gaidamak intrusions with meridional cleavage and pseud-
ofolds emphasized by beds of the Tinkan granites (€?); (/0) gabbroids of the Dunai intrusion with dominant meridional banding
(€7?); (11) bimicaceous granites (€) of the Tafuin massif with relicts of ancient rocks (PR?); (12) Sergeevka gabbroids (PR—PZ?);
(13) unconformity; (/4) faults, mostly strike-slip faults: (a) assumed, (b) proven (the double circle corresponds to the fault index
and the arrow, to the direction of the displacements): (Dn) Dunai, (As) Askold, (Rd) Rudnaya, (Av) Avangard, (ZP) Zapadno-
Partizansk; (75) the intrusions: (Gd) Gaidamak, (Tf) Tafuin, (Tn) Tinkan, (Pt) Putyatin, (Dn) Dunai; (/6) points corresponding

to graphical and photo illustrations; (/7) Peter the Great Gulf coast; (/&) lines of detailed observations.

The folds of the first type were formed prior to the
intrusion’s emplacement in the host section. This
folding type is reflected in the foliation trajectories of
the undisturbed (not reoriented) relicts and the mor-
phology of the shadow bands that remain visible and
also not reoriented among the granites after the partial
granitization of the host rocks. In diagrams, its folding
patterns are represented by main belts 1 and 2, the
equators of which unite the main maximums (I, II,
III) of the bedding and foliation in the relicts (Fig. 2a),
which are almost parallel to each other. The orienta-
tion of the belt axes is emphasized by the position of

the hinges in the natural folds (Fig. 2a). The belt-like
distribution of the bedding and foliation poles points
to the horizontal position of the axis of the principal

structure-forming strain G: orthogonal relative to the
hinges of the small folds, the gentle position of the

. . . . 1 .
intermediate strain axis o, (along hinges), and the
vertical position of the minimal compressive strain G
(in diagrams, G, and o5 are not shown).

Thus, the principal compression was gently ori-
ented in the ENE direction. Small folds observable in

Fig. 2. Orientation of the structural—dynamic elements.

(a) Bedding and foliation in relicts of the Tafuin massif; (b) foliation and thin banding along shears that form pseudofolds in gab-
bro and gabbrodiorites of the Anna intrusion; (c) taxitic textures, foliation, and banding in gabbroids of the Dunai massif. The
diagrams were compiled using the Wulff projection (the upper hemisphere).

(1) Lines of isoconcentrations of poles, reference maximums (indicated by Roman numerals and gray-colored); (2) equators of
belts of elements produced by the Late Proterozoic—Early Paleozoic (1), Late Paleozoic (2), and Mesozoic (3) compression and
the belt of the natural pseudofold of the Gaidamak massif (4); (3) projections of the belt and natural hinge axes (the scale of the
axis dip angles is reversed), the numbers of the projections of the belt axes in the diagram are identical to the numbers of the cor-
responding belts with the arrows indicating the dipping direction (1), the axis of the belt of the real pseudofold (2), and the hinges
of the small natural folds in the relicts of the primary framework and their shadow counterparts in the granites of the Tafuin massif
(3); (4) the azimuthal direction of the compression during the Late Proterozoic—Early Paleozoic (1), Late Paleozoic (2), and
Mesozoic (3) geodynamic periods; (5) the number of measurements.
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natural outcrops, which complicate the limbs of larger
folds, converge opposite to their dips, which is consis-
tent with the structural patterns in the experimental
[30] and graphical [27] models. This consistency
serves as additional evidence in favor of the dominant
lateral compression.

The second, pseudofolding type marks the next,
syngranite compression pulse of the same direction,
although slightly reoriented clockwise (by 10°—20°).
Despite the fact that the patterns caused by such com-
pression are distinctly emphasized by the granite and
aplite substrate, they were formed in granites con-
nected by systems of gentle conjugate shears (counter-
thrusts). It is noteworthy that the structural patterns of
the pre-Paleozoic and Early Paleozoic blocks of the
Khanka massif were caused by compression of the
same direction. The compression that was responsible
for the formation of the Tafuin massif is temporally
and spatially well consistent with the compression that
determined the structures of Khanka massif terranes
(for example, the Matveevka—Nakhimovka and other
smaller blocks), which “float” in the form of cores
among the younger magmatites of the Grodekovo
massif. Such a situation indicates at least the structural
similarity between the Tafuin massif and the oldest
rocks of the Primorye region, let alone its Cambrian
age determined by the U—Pb method for zircons [22].
It should be noted, however, that, in the earlier geo-
chronological scale, these dates corresponded to the
Ordovician. In the recent geochronological scale
(GTS 2004), the date of 493 Ma is attributed to the
Cambrian; consequently, the massif also automatically
became the Cambrian in age. This age is consistent
with its structural patterns correlating the massif with
the Late Proterozoic—Early Paleozoic geodynamic
period.

The Middle—Late Paleozoic latitudinal compres-
sion, which played a dominant structure-forming role
during the corresponding geodynamic period in the
Anna, Gaidamak, Dunai, and Tinkan intrusions, is
reflected in the Tafuin massif only by exclusively post-
granite brittle deformations. In the diagram (Fig. 2a),
the vector of this compression is designated by the

arrow c: . The brittle properties of the granite material
and the lateral direction of the horizontal sublatitudi-

nal compression csi along the steeply dipping hetero-

geneous foliation prevented the formation of new sub-
meridional folds oriented orthogonally relative to such
a compression. The latter was able only to provide gen-
tle undulation of hinges of the folds from the first and
second pattern types. This undulation is probably
illustrated by the counter dip of such hinges in the dia-
gram (Fig. 2a). In addition to the undulation, the lati-
tudinal compression was responsible for the formation
of a system of meridional counter thrusts or, less com-
monly, reverse faults represented in outcrops by planar
to, occasionally, gently curved surfaces with thrust and
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upthrow striation. In some areas, they exhibit insignif-
icant thrust amplitudes (a few centimeters or decime-
ters). The thrust planes alternate with fractures with-
out visible displacements. The alternation step is 1—
3 m. These thrusts cross all the earlier structural pat-
terns.

The Mesozoic NNW-oriented compression is
reflected in the Tafuin massif exclusively by the merid-
ional and NNE-trending shear deformations.

Anna and Gaidamak Gabbro— Diorite Massifs

The Anna massif extends from the Anna and Rud-
naya bay coasts in the northern direction and is char-
acterized by tectonic contacts with the Tafuin and Tin-
kan granitoid intrusions (Fig. 1). Its eastern contact
with the Tafuin massif is partly overlain by Lower Per-
mian terrigenous rocks. The Anna massif is largely
composed of fine- to coarse-grained banded amphib-
olites—pyroxene gabbrodiorites with subordinate gab-
bro and pyroxenites. The rocks are intensely altered.
The K—Ar ages available for the Anna gabbro—
amphibolites are 615, 533—537, 400—500 (according
to E.S. Ovcharek), and 200—250 Ma (according to
A.V. Oleinikov with colleagues, 2002). The U—Pb
method for the zircons yields an age of 526 Ma [23].

Despite the older geochronological dates obtained
for the Anna massif as compared with that of the Taf-
uin one, the whole set of structural elements of the
former indicates its structural formation during the
Late Paleozoic geodynamic period and the corre-
sponding latitudinal orientation of the lateral com-
pression.

The Anna massif has a “younger twin” represented
by the dike-shaped Gaidamak gabbrodiorite intru-
sion, which is characterized by a similar structure and
composition. Gabbroid massifs, which are established
in the Gaidamak Bay area, where they are traceable in
road excavations, also cross the Tafuin intrusion
(Fig. 1).

The structural patterns of the Anna and Gaidamak
intrusions indicate that the Late Paleozoic sublatitudi-
nal compression, the impact of which is vague in the
Tafuin massif, is widely reflected in them as a struc-
ture-forming factor. The principal structural features
of the Anna and Gaidamak intrusions pointing to the
external dynamic impact are primarily the practically
meridional cleavage, the foliation parallel to the latter,
and the shear pseudofolds. This set of indicators is
similar to a significant extent to that characterizing the
dynamic environments of the Tafuin massif’s forma-
tion. The sole difference consists in the different ori-
entations of these structural elements in the Anna and
Gaidamak massifs as compared with the Tafuin plu-
ton. The shear folding is defined by analogy with the
structure of the Tafuin massif, where such structures
are widely developed particularly in the form of aplite
bodies [15, 16].
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Fig. 3. An example of the stratiform inclusion of altered clastic rocks (2 and 3) among gabbro (1) in the Anna massif (a); a “bed”
of dark gray fine-grained rocks with cleavage, foliation, and flattened subangular silicified inclusions (b).

The encircled numbers: (1) massive light greenish gray fine- to coarse-grained gabbro with cleavage and foliation mostly along
the cleavage; (2) dark gray fine-grained gabbro with an admixture (up to 5%) of inclusions; (3) the same as (2) but with more
abundant (up to 10%) inclusions; (4) inclusions of silicified rocks.

Hereinafter, the small circles indicate the measurement points of the structural elements’ orientation, the fraction designates the
azimuth (numerator) and the dip angle (denominator) of the structural element in degrees; the line in a small circle corresponds
to the position of the structural element in the plane (here and in Fig. 4): the cleavage (cl), the contact between the bodies (cn),
the fold limb (Im), the banding (bn), the layering (Ir), the taxitic textures (tx), the fissure (fs), and the fold hinge (hn).

RUSSIAN JOURNAL OF PACIFIC GEOLOGY Vol. 7  No.2 2013
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Fig. 4. Small structural forms in the Gaidamak (a, b, c) and Anna (d) gabbroid massifs.

(a) Meridional (along the chord) rhombic cleavage in gabbrodiorite (1) and a “bed” of granites (2) in the Gaidamak massif; (b,
c¢) shear pseudofolds of the meridional strike in gabbro with taxitic and cleavage textures (1) emphasized by pinkish fine-grained
leucogranites (2) in the Gaidamak massif; (d) an antiform fold in gabbroids (1) outlined by beds of pinkish granites (2) in the Anna

massif. For the photographing point, see Fig. 1.

(1) Dark gray fine-grained gabbro; (2) “beds” of light pinkish fine-grained granites.

In the Anna massif, the gabbro include the pro-
tolith substrate that forms large lenses and beds with
inclusions (10—15%) of presumably detrital origin.
Clasts are silicified, isometric or subangular in shape,
and from fractions of a millimeter to 2—4 centimeters
across (Figs. 3a, 3b). The lenses could primarily be
volcanogenic (?) in origin probably representing
relicts of bedded varieties of the Avdokimovka com-
plex, although with primary textures entirely masked
by cleavage and foliation.

The cleavage formation involves approximately
two-thirds of the Anna and almost the entire Gaida-
mak intrusion, being developed with variable intensity
(Fig. 4a). The available factual material is consistent
with the standpoint expressed in [7, 24, 29, and others)
on the tectonic nature of the cleavage in contrast with
the alternative although rightful opinion that this
structural phenomenon may be explained by the fluid
activity [5 and others]. According to [24], the further
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development is accompanied by the replacement of
the cleavage by cleavage foliation and banding.

Indeed, the cleavage observable in the Anna and
Gaidamak massifs is formed similar to pure shear
deformations by systems of conjugate closely spaced
shears [30] intersecting in plan at conjugation angles
of #140°—160°. The length and thickness of the cleav-
age shears are variable. The large continuous fissures
and microfractures are several tens of centimeters and
up to <1 mm long, respectively. Large fractures (dislo-
cation zones) are up to 1 mm thick and short (a few
centimeters and millimeters) fissures are character-
ized by their microscopic thickness. Correspondingly,
small cleavage fissures are abundant, while their larger
counterparts occur less commonly. The planar sizes of
the rhombs (lithons) fringed by cleavage shears are
also variable. The rhombs with the following long
diagonals (the long diagonal is the chord of the cleav-
age) are definable: 70—60, 25—20, 4—3, 2—1 cm, 3—
1 mm, and smaller (Fig. 4a). The cleavage chords
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extend in the meridional direction. Precisely the
chord orientation is usually considered as the orienta-
tion of the whole cleavage system. It is believed that
cleavage is the most characteristic attribute of the plas-
tic deformations. It means that, in our case, it was also
formed in a plastic medium; therefore, the conjuga-
tion angles between the cleavage shears along the prin-
cipal strain axis are regularly obtuse, which represents
a property of the system of conjugate shears in the
plastic and brittle—plastic media [25, 26].

It is remarkable that the orientations of the cleav-
age fissures bordering the rhombs (lithons) and fault-
ranked fractures bordering the Anna massif are similar
to each other. The massif is shaped as half of a large
rhombic lithon. It is conceivable that its second half
buried under the waters of the Peter the Great Gulf
supplements its rhombic configuration. The meridi-
onal position of a large diagonal coincides with the
cleavage chords.

The primary folded structures in the protorocks of
the Anna and Gaidamak intrusions are indefinable in
contrast with the secondary forms: the shear pseudo-
folds are emphasized by undulating granite bodies.
From the viewpoint of the formation dynamics of both
intrusions, these secondary pseudofolds are analogous
to their counterparts in the Tafuin massif, where they
are filled with material of the granite and aplite phases.
In both massifs, the pseudofolds are formed by systems
of gentle conjugate shears (pure shears), which serve as
their limbs. Therefore, large areas of limbs located
away from hinges exhibit a planar form and, judging
from the sliding striation, are characterized by low dis-
placement amplitudes and terminal curvatures of the
structural elements and represent counter thrusts. The
surfaces of the counter thrusts are marked by light
pinkish gray granites corresponding in their appear-
ance and composition to varieties of the first phase in
the younger Tinkan massif and visually emphasizing
pseudofolds (Figs. 4b—4d). Some folds are marked by
fine dotted banding and foliation. Owing to such fea-
tures, it is well seen that the hinges are characterized
by rounded outlines due to the bending of the shears or
the flattening of the angles under the subsequent
movements. The maximal width of the continuously
traceable fragments of hinges in some pseudofolds
slightly exceeds 50 m (Fig. 4d), and its minimal value
varies from a few meters to tens of centimeters. The
flattened hinges of pseudofolds (or lines of fold-form-
ing shears emphasizing limb conjugation) extend in
the near-meridional direction similar to conjugations
of cleavage shears, which serve as reliable indicators of
the position of the intermediate deviatoric stress (or
intermediate strain axis). Inasmuch as the fold-form-
ing conjugate shears represent counter trusts, the prin-
cipal strain axis occupied the near-latitudinal subhor-
izontal position orthogonal to the direction of the fold
hinges and conjugations of cleavage systems. Judging
from the shapes of the folds, their formation mecha-
nism in longitudinal compression environments pro-
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posed for explaining the structure of the Tafuin massif
[15, 16] is also applicable to the structures of the Anna,
Gaidamak, and other basic intrusions.

The trends of the shear elements of the pseudofolds
observable in the coastal outcrops of the Anna and
Gaidamak bays are plotted in the main diagrams con-
structed for the massif under consideration (Fig. 2b).
The groups of the main maximums (I, IV—VII) in the
peripheral part of the diagram illustrate the steep posi-
tion of most of the cleavage elements and parallel foli-
ation. Maximums II and III in the central part of the
diagram characterize the positions of gentle shear ele-
ments of pseudofolds. The patterns of the pole isocon-
centations with maximums I, I1, II1, IV, V, VI, and VII
form three main belts (1—3), which reflect with a cer-
tain confidence the principal strain axes. The interme-
diate axis s,, which corresponds to the axes of the
above-mentioned belts (arrows 1—3), occupied the
gentle submeridional position. Correspondingly, the
variations in the sublatitudinal compression axis s,
were characteristic of areas along equators of these
belts (in other words, dynamic planes s;s;). At the
same time, variations in the extension axis s; as a nor-
mal to planes s;s, were oriented in this case subverti-
cally reflecting the dynamics of the uniaxial sublatitu-
dinal compressive stress. Let us pay attention also to
the fact that the belt in Fig. 2b with the axis corre-
sponding to the hinge of the real pseudofold in the
Gaidamak massif (Fig. 4¢) is incorporated into a
group of belts of “pseudofolded” shears 1—3. The
above-mentioned natural pseudofold reflects, as a typ-
ical example, the styles and positions of most of the
small pseudofolds in the Anna and Gaidamak intru-
sions. Such a coincidence between the statistical and
real situations is hardly incidental. It allows us to speak
in this situation about the distinct dynamic similarity
between the in fact different-order and different-scale
folds. The structural and dynamic consistencies
between the statistical and natural structural patterns
support an assumption of the dominant role of the
gentle sublatitudinal compression.

The Mesozoic NNW-oriented compression is a
postintrusive phenomenon that took place after some
temporal break in the massif’s formation, since it is
largely reflected in brittle shear dislocations. As in
other areas, the shears are oriented in the NNE and
NE directions and represent sinistral strike-slip faults
accompanied by slickensides and small-scale axono-
clinal folds of the corresponding type. The dextral
NNW- and NW-trending strike-slip faults, which
develop usually in such dynamic situations under the
regional compressive strain, are less frequent. Several
strike-slip faults up to >5 km long are definable.
Small-scale sinistral strike-slip faults occur at dis-
tances of a few hundred meters from each other. Dex-
tral strike-slip faults are observable only in the form of
small fractures. Depending on the types of strike-slip
faults, they are accompanied by small oblique en ech-
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Fig. 5. Subdetrital inclusions of foliated and thin-banded gabbro with relict latitudinal orientation (1) and gabbrodiorites (2) with
meridional taxitic textures in the Dunai massif. For the photographing point, see Fig. 1.

elon fault-line S-shaped break-away faults with right-
or left-lateral steps. The break-away faults are usually
filled either with quartz or red aplite-like granites
almost similar to granites of the second intrusive phase
in the Tinkan massif.

The combination of fold—cleavage structural pat-
terns in the gabbroids that resulted from the sublatitu-
dinal compression and the superposed typical shear
structures formed by the NNW-oriented compression
implies the formation peak of the Anna and Gaidamak
gabbroid massifs most likely closer to the Late Paleo-
zoic period.

Dunai Massif

The massif is located on the eponymous peninsula
(Fig. 1c¢). Based on the similar composition and pre-
sumable age, its rocks are attributed to the Vladimiro-
Aleksandrovskoe gabbro—peridotite complex. The
following K—Ar dates are available for the Dunai and
other similar massifs: 572 £ 14, 563 £ 15, and 610 Ma
(according to E.S. Ovcharek and A.V. Oleinikov and
others, 2002). Based on these dates, the rocks are con-
sidered to be the Early Silurian in age (G.S. Belyanskii
and others, 2006).

Despite its small size, the Dunai massif'is heteroge-
neous. It exhibits structural patterns characteristic of
strain fields corresponding to all three defined geody-
namic periods. At the same time, they are dominated
by structures produced precisely by latitudinal com-
pression during the Late Paleozoic geodynamic
period. The massif includes separate relicts of ancient
rocks with unclear contacts, which are attributable,
based on their lithological and structural properties, to
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the Avdokimovka and Sergeevka complexes. By the
same features, other rock types are very similar to the
younger Anna gabbrodiorite complex.

The Late Proterozoic—Early Paleozoic meridional
compression is reflected in the structure and positions
of large and small inclusions in the form of thickened
lenses among the gabbrodiorites. Frequently, small
lenticular and angular inclusions occurs together
(Fig. 5). Large inclusions usually have no distinct con-
tacts with the host rocks. The banded structures of
these inclusions are emphasized by the thin (up to
1 mm) frequently alternating (every ~1—5 mm) white
(plagioclase—quartz) and black (pyroxenite) discon-
tinuous “laminae.” In some laminae sections, they
look like bands against the background of fine-grained
dark gray gabbro (probably, metagabbro) structurally
resembling relicts of garnet-bearing metagabbroids of
the Avdokimovka and Sergeevka complexes among
structurally Tafuin granites [15]. Such a similarity is
also evident from the sublatitudinal strike of structur-
ally structural elements. This feature allows the rocks
to be confidently considered as relicts of the ancient
host framework. It is noteworthy that large fragments
of such rocks confined mostly to the eastern part of the
Dunai massif (Figs. 6a—6c¢) exhibit small folded struc-
tures emphasized by banding. The folds are character-
ized by relatively gentle shapes. They are from 1—-2 to
20—30 m wide and structurally dip angles at their limbs
amount to 20°—40° and, less commonly, 60°. The
folds demonstrate notably dominant SSW vergence.
The hinges of these folds usually dip gently (10°—15°)
in the ESE (110°—120°) and opposite directions. The
axial surfaces of the folds are accompanied by steep
parallel cleavage. The folds also involve large quartz—
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Fig. 6. Small structural forms in the Dunai gabbroid massif.
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(a, b, ¢) Pseudofolds and cleavage produced by the meridional Late Proterozoic—Early Paleozoic compression; (d, e) pseudofolds
emphasized by banding and stratiform granite inclusions produced by the sublatitudinal Late Paleozoic compression;

(f) pseudofolds produced by the NNW-oriented Mesozoic compression; (g) pseudofolds and subcleavage dike-shaped banding.

(I) Dark greenish gray fine-grained banded and foliated gabbro; (2) large quartz—plagioclase bands; (3) granite—granodiorite
bodies among gabbro and gabbrodiorites; (4) abundant narrow quartz—plagioclase bands; (5) fine- to coarse-grained taxitic gab-
brodiorites (a) with amphibolite schlieren (b); (6) en echelon quartz veins conformable with banding; (7) taxitic gabbrodiorites;
(&) taxitic granites; (9) veins of andesites (1) and dacites (2) developed after cleavage; (/0) fine-grained to aphyric gabbro;
(11) fine-grained diorites; (12) cleavage; (/3) direction of the material flow; (/4) point of measuring the orientation of the struc-
tural elements: the azimuth (numerator) and dip angle (denominator): (cn) the contact between the two rock varieties, (Im) fold
limb, (hn) fold hinge, (tx) taxitic textures, (bn) banding; (15) fractures (F) with displacement features; (16) direction of the prin-
cipal normal compression 6| with the index of the presumed age: (1) PZ,, (2) PZ,, (3) MZ.
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Fig. 7. Taxitic and gneissic textures expressed by short and
long narrow amphibole lenses in diorites of the Dunai
massif.

plagioclase bands (layers). It is conceivable that these
folds were formed synchronously with the banding,
since some hinges demonstrate an increased thickness
of the quartz—plagioclase bands. The dominant orien-
tation of the banding and foliation in the inclusions is
reflected statistically in the maximums of poles 111, VI,
IX, X that form belt 6 and poles XI and XII of belt 7
(Fig. 2¢). The axes of these belts, which coincide with
the orientation of the hinges in the natural folds, imply
the latitudinal position of the intermediate strain axis
and, in addition, the meridional direction of the com-

. 1 . . . . .
pression G, , which is consistent with the compression

trend during the Late Proterozoic—Late Paleozoic
geodynamic period.

Unfortunately, no distinct relationships between
the large inclusions of the older foliated gabbroids and
the younger host magmatites are observable in the
Dunai massif. The host gabbro and gabbrodiorites
enclosing small inclusions demonstrate meridional
taxitic textures, while the inclusions are characterized
by latitudinal foliation and small-scale banding.
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Therefore, proceeding from the available factual data
on the orientation of the different deformation ele-
ments in the massif that were formed during the Late
Proterozoic—Paleozoic and Late Paleozoic geody-
namic periods [14], such features may be interpreted
as documental indicators of the strains characteristic
of both these periods with the replacement of the
meridional compression vector by the latirudinal one.

The Middle—Late Paleozoic latitudinal compres-
sion was responsible for the structural patterns of the
whole Dunai massif. This is primarily evident from the
folds (probably, pseudofolds) and the structures
emphasized by the rough banding probably similar in
genesis to the intercalations of the Tinkan granites
among the Anna gabbrodiorites. In this massif, the
banding is accompanied by meridional taxitic textures
expressed in diorites by small amphibolitic lenses
(Fig. 7) and cleavage fractures that form with folds a
regular paragenesis. Large fragments of folds (usually
limbs and, less commonly, hinges) are observable in
the cliffs of the Peter the Great Gulf (Fig. 8). The
width of the folds estimated from the banding dip
angles on their western and eastern limbs is 500—
600 m, and their height never exceeds 100 m. Small
folds up to several tens of meters wide and up to ten
meters high were observed immediately in outcrops
(Figs. 6d, 6¢e). The folds are composed of bedded or
foliated dark gray fine- to medium-grained taxitic gab-
bro, gabbrodiorites, and subordinate diorites. All the
rocks are characterized by rough banding, which is
represented by beds (?) of leucocratic and subordinate
melanocratic material. The thickness of the bands
alternating every 50—10 cm to a few meters varies from
a few centimeters to several meters.

The folded patterns are emphasized by the statisti-
cal distribution of the poles of the foliation and band-
ing elements, which form pseudobedding (or
“subbedding”). Indeed, the poles of these elements
form the most distinct maximums I, I1, I1I, VI, and VI
in the corresponding diagram (Fig. 2c). These maxi-
mums are grouped into belts 1 and 2, which character-
ize, similarly to the above-mentioned situations, the
idealized model of cylindrical folding under the latitu-

dinal compression vector Gf (Fig. 2¢). As was men-

tioned, the latter was characteristic, in our opinion, of
the Late Paleozoic geodynamic period [14]. The inter-
mediate strain axis occupied a gentle position and was
meridionally oriented at that time corresponding usu-
ally to the directions of the belt axes (belts 1 and 2).

The large folds are geometrically similar to their
smaller counterparts (Figs. 6d, 6¢). Being compared
with traditional folding (Fig. 6d), the pseudofolds
formed by bands point to moderate to strong compres-
sion. Recumbent folds of dominant western vergence
are also frequent (Fig. 6¢). The small pseudofolds are
complicated by microforms. Combined with the ter-
minal curvatures, their vergence reflects the upward-
oriented movements at limbs of larger folds. Such
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Fig. 8. A system of frequently alternating meridional acid and basic veins (3) developed among roughly “bedded” gabbro (1) and

diorites (2).

movements also determined the formation of many
small-scale en echelon quartz veinlets arranged in a
stepwise manner at the fold limbs (Fig. 6d). It should
be emphasized that all the above-mentioned folds are
oriented orthogonally to the latitudinal lateral com-
pression vector, which is exclusively characteristic of
the Late Paleozoic structures in the western and south-
ern Primorye regions.

Another important structural feature observable in
the western part of the Dunai massif deserves attention
(Fig. 6g). In this area, the gabbro are characterized by
coarse-rhythmical heterogeneity probably related to
layering with orientation corresponding to the kine-
matics of the Late Proterozoic—Early Paleozoic geo-
dynamic period. This heterogeneity is expressed by the
rhythmical “beds” of granodiorites 3—5 m thick
among the gabbro and gabbrodiorites. The gabbro and
gabbrodiorites are greenish gray to dark gray rocks,
while the granodiorites are fine-grained pinkish light
gray similar to other varieties of the massif, taxitic, and
with distinct orientation of the amphibolites and sec-
ondary biotite. It is remarkable that the orientations of
the taxitic textures and foliation coincide with each
other: dip azimuths of 330°—350°; dip angles of 45°—
70°. In other words, such orientation coincides
roughly with the strike of the structures formed by the
meridional compression during the Early Paleozoic
geodynamic period. In our opinion, its deviation from
the latitudinal direction is explained by the insignifi-
cant counterclockwise rotation consistent with left-
lateral displacement along the nearby Dunai fault
(Fig. 1).

The foliated and taxitic textures of the gab-
brodiortes were superposed by a system of transverse
closely spaced steep dikes dipping in the NNW and
NS directions (Fig. 6g), The dikes 20—30 cm thick
alternate in a fine rhythmic manner every 40—50 cm.
They are probably the same veins or dikes observable
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in the vertical section in Fig. 8. Judging from their
lithology, the dikes belong to two generations: the
older dacitic and the younger andesitic crossing the
former at very acute angles. Figure 6g shows that the
dikes are displaced along the fractures developed sub-
sequently parallel to the taxitic textures. Such a sublin-
ear concentration of dikes (?) looks like coarsely
rhythmical banding (probably resulting from tectonic
pulses) extending along the coast for hundreds of
meters. This coarsely rhythmical banding corresponds
to cleavage oriented orthogonally to the dominant lat-
itudinal compression vector characteristic of the Mid-
dle—Late Paleozoic geodynamic period.

Mesozoic sinistral strike-slip deformations. The
dynamic consequences of this period are relatively
well developed in the Dunai massif, probably even bet-
ter than in other intrusions. It is sufficient to say that
fragments emphasize the acute carinate folds with
subhorizontal NE-trending hinges. In the diagram
(Fig. 2c), the secondary maximums (VII and VIII)
form peripheral shear belts 3, 4, and 5, which may be
considered as resulting from the Mesozoic NW-ori-

ented compression G; with the steep positions of the

axes of these belts and, correspondingly, an intermedi-
ate strain axis. Their spatial position and patterns are
reflected in the diagram (Fig. 2¢) by the maximums
and equators of the banding belts, which also show the
positions of the intermediate strain axes represented
by fold hinges and belt axes. The intermediate strain
axis s, is oriented in the NE direction. The banding
bends that resulted in the formation of superposed
belts are most likely related to the NE-trending strike-
slip dislocations of the Mesozoic geodynamic period

(Fig. 6f).
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Tinkan Granite Massif

Its granites are involved into pseudofolds of the
Anna gabbroid massif likely in response to extension,
which probably explains also less developed taxitic
textures and uniform crystallization of also rocks.

The Tinkan massif is located in the mouth part of
the Rudnaya River and crops out at the Rudnev Bay
coast. It is isometric in plan and has tectonic contacts
with the Anna massif in the east and Paleozoic strati-
fied sequences in the west. In its northern part, the
massif is overlain by Jurassic sediments and intruded
by Mesozoic granites (Fig. 1). The massif is two-phase
in origin: the first phase is represented by yellowish
light gray massive leucogranites with biotite, and the
second one, by plagioclase—K-feldspar pinkish
inequigranular granites and, less commonly, their
gneissoze varieties. According to the legend to a series
of geological maps, the massif is the Early Permian in
age. The K—Ar geochronological dates are contradic-
tive: 244, 230, 226, and 220 Ma (according to
N.I. Polevaya); 555, 280, 265, 223,211, 206, and 184—
107 Ma (according to E.S. Ovcharek, Rudnaya Bay,
K—Ar bulk analysis). It is considered that such differ-
ent age estimates are explained by the superposition of
Cretaceous magmatic phases.

Unfortunately, the Tinkan massif'is structurally less
investigated due to its heterogeneous lithology and
poor exposition. Nevertheless, it exhibits single simi-
larity with the Anna intrusion: it is characterized by
vague gentle likely shear pseudofolds and by their
shapes, sizes, and orientation resembling the Anna
pseudofolds. Their difference consists only in the rock
lithology. In the Tinkan massif, the host rocks are rep-
resented by leucogranites of the first phase, while
bended pseudolayers are composed of pinksh K-feld-
spar granites of the second phase. The thickness of the
pseudolayers varies from 10 to 30 cm. Hinges of such
pseudofolds are usually gently dipping in the meridi-
onal direction. In their hinge areas, the pseudofolds
exhibit vague linearity in the distribution of the acid
plagioclase grains and K-feldspars in the surface frac-
tures subparallel to the intermediate strain axis o,.
Locally, there are closely spaced cleavage-type fissures
produced likely by the sublatitudinal compression. In
addition, granites of the Tinkan intrusion enclose spo-
radic small gently curved gabbroid bodies very similar
to small pseudofolds with meridional bend lines,
which also points to the probable influence of latitudi-
nal compression.

DISCUSSION

The graphical and statistical methods used for the
analyses of the structural patterns and parageneses
including the structures of five orders characterizing
the mesoscale geological space’s organization in the
basic intrusions of the southern Primorye region made
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it possible to obtain new factual data concerning this
aspect.

The dominant structural patterns inherent in the
different-order systems and interpreted on the differ-
ent-scale maps, plans, and sections, as well as imme-
diately in some outcrops, may be considered as geody-
namically similar to each other, i.e., paragenetically or
genetically interrelated. Moreover, this relationship is
so close that supplementing each other they unambig-
uously point to the latitudinal lateral compression as a
principal structure-forming factor [27, 30].

The same is true of the suppressed structural fea-
tures observable in the examined intrusions. At the
same time, each of them is controlled by the particular
deformation style corresponding to one of three geo-
dynamic periods: the Late Proterozoic—Early Paleo-
zoic with the meridional direction of the principal lat-
eral compression vector; the Middle—Late Paleozoic
with the dominant latitudinal compression vector; the
Mesozoic with the NNW-oriented compression [14].
If the orientation is ignored, the main structural fea-
tures including the conjugate shears, cleavage, and
primary (shadow) and secondary (pseudo) folds,
which are defined for different geodynamic periods
using some dominant property or certain set of ele-
ments, are principally similar to each other. The suc-
cession in the formation of the structural plans charac-
teristic of these periods is also similar.

The data on the stable position of the relict primary
host magmatites obtained for the Dunai massif point
to the absence of a structure-forming force also in the
basic magma, which was insufficient even for the dis-
turbance of the past orientation of the protoinclusions.
Such a phenomenon usually characteristic of granite
massifs is likely widespread. It means that the magma
passively filled free spaces in the primary framework,
which appeared during the deformation under the
influence of external forces. It should be emphasized
that the structural patterns of the primary framework
in the granites are expressed in the form of the initial
(not reoriented) shadow textures.

Another important feature in the structure of the
examined massifs is represented by the shear pseudo-
folds. These structures in the basic massifs are more
distinct than in the granite intrusions. They are fre-
quently composed of very contrasting late magmatic
material. In the Anna and Gaidamak basic intrusions,
such shear pseudofolds are marked by pinkish Tinkan
granites. The observations in the southern and western
Primorye region reveal an interesting phenomenon:
the positions of the earlier structural elements remain
unchanged during the formation of such structures (at
least at the initial stages). At the same time, the sec-
ondary structures recognizable by analyzing the sec-
tions and natural pseudofolds [15] frequently form
usual convergent (by an antiform) folds [30], which
are frequently interpreted in metamorphic and igne-
ous rocks as indicating a material flow. In our earlier
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work, we proposed the mechanism responsible for the
formation of such folds in response to the develop-
ment of conjugate shears initiated by a pure shear in
systems of conjugate shears, which represent counter
thrusts [15]. Such a model is also applicable for
explaining the structure of basic massifs.

The pure shear mechanism is likely responsible also
for the formation of the cleavage particularly well
developed in the Anna intrusion. In this massif, pure
shear acted in accordance with the low of plastic
shearing [24] with obtuse angles between the intersect-
ing cleavage systems represented mostly by shears of
two directions. Moreover, the cleavage chords are sub-
parallel to the axial surfaces of the primary and sec-
ondary folds in the section and to the hinges in plan. It
should be noted that the secondary taxitic textures and
banding in the basites are spatially subordinate to the
position of the principal structural features.

It should again be emphasized that the available
data point to the dominant external compression vec-
tor during each of the defined geodynamic periods.

The idea of the dominant external compression
during the structure formation in intrusions was
shared by the classics of structural geology such as, for
example, Azhgirei [1] and Cloos [28]. When analyzing
the types of the linear positions of the minerals in
intrusive rocks, the first of them noted the coincidence
of their orientation with the general strikes of the
folded tectonic structures beyond the massifs. Based
on these observations, he arrived at the conclusion that
the orientation in the granite massif results from the
influence of the regional tectonic forces on the host
rocks and the partially solidified intrusion. Similar
data provided grounds for Cloos to consider that the
linear orientation of the crystals in massifs does not
reflect the direction of the magma flow; it depends on
the external compression, which is responsible for the
flattening of the material and, correspondingly, the
elongation of the formed massif.

This is likely the case: the examined intrusions are
elongated precisely in such a manner, i.e., along the
intermediate strain axis. It is remarkable that the posi-
tions of the strain field axes (the maximal, intermedi-
ate, and minimal) were established using the different-
order features (from micro- to megascopic) by imme-
diate observations, graphical constructions, and statis-
tical analysis.

The elongations of all the massifs are sufficiently
well correlated with the directions of the compression
during the different geodynamic periods. The Tafuin
massif is elongated in the ESE direction orthogonally
relative to the Proterozoic—Paleozoic NNE compres-
sion, while the Anna, Gaidamak, Dunai, and Tinkan
massifs are oriented in the meridional direction, i.e.,
orthogonally to the Middle—Late Paleozoic latitudi-
nal compression vector (Fig. 1). Similarly, the
Uspenka (K,), Vodopadnoe (K,), and Benevskoe (K,)
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intrusions are elongated orthogonally relative to the
Mesozoic NNW-directed compression [11].

All the important structural elements of all the
massifs are regularly consistent with the axes of the
strain fields. The same is true of the Late Cretaceous
intrusions of the Petrovka depression (Fig. 1), which is
also established by the natural observations. It is of
interest that the dominant NE elongation of the Cre-
taceous massifs coincides with the orientation of the
folded structures. The contacts between the dikes and
host intrusions of the moderately acid and intermedi-
ate—basic compositions are frequently gradual. There
is an impression that such relations between the gran-
ite intrusions and Mesozoic sedimentary rocks are
widespread. It is conceivable that we are dealing with
the initial stages of the process aimed at the replace-
ment of the sedimentary rocks by the products of the
tectono-magmatic transformations of the Sergeevka
substrate. Following this impression, we may assume
that the sharp contacts between the granites and host
rocks are more frequent near the tectonic fractures.
Precisely these areas are potential for the development
of the effect of dynamic screening owing to the mobil-
ity of the shear limbs synchronous with the accumula-
tion of the magmatic material. If the screen (for exam-
ple, dikes) is mobile at least for some short period, this
may lead to a gradual decrease in the grain-size com-
position of the igneous rocks up to the appearance of
aphyric textures near the contact. Thus, this may result
in developing the effect of the quenching zone. It is
probably not incidental that any contact of the massif
or dike coincides with the orientation of one or a group
of shear fissures belonging to the dominant fracturing
system.

Taking into consideration the available material, it
should be noted that the geodynamic period comprises
several pulses, since the organization of the structural
forms exhibits discrete patterns. This is particularly
well seen in the Tafuin massif with its two pulses in the
reorientation of the compressive strains with the angu-
lar difference of 10°—15°. This and other massifs dem-
onstrate a distinct succession of shear pseudofolds
without the visible distortion of the earlier (including
shadow) structures. These pulses should be considered
as local derivatives of insignificant pulses in the princi-
pal compression, although more essential pulses in the
geodynamic activity, which resulted, in combination
with palingenic processes, in the transformation of the
ancient substrate, cannot be ruled out. It is conceiv-
able that these activity pulses are correlative with the
available geochronological dates. At the same time,
judging from rare publications, the dates correspond-
ing to the recent level of the investigations are rare and
cannot be used for such an analysis. The mass K—Ar
age estimates are considered incorrect in many
aspects, although, in some situations, they could be
used for the correlation of the metamorphic and mag-
matic complexes constituting the examined massifs of
the Sergeevka terrane with tectonic pulses. The struc-
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ture of the Dunai massif implies repeated lithotectonic
transformations within a relatively limited crustal
space. This may serve as a basis for the “objectifica-
tion” of the available different K—Ar dates for their
testing by more reliable results obtained by advanced
methods.

In this connection, we undertook an attempt to
outline such stages based on the assumed “megalayer-
ing.” Despite the apparent deficiency of data suitable
for such an analysis, we defined four stages in the
development history of the Sergeevka massif with each
characterized by a pair of subsynchronous closely
spaced contrasting granite and basite complexes [11].
In the situation under consideration, the basite Anna—
Gaidamak and granite Tinkan complexes, which pen-
etrate each other along a system of pseudofolds, may
be considered as representing such a pair. The Tinkan
granites are likely present as layering facies also among
the basites of the Dunai intrusion.

This leads us to the important conclusion that the
further development of criterions for the more reliable
dating of geodynamic periods, combined with other
factual data, may provide a tool for geochronological
estimates and their testing.

CONCLUSIONS

The presented data on the structure of the Anna,
Dunai, and Gaidamak gabbroid and Tinkan granite
massifs point to their structurization under latitudinal
compression during the Middle—Late Paleozoic geo-
dynamic period, the middle one among three such
periods established previously in the western Primorye
region. Owing to such dynamics, the formed basite
massifs were likely elongated in the submeridional
direction. Under latitudinal compression, the rock
complexes constituting these intrusions also acquired
the dominant submeridional structural elements: lay-
ering, banding, taxitic textures, cleavage, and folia-
tion. The intermediate strain axes outlined by the con-
jugation lines of the cleavage-forming shears and
hinges of pseudofolds also occupied a gentle latitudi-
nal position.

The investigation of the basite massifs confirmed
the regularities of the structure of the intrusions previ-
ously observed in granite massifs. The main inference
consists in the following: magma fills the free spaces,
which appear in the geological medium under lateral
compression, not breaks through the host substrate.
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