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Abstract  The first data are reported on the structuring dynamics of Western Primorye. The analysis of the
structural parageneses of the least studied macro and mesolevels of the arrangement of the geologic space
allowed us to distinguish three sequentially superposed structural patterns (parageneses), each of which was
formed by its own stress field during separate geodynamic periods: the Late Proterozoic Early Paleozoic, the
Middle Late Paleozoic, and the Mesozoic Cenozoic. During the first two episodes of geodynamic activa
tion (Late Proterozoic Early Paleozoic), the main compression axis was oriented longitudinally. The first
episode was characterized by the formation of a thrust fold structural pattern. The second episode resulted
in the superposition of the meridional riftogenic structures and, respectively, in the pull apart normal fault
segmentation of the crystalline basement into mainly longitudinal blocks, which partially coincide with the
previously distinguished terranes. During the latitudinal compression and oblate deformation that predomi
nanted during the Middle Late Paleozoic geodynamic period, the down thrown and uplifted blocks were
transformed into depressions and arches, respectively. The depressions were filled with Paleozoic sediments,
while the primary rocks in the arches experienced granitization with the formation of two granitic complexes
that joined terranes. The granites are characterized by shadow and shear type fold and pseudofolded forms.
The Mesozoic Cenozoic period governed by NNW compression is divided into the Triassic Jurassic, Early
Cretaceous, and Tertiary tectonic episodes. During the Triassic Jurassic period, the ENE trending narrow
arches and depressions were formed by warping. The arches accumulated granitized rocks, while the depres
sions were compensated for by the Early Late Triassic sedimentary volcanogenic sediments. All these pro
cesses led to the formation of structural complexes that joined and overlapped older complexes of meridional
blocks (terranes) across the strike. Two subsequent Mesozoic Cenozoic episodes manifested themselves in
the discrete formation of coal bearing depressions due to the NNW compression and ENE extension of the
warping products.
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INTRODUCTION

Western Primorye has been studied for more than
50 years by many known geologists during the geolog
ical mapping and prospecting. In addition, Belyaevskii
[3], Bersenev [4, 10], Vasil kovskii, Gnibidenko [11],
and many other researchers focused their attention on
the geological structure of the territory. This resulted
in the recognition of complexes of different genesis
and wide age ranges (from the Riphean to the Ceno
zoic) and numerous metallogenic objects. The Laoe
lin Grodekovo and Voznesenka terranes [34, 35] were
recently distinguished instead of the previous Western
Primorye and Grodekovo lithotectonic zones, respec
tively [13], which are partly in contact via the Western
Primorye fault [4]. The Western Primorye zone or
Laoelin Grodekovo terrane are ascribed to the Jilin

1 Deceased.
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Laoelin fold system [16], which separates the Chinese
shield and the Khanka Massif. The Grodekovo zone
with the Voznesenka subzone represents the Khanka
Massif margin, which is overlapped by Paleozoic sedi
ments, and are combined into the Voznesensky ter
rane. Two approaches have been proposed to decipher
the nature of the Khanka Massif [14]. One approach
suggests that the Khanka Massif is a fragment of the
Chinese Platform activated in the Silurian [14, 31, and
others). According to another approach, this massif is
considered as the core of the continental growth [6,
11, 19, 21]. In spite of the fact that the discussion
between the proponents of these two approaches and
other less significant controversies were based on tec
tonic considerations, the results of structural observa
tions usually were omitted.

The last data on the stratigraphy, magmatism, met
allogeny, and geochronology of Western Primorye



276 NEVOLIN et al.

were obtained in the course of the additional geologi
cal study of the areas of sheets L 52 XXX and XXXVI
on a scale of 1 : 200000 (GDP 200) (Kutub Zade
etal., 2010) (Figs. 1, 2). In this paper, we consider the
structural evolution of this territory with focuses on
the structural arrangement of the geologic space at the
macro and mesolevels. The micro and megalevels
were also distinguished. The microlevel is studied
using a special apparatus. The macrolevel is observed
in rocky exposures, while the mesolevel is deciphered
in the large and small scaled maps of diverse geolog
ical specialization. The study of the megalevel is based
on a system of global methods. Such a series of levels is
consistent with the theoretical system of the structural
arrangement of the lithosphere [8, 9].

The technique of our studies is based on the works
of many researchers of structural tectonic schools.
The main methodical principle is the study of the
structural patterns and parageneses representing direct
dynamic indicators [7, 20]. Following [7, 20], we con
sider the structural paragenesis as a pattern consisting
of structural elements defined by a common dynamic
factor. The structural pattern could be formed by sin
gle or several parageneses. It should be remembered
that the conjugate shears often used in the analysis are
formed under the impact of compression or extension
as a system of intersecting subsynchronous [36] frac
tures [33, 40]. The intersection of shears results in the
formation of two pairs of alternate dihedral angles.
The maximum strain ; is directed along the bisecto
rial plane of the pair of alternate angles orthogonally to
the shear conjugation (intersection) line. The angle

between the main compression axis and one of the two
conjugate shears is termed as the shear or shearing
angle ,while2 isthe conjugation angle. Under con
ditions of brittle deformations, is no more than 45 .
However, under the ductile shearing typical, for
instance, of middle crustal conditions (mesozone
[27]), the angle may reach 70 80 [33]. The mini
mum compression 5 is directed along the bisectorial
plane of the other pair of alternate angles. The
medium compression axis , is parallel to the conjuga
tion line. The conjugation angle, the orientation of the
shears, and their updip thrust kinematic parameters
are used to determine the directions of the main nor
mal compression axes: ;, ,, and 5. The symbols of
the axes are supplemented by the geochronological
index.

The parageneses and patterns were studied by field
measurements, graphical, and statistical methods.
The graphical method consists in the compiling and
analyzing of maps, plans, and sections. The statistical
method reconstructs the model parageneses on the
stereographic projections [30] and is discussed in
detail in [37]. Our statistical models are represented by
diagrams superposed on the Wulff stereonet (upper
hemisphere) using numerous measurements of the
structural elements.

RESULTS OF THE STUDY: THE GEODYNAMIC
PERIODS AND STRUCTURING DYNAMICS

The reference characteristics of the structure and
structure forming stress fields are described by us in

Fig. 1. Structural dynamic schematic map of the southern framing of the Khanka Massif. Compiled by P.L. Nevolin using mate
rials of G.S. Belyansky et al. (2006), T.K. Kutub Zade et al. (2002, 2010), [15] and the author s observations (a).

(1 3) blocks (remnants) of the Riphean Cambrian crystalline rocks: (1) granite gneiss, (2) metapelite and gabbro gneiss,
(3) gabbro , diorite , and granite gneiss; (4) Riphean Cambrian Sergeevsky gabbroid; (5 9) Paleozoic stratified complexes:
(5) Cambrian carbonate terrigenous, (6) Silurian siliceous volcanogenic terrigenous, (7) Devonian volcanogenic basic inter
mediate, volcanogenic carbonate terrigenous, (8) Carboniferous, mainly volcanogenic rocks of felsic composition, tuff, and
tuffconglomerate, (9) Permian carbonate terrigenous and volcanogenic intermediate felsic; (10 15) Mesozoic stratified com
plexes: (10) Triassic silt sandstone, including coaliferous ones; (11) Triassic volcanogenic acid intermediate; (12) Jurassic sand
stone siltstone; (13) Early Cretaceous coaliferous siltstone sandstone; (14) Early Late Cretaceous volcanogenic sedimen
tary; (15) Late Cretaceous volcanogenic felsic; (16 18) Cenozoic deposits: (16) Tertiary coaliferous sedimentary; (17) flood
basalts; (18) Quaternary sediments; (19 22) intrusive rocks: (19) Vendian Ordovician biotite hornblende granite; (20) Permian
hornblende granodiorite granite, (21) Permian (?) gabbro and gabbrodiorite, (22) undivided Mesozoic granites; (23) Triassic
kinematic complex; (24) axes of antiform arches (a) [(Lsh) Lishuchzhen, (Kch) Kachalinsk , (Sp) Spassk)] and synform troughs
(b) [(Pg) Pogranichny, (Vz) Voznesenka)], which were formed due to Paleozoic latitudinal compression; (25) direction of com
pression of geodynamic periods: (PR) Proterozoic Early Paleozoic, (PZ) Middle Late Paleozoic, (MZ) Mesozoic Cenozoic;
(26 27) faults (dash lines inferred, including faults beneath Cenozoic deposits): (26) sinistral stike slips: (WP) Western Pri
morye, (KCh) Kachalinsk, (US) Ussuri, (KB) Kubansky, (27) thrusts; (28) general orientation of overturned limbs of the Kacha
linsky arch; (29) axes of folded and pseudofolded forms in the pre Mesozoic complexes; (30) axes of the Mesozoic arches (a) and
troughs (b) of folds; (31) boundaries of the Triassic complexes localized in the discordant arches and troughs; (32) state boundary
of Russia with China and Korea; (33) coastal strip; (34 35) rough outlines of the discussed basins: (34) Early Cretaceous:
(RZ) Razdol noe, (35) Cenozoic: (TR) Turiy Rog, (ZR) Zharikovo, (PV) Pavlovka, (RZ) Razdol noe; (36) inferred outlines of
arches and troughs in plan.

Terranes joining and overlying the complexes of southern Primorye (after [34, 35]) (b).

(1 6) overlying complexes: (1) Cenozoic, (2) Mesozoic volcanic, (3) Late Albian Paleocene subduction, (4) Late Albian
Paleogene accretionary wedges, (5) Jurassic turbidite basins, (6) Late Permian subduction, (7 8) collisional granites: (7) Meso
zoic Cenozoic, (8) pre Devonian; (9 13) terranes: (9) Cambrian Early Ordovician continental margin volcanic and plutonic
arcs, (10) Early Silurian island arcs, (11) Precambrian active continental margins, (12) Early Cretaceous turbidite basins,
(13) blocks of the crystalline basement, (14) inferred boundaries of the terranes beneath overlying complexes; (15) terrane abbre
viations: (MN) Matveevka Nakhimovka, (LH) Laoelin Grodekovo, (VS) Voznesenka, (SP) Spassk, (SR) Sergeevska,
(SM) Samarka; (16) age of the overlying complexes: JTr  Triassic Jurassic, eK Early Late Cretaceous, (Cz) Cenozoic.
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the order of their evolution. The structure of the area
is formed by three subsequent structural patterns
(Figs. 1, 2), each of which is determined by an inde

pendent stress field [23, 29]. The geochronological
range of the formation of each pattern is termed as the

RUSSIAN JOURNAL OF PACIFIC GEOLOGY \ol. 6
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geodynamic period. We distinguished the Proterozoic
Early Paleozoic, Middle Late Paleozoic, and Meso
zoic Cenozoic periods. With a variable degree of con
fidence, each period is subdivided into 2 3 activation
episodes, which in turn consist of time intervals com
prising higher order pulses.

The Proterozoic Early Paleozoic geodynamic
period is characterized by the meridional orientation
of the maximum compression axis ;. The period is
divided into two dynamic episodes of compression
activation.

The first episode of compression activation marks
the structuring of the metamorphic basement. The
structural parageneses formed during the first period
were preserved in the large and small remnants of the
Riphean Cambrian rocks (Figs. 1, 2). The largest (up
to a few tens of km?) metamorphic massifs were
mapped in the northwestern part of the area (blocks |
and Il in Fig. 2). The first (I) massif is made up of
Cambrian metapelites, while the second massif (I1)
comprises Riphean banded gabbro granite gneisses.
The style of the structural pattern of both the blocks is
shown in the diagrams of the foliation orientation
(Figs. 3a, 3b), where the isolines around the main
maximums (I and V) form extended bands confined to
the equators of the main belts (1). The arrangement of
the belts indicates the folded type of distribution of the
foliation belts among the predominant structural pat
terns. The asymmetry of the folds marked by the pre
dominant concentration of poles in one of the maxi
mums (1) indicates the northern vergence of the plica
tive structures. This pattern is similar to that of the
orientation of similar elements located in Primorye s
largest exposures of the Khanka basement: the win
dows of the Matveevka Nakhimovka terrane
(Figs. 1b, 3c). The style of the parageneses of small
folds shown in the diagrams is confirmed by their
direct observations in the bedrocks in all three above
mentioned blocks. It is noteworthy that the same ori
entations and style of folded parageneses were
observed in the small granite framed remnants (tens
and hundreds of m?) of ancient gabbro granite gneiss,
diorite granite gneisses, metapelite, and marbled
limestones (Fig. 4). It follows that the orientation and
configuration of the structural patterns even in the
small blocks remnants did not experienced signifi
cant changes during the subsequent dislocations.
Their dislocation pattern unambiguously corresponds
to the most typical structural pattern of the Khanka
Massif. Therefore, the deciphering of the stress fields
of the pre Middle Paleozoic geodynamic period using
the structural patterns of the remnants seems to be
correct. It indicates the prevailing submeridional

compression fr during this period. Based on many of
the below discussed features, the medium strain axis

( Sf) gently dips in the NNE direction, being best
expressed by the position of the belt axes (1) in the dia

No. 4 2012
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Fig. 2. Structural dynamic schematic map of the near Khanka fragment of the boundary band of the Western Primorye area.
Compiled by P.L. Nevolin using materials of T.K. Kutub Zade et al. (2006, 2010) and the author s observations.

(1 3)blocks remnantsof the Riphean Cambrian metamorphic rocks: (1) metapelite, (2) granite gabbro gneiss, (3) metapelite
and gabbro granite gneiss transformed during the Paleozoic geodynamic period; (4) Silurian siliceous volcanogenic terrige
nous rocks: (5) Lower Middle Permian terrigenous sediments; (6) Middle Permian volcanogenic and volcanogenic sedimentary
rocks; (7 8) Triassic intermediate volcanics: (7) stratified, (8) extrusive; (9 10) Lower Cretaceous coal bearing deposits:
(9) mainly sandy, (10) mainly silty; (11 14) Tertiary carbonaceous sediments: (11) Paleogene, (12) lower Neogene, (13) middle
Neogene, (14) Upper Neogene; (15 19) intrusive rocks: (15) Vendian (?) gneiss granite with remnants of marbled limestone,
(16) Ordovician biotite hornblende gneiss granite, (17) Permian hornblende gneissose granodiorite granite, (18) undivided
Mesozoic granite, (19) Cretaceous granite porphyry, (20) Triassic kinematic complex: mica schists; (21 24) faults (a dash
denotes inferred faults, including those beneath unconsolidated sediments): (21) with uncertain direction of displacement,
(22) thrusts and reverse faults, (23) extension fractures, normal fault, (24) strike slips. A solid line denotes large strike slips: (KM)
Kamenushkinsky, (NKk) Nikolaev (both dislocations border the regional Western Primorye fault zone), (Bg) Boguslavka, (Kch)
Kachalinsk; (25) axes of folded and pseudofolded forms in the Mesozoic complexes, (26) axes of Mesozoic antiform (a) and syn
form (b) folds: (27) boundaries of intrusive and stratified Triassic complexes localized in the discordant arches and troughs;
(28) Russia China state boundary; (29) points of photos and their numbers in the text; (30) absolute age determinations: U
uranium, K  potassium argon; (31) axes of the Kachalinsk antiform arch (Kch) (a) and Pogranichny synform trough (Pg) (b),
which are derivatives of Paleozoic latitudinal compression, (32) direction of compression during geodynamic periods: (PR) Pro
terozoic Middle Paleozoic, (PZ) Middle Late Paleozoic, (MZ) Mesozoic Cenozoic; (33) points of figures in the text, accord
ing to the numbers; (34) numbers of blocks of ancient rocks for which stereonets were plotted (Fig. 3).

RUSSIAN JOURNAL OF PACIFIC GEOLOGY \Wol.6 No.4 2012



280 NEVOLIN et al.
o
< o
E N
R ™
LL —
>
=2 = 2]
- B 0 3
o < ~ o g
o 2
< - o
—
o
o]
<
)
<~ o
(@]
om
>
c
<
L
c
g N4
)
o N~
a o X X ~ g
. Y} >
2 I ™ 8
L ©
> o
a
N O S IO © ~ ©® O O | N M <
N & & A & N NN e ™ L B B )
o o ?r o o ”g " _
2 5 y g = =
© © ¥ og ¢ x Y o
& <
O 4 N ®m < 1 © ~ oo ¥
<t Lo © N~ (o) (o)) — — — — — — — — —
Fig. 2. Contd.

grams (Figs. 3a, 3b). Correspondingly, the axis of the
minimum stress 5" is oriented vertically.

The second episode of the compression activation of
the Late Proterozoic Early Paleozoic geodynamic
period was determined by the beginning of the disinte
gration of the crystalline basement with the initiation
of riftogenic basins. The basins, which were the pre
cursors of the Pogranichny, Voznesenka, and other
troughs, are determined by extension zones (Figs. 1a,
2). The intervening uplifted blocks have a submeridi
onal orientation parallel to the axis of the main normal

RUSSIAN JOURNAL OF PACIFIC GEOLOGY \ol. 6

compression and the plane ; ,, which is logical for
the Late Proterozoic Early Paleozoic regional stress
field. The uplifted blocks between the basins have the
same orientation. The basins are filled with stratified
sequences. Note that the Voznesenka basin is repre

sented by siliceous carbonate volcanogenic terrig

enous complexes of almost the entire Paleozoic,
except for the Ordovician (Fig. 1), while the Pogran

ichny basin accumulated only Silurian and Permian
stratified rocks (Figs. 2, 5), and the gap between
deposits of different ages is weakly expressed in the
structure and stratigraphy. The differences are possibly

No. 4 2012
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Fig. 3. Diagram illustrating the orientation of the structural and geodynamic elements (Wulff stereonet, upper hemisphere).

(1 3) maximum compression during the geodynamic periods: (1) Late Proterozoic Early Paleozoic, (2) Middle Late Paleo
zoic, (3) Mesozoic Cenozoic; (4) sector of possible variations of the compression orientation; (5 9) orientation of structures of
different dynamic loadings considered in the text: (5) Late Proteorozic Early Paleozoic extension structures, (6) Middle Late
Paleozoic compression structures, (7) Mesozoic Cenozoic extension structure, (8) Early Paleozoic (1) and Mesozoic (2) com
pression structures, (9) Mesozoic structures of tangential strike slip impact (see the text for the explanation).

related to the numerous thrusts of western vergence
spanning the Pogranichny structure. Owing to the dis
integration, the extended basement crossed by normal
faults acquired a mosaic structure, which is indirectly
supported by the high gradient wedgelike gravity
anomalies bounded by linear salients [18].

The parageneses of the fault framework, which
played significant role in the disintegration of the crys
talline basement, were mainly defined during the sec
ond episode. In particular, the formation of the above
mentioned riftogenic basins should be accompanied
by the development of extended longitudinal normal
faults. This process can provoke the formation of a

RUSSIAN JOURNAL OF PACIFIC GEOLOGY \ol. 6

dynamic pair of NE trending sinistral and NW trend
ing dextral strike slips. Later, the fractures of the indi
cated types were repeatedly rejuvenated and trans
formed.

Middle Late Paleozoic geodynamic period. The
structural pattern of the period is well expressed in
Western Primorye. The main structure forming factor

of this period was sublatitudinal compression, EZ , and
the flattening deformations initiated by them. Under
conditions of flattening, which was expressed in warp
ing, folding, and formation of cleavage and gneissosity,
the pre Middle Paleozoic rift depressions and inter
vening uplifted blocks of ancient rocks oriented nor

No. 4 2012
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Fig. 4. Remnants of marbled Riphean (?) limestones among Vendian (?) gneissic granites. The scheme was compiled using the

materials of M.D. Ryazantseva (1970).

(1) remnants of marbled limestones, their shadow contours, and orientation of the bedding; (2) mylonitization in limestones;
(3) inferred trajectory of shadow structures: mylonitization in limestones and gneissosity in granites and their orientation;
(4) gneiss granite; (5) Quaternary sediments; (6 7) inferred axes of folded forms derived by lateral compression: (6) submeridi
onal compression TR, (7) sublatitudinal compression 1PZ; (8) orientation of gneissosity (1), bedding (2); (9) direction of the
compression of the Proterozoic Early Paleozoic (1) and Middle Late Paleozoic (2) periods.

mally to the maximum sublatitudinal compression

fz acquired contrasting morphology of arches and

troughs. The Kachalinsky arch and Pogranichny
trough (Fig. 2), as well as the Lizhuchzhen and Spassk
arches and the Voznesenka troughs in their framing,
were distinguished in the studied area. The negative
morphological structures accumulated and deformed

sedimentary rocks, while the arches served for magma
penetration. The morphological structures of the first
order were complicated by parageneses of the 2nd to
5th orders.

Based on the geochronological dating of granites,
the considered geodynamic period is subdivided into
two episodes of activation: the Ordovician and Sil
urian Permian. Structurally, these episodes practi

_ >

Fig. 5. Tectonic structures of the Sof ye Alekseevka area and dynamics of their formation. Compiled by P.L. Nevolin using the

materials of A.T. Kandaurov et al. (1984).

(1) Cenozoic sediments; (2) Triassic rhyolite, dacite, andesite, trachyrhyolite, and tuffs of all these varieties; (3) Middle Permian
rhyolite and andesite tuffs, sandstone, and siltstone of the Barabash Formation; (4) Lower and Middle Permian coaly siltstone
and sandstone of the Reshetnikovka Formation; (5) Lower Permian rhyolite, rhyolite tuff, and sandstones of the Kazachkinskaya
Formation; (6) Lower Silurian mainly sandstone, gravelstone, and basalt of the Upper Kordonka subformation; (7) Lower Sil

urian coaly siltstone, siliceous clayey shales, basalt, and tuffs of andesite, lenses of cherts of the Lower and Middle Kordonka
Subformation; (8) lenses of cherts (1) and conglomerates (2); (9) Late Permian gabbro; (10) Late Permian medium grained gran

ite of the Ryazanovka Complex with enclaves of the protorocks of the gabbroid basement (?); (11) strike slip (1), thrust (2) and
reverse fault (2); (12) fault of unclear kinematics; (13) areas of sections with the prevailing unipolar dip of the beds (the numbers
denote the dip angle); (14 15) axes of antiform (1) and synform (2) folds (the numbers denote the dip angles of the limbs):
(14) small, (15) large; (16) orientation of the beds: overturned (1) with uncertain and normal attitudes of the bottom and roof (2);
(17) finds of fossil fauna; (18) ore bodies: established (1), inferred (2); (19) axes of inferred shadow antiform folds in granites;
(20 21) direction of regional compression: (20) Late Paleozoic, (21) Mesozoic; (22) complicated by fine folding in the area of

closure of large folds; (23) main water streams.

Diagrams of the orientation of the structural elements (Wulff stereonet, upper hemisphere): (a) bedding and foliation in the rocks
of the Kordonka Formation (345 measurements), (b) bedding and foliation in the rocks of the Kazachkinskaya Formation (207

measurements); (c) fractures and dikes (box), 307 measurements

RUSSIAN JOURNAL OF PACIFIC GEOLOGY \ol. 6
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cally are not expressed. The first and second episodes
were mainly controlled by flattening and formed the
entire main Paleozoic arch trough structure of the
region, while the second episode additionally produced
medium and small structural parageneses, whose fea
tures are reflected immediately in the structure of indi
vidual troughs and arches.

The Pogranichny trough accumulated Silurian and
Early and Late Permian volcanogenic sedimentary
rocks. In general, this trough has an asymmetrical
NW vergent morphology complicated by higher order
folds, which are accompanied by synfolded overthrusts
and upthrusts. The latters include the Kamenushkin
sky and Nikolaev faults, which compose the Western
Primorye fault zone.

The higher order folded forms that compose the
Pogranichny trough are from a few hundreds of meters
to one kilometer in size and define the style of the
structural pattern of the trough (Figs. 2, 5). One of
them, the second order Kordonka anticline, occupies
the middle part of the Pogranichny trough (Fig. 5).
The core of the fold is made up of the Silurian rocks,
while the limbs, Permian rocks. The western over
turned limb of the fold is represented by the most com
plete series of Permian stratified rocks, while the east
ern limb of normal attitude is characterized by the
incomplete rock sequence due to the strong thrusting
deformation. The limbs of the Kordonka anticline are
associated with the folded parageneses of the third,
fourth, and fifth orders, which presumably were pro
duced during the second episode of activation. The
folds of the third (up to 100 m wide), fourth (up to 10
m), and fifth (up to 0 3 m) orders are conformable to
each other, which is reflected in their constant height
to width ratio of ~ 1.5 : 1. Correspondingly, the limbs
are moderately and strongly steep. The complicating
folds are mainly represented by linear submeridional
asymmetrical often westward overturned folds with
gentle hinges; isoclinal folds also occur. In the Early
Silurian Kordonka Formation (Fig. 5a) and Permian
rocks, limbs dip eastward in contrast to the opposite
stratigraphic build up, which is caused by the predom
inant thrusting along low angle and moderate angle
submeridional faults. Correspondingly, the axial sur
faces of the subordinate folds dip mainly to the east
and, more rarely, to the west and vertically. The slick
ensides of smaller folds are consistent with the orien
tation of the limbs of larger folds, while the styles of the
small folds are consistent with and controlled by the
predominant thrust reverse fault subinterlayer move
ments on the limbs. Fold slickensides often coincide
with small thrust faults. This follows from the coinci
dence of the main maximums in the diagram (Figs. 5a,
5¢). Judging from the symmetrical distribution of the
bedding poles in the diagram, the beds of the Kazach
kinskaya Formation are deformed into isoclinal folds,
(Fig. 5b). The folds are often associated with axial sur
face cleavage, which was foliated and plicated. The
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foliation surface is often mylonitized and covered by
chlorite hydromica sericite crusts.

The Voznesenka trough is structurally similar to the
Pogranichny trough. It has the same longitudinal
strike and, in addition, contains longitudinally ori
ented stratified Paleozoic complexes. The structure of
the latters was not studied in detail, but the analysis of
the bedding orientation shows that, dissimilar to the
Pogranichny trough, this trough has a symmetrical
structure of almost regular syncline.

The Kachalinsk arch is located between the Pogran
ichny and Voznesenka troughs. Itistraced inthe N S
direction by metamorphosed Silurian complexes
located among granites. Apart from the domination of
clear flattening, it would be identified as a granite
gneiss dome from its ellipsoid shape. However, all the
parageneses indicate a rather lateral and not vertical
type of maximum compression, because the maxi
mum compression during dome formation should be
vertical. The intruding plutonic body had no struc
ture forming force but only replaced and granitized
pre Silurian rocks thinned in the arches.

The granitization in the Kachalinsk arch led to the
formation of the Silurian Grodekovo batholith, which
has a horseshoe morphology terminating toward the
inferred northward subsidence of the Kachalinsk arch
(Fig. 2).

The boundaries between the granites of different
ages are vague. The Ordovician and Late Permian
granite complexes were distinguished on the basis of
U Pb zircon dating. Some granite areas are charac
terized by extremely high degrees of gneissosity, which
points to their possible Vendian age (Fig. 2). It is note
worthy that the granites demonstrate primary and sec
ondary fold parageneses.

The primary parageneses appear as shadow patterns
that are better observable on the weathered surface of
exposures. Shadows presumably represent the rem
nants of structural forms of precursors during the
granitization (Figs. 6a, 6b). In the fresh chips, they are
supported by dashed foliation accentuated by trajecto
ries conformable to extended mafic minerals. The
shadow folds are multiorder folds. Even one exposure
may contain up to 5 or more complicating orders to
the microscopic level (Fig. 6b). These smallest folds
manifested in the yellowish gray metapelite bed (?) are
remarkably convergent to large forms. In the cores of
the shadow folds, the protorocks are often least altered
andform N Sextended low angle cigar like bodiesin
the granites, thus representing low angle medium

strain and deformation axes ( 5°). The protorocks

that compose such cores have a sufficiently variegated
appearance of deformed metamorphic rocks (Figs. 6a,
6b). The limbs of the shadow folds sometimes reveal
shadow macrobanding in the granites, the beds of
which are often interpreted as granitized flysch unit
rhythms.
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Fig. 6. Shadow folds and pseudofolds in the Late Permian hornblende granites (P3) of the Ryazanovka Complex.

(a,b) N Sextended remnant of ancient metamorphic rocks (1) among granites (2) forming the core of a small tightly compressed
fold, (c) structure of the remnant across the strike: strongly sheared and cleavaged microgabbro (1), boudins of gneissose fine
grained granites (2); (d) shadow folded forms in the granites (1) expressed only on the weathered surface, as well as layerlike aplitic
segregation in granites, which has a concordant microfolded structure (fragment). (e) pseudofolded morphology of the layerlike
aplite body (2) in the granites. Hinge of pseudofolds in fragment F. Systems of conjugate shears (dash) with thrust reverse fault
kinematics (arrows) are distinctly seen in the photo. The medium deformation axis expressed by the similarly oriented hinge of
pseudofolds and conjugation lines between shear thrusts is gentle and meridional.

Hereinafter, the symbols shown in the photo illustrations are as follows: the wide arrows show the direction of the axis of the max
imum compression; the black points show the outcrops of the conjugation lines indicating the position of the medium deforma

tion axis ZPZ; the acute arrows show the direction of the displacement along the shear; the white points show the points of the

measurement of the orientation of the structural elements; the numbers in the numerators denote the azimuth, while the numbers
in the denominator, the dip angle of the plain element; the indices: gn gneissosity, hi fold hinge, thr thrust, rf reverse fault, cn con
tact, Ib fold limb, cl cleavage, and fol foliation; the circled dash denotes the position of the structural element in the image plane.

Secondary pseudofolds were formed later. Their
main difference from the primary folds consists in
their initiation along systems of closely spaced
counter dipping thrusts. Therefore, the limbs of the
pseudofolds are either planar or expressed by surfaces
in the form of broken lines. Some pseudofolds marked
by vein quartz feldspar material overprinted primary
forms without distortion of their configuration. Exam
ples of such folds of different scales are shown in
Figs. 6f, 7a, 7b, and 8. In Fig. 6f, the shear pseudofold
is designated by aplites in the Permian granites. It is
formed by two conjugate shear systems. The eastern
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limb of the fold is low angle planar, while the western
limb has a steep dip expressed by the curved broken
line. The conjugation of the limbs is smoothed and
appears as hinges. This pseudofold is operprinted dis

cretely by two systems of conjugate shears that were
formed by stress fields with close orientation of the
axes. The superimposed shears cause a systematic
reverse fault displacement of the aplites in the eastern
limb of the fold. The conjugation angle of each super

imposed shear system is more than 90°, which indi

cates the mechanism of ductile shearing. In other
words, the earlier folded shear paragenesis and
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Fig. 7. Antiform fold thrust structure of the third and fourth orders in Ordovician granite gneisses under conditions of latitudinal
lateral compression and granitization of the ancient rocks. Collage of photos of the quarry walls in the right side of the Nesterovka

River (see Fig. 2).

(a) general view of the antiform as deciphered from the trajectory of the taxitic texture, foliation, and gneissosity in the granite
gneiss (the dash in image a). The granitization was presumably developed after fyschoid, which is supported by fragments of
locally desiphered primary grading and the normal position of the protorhythms. (b) beyond direct visibility. Figure b and inset ¢
show the thrust zone of the left limb of the antiform, in which the taxitic texture and gneissosity in the granites are concordant
with the direction of the prevailing thrust planes. (d) fragment of the thrust of the right limb; the displacement along it is directed

toward the thrust in Fig. b, which is recorded by the displacement of the aplite

layer. (1) coarse grained granite gneiss,

(2) aplite, (3) fine grained granite gneiss. The arrows show the compression direction; (e) the plan of the location of the photos.

The other symbols are shown in Fig. 6.

superimposed shear parageneses were formed in a
ductile medium. A significant point consists in the
similar sublongitudinal orientation of the medium

deformation axis 5~ which is expressed by at least

three different features: fold hinges and the intersec

tion lines of two systems of superimposed conjugate
shears. This indicates the discrete pulsed impact of the
compressional strains. In other cases, small possibly
shear folds marked by aplites also complicate the
structure of the Cambrian metasedimentary rocks
(Fig. 8a). The shapes of the small folds are geometri

cally and dynamically similar to those of large folds,
one of which is illustrated by a collage of photos of a
quarry excavated in the Ordovician granite gneisses
(Fig. 7). In the photos of the wall and plan of the
quarry, the trajectory of the gneissosity and taxicity
texture show the vergence of the folds, which compli
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cate the arch of the larger antiform. Counter move
ments along thrusts accompanying limbs are unam
biguously defined.

In other words, the granites demonstrate typical
fold thrust paragenesis, which is fragmentarily but
well consistent with the folded shape of the longitudi
nal compression. These structures were presumably
formed almost simultaneously with the granitization,
though some folds were likely shadow, which follows
from the bent granitic beds.

The gneissosity and cleavage accentuating the
dynamics of the latitudinal compression are widely
distributed. They are not indicators of the granite s age
but depend mainly on the character, primarily the
intensity of the stress fields. The gneissosity is
expressed by the linearized aggregates of quartz, feld
spars, plagioclase, and mafic minerals. The degree of
linear ordering of these minerals is different. It should

No. 4 2012



GEOLOGIC STRUCTURE OF WESTERN PRIMORYE: STRUCTURING DYNAMICS 287
o @
@ &
@)
a_ 280
=0 Ib & o
® o
@ S~
o o A
(a) L, L
20
)
% @
@
7 _
) S
(© (d)

Fig. 8. Examples of shear pseudofolding and cleavage in the granites and metamorphic rocks.

(a) small shear fold consisting of aplite. Railway excavation near the settlement of Il inka (see Fig. 2): (1) gneiss granite, (2) finely
cleavaged metasedimentary rocks: siltstone and sandstone, (3) aplites. (b) shear fold in Vendian (?) granite gneiss (1). The fold
was formed by conjugate shears represented by counter thrusts and then subjected to ductile deformations. Quarry in the right
wall of the Nesterovka River. The assignment is shown in Fig. 2. (c) fine rhombic cleavage in granites (1) formed as a pure strike
slip type conjugate shear by latitudinal compression; shear angle 60°. Shears split the rock and crystalline phenocrysts into
small rhombs, thus providing a view of the cataclastic taxitic structure. Quarry on the left side of the Gryaznukha River (see
Fig. 2). (d) quasi fold of the Mesozoic fold thrust warping of ENE trend in the meridionally sheared Permian granites. Numbers
in circles: (1) gneiss granite, (2) andesite dike. A large dash denotes the fold hinge gently dipping to the east, while a small dash
outlines the limbs of the quasi fold. The quarry is located 4 km east of the settlement of Dvoryanka (see Fig. 2).

which was formed by means of a pure strike slip
model. The conjugation lines of its fissures are concor

dant with the medium deformation axis -

be noted that the crystal elongation is mainly subhori
zontal and has a longitudinal direction, thus approxi
mately coinciding with medium deformation axes

7%, which were established by other features. More

over, in many cases, regardless of the degree of gneis
sosity, one of three orthogonal cross sections (the
plane ac (index according to B. Zander) or, in other

words, the plane containing ~ and 5°) of Zander

usually has a common granitic not gneissic structure.
Thus, the coincidence of the linearities of the crystal

The Mesozoic Cenozoic geodynamic period is
related to the regional compression )~ of NNW
direction. Such dynamic conditions correspond to the
well studied sinistral strike slip, which was typical of
East Asia in the Mesozoic Cenozoic [38]. The first
order elements were Triassic Jurassic arches and
troughs, and Cretaceous Cenozoic coal bearing
depression of ENE strike. This period is subdivided

line aggregates with the axis 5, which is marked by

other structural elements, indicates the tectonic
nature of the gneissosity. In addition, the gneissosity is
often accompanied by synchronous cleavage (Fig. 7b),
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into three episodes of compression activation: the Tri

assic Jurassic, the Cretaceous, and the Tertiary,
which are confirmed by reliable stratigraphic data.
The strike slip regime is peculiar in that each of the
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Fig. 9. Probable formation mechanism of the structure of
the Mesozoic depressions under conditions of sinistral
strike slip. (a) and (c) in plan, (b) and (d) in section.

(a) mand n are the sides, h is the height, | is the long diag

onal of the parallelogram that symbolizes the area of the
basin s initiation. (b) section in profile h, the large and
small arrows show the direction of the compression and
thrusting, and the dashes denote the stratified complexes.
(c) the same as in a but the parallelogram was formed by
thrusting and strike slipping; correspondingly, n, h, and |
were deformed into nq, hy, and |;. (d) section in profile h;.
(1) crystalline basement; (2) sedimentary deposits;
(3) sedimentary sediments deformed by warping, (4) kine

matic complexes; (5) arched areas of granitization;
(6) fractures transformed into pull aparts and normal
faults; (7) direction of the main compression 4; (8) direc

tion of warping (crust reduction) or their converging;
(9) direction of extension; (10) thrusts in scheme b;
(11) direction of thrusting in profile d; (12) inferred nor

mal faults forming during the growth of the relief of the
morphostructure.

three dynamic zones experienced two peaks of warp
ing and strike slipping. The role of the strike slip
dynamics in the episodes increases with the decreasing
age of the tectonic events.

The beginning of the Triassic Jurassic episode was
dominated by warping. This resulted in the formation
of alternating antiform arches and synform troughs of
the first order, which at an acute angle cross early
meridional structures extending ENE for 35 40 km at
a width of 3 5 km (Fig. 2). These morphologies are
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well mappable because the troughs are filled with Tri
assic rhyolite andesites, while the arches are made up
of late Triassic and Early Jurassic granites. The volca
nics in the troughs are deformed into longitudinal
asymmetrical folds a few hundred meters wide. Their
hinges dip gently (5 10°C) to the southwest. Warping
is expressed by the dynamically similar processes of
counter thrusting and folding. Typical folded forms
were found in the hinge portions of the Paleozoic
folds, i.e., in the areas where the Paleozoic beds have a
gentle dip. In this case, the beds were deformed into
folds of ENE extension as Mesozoic horizons. In the
brittle metamorphic rocks, granites, and steep limbs of
Paleozoic folds that are parallel to the direction of the
Mesozoic Cenozoic compression, warping was
expressed by the shear paragenesis of counter thrusts
with the subordinate role of folding. The brittle warp
ing superposed onto the early structures can be
exemplified by the small linear antiform observed in
the road quarry near the settlement of Dvoryanka.
This form as a sublatitudinal arch defined by conjugate
counter thrusts is traced across the longitudinal folia
tion and gneissosity of Permian granites and basite (?)
veins (Fig. 8d). Zones of large counter thrusts, which
possibly participated in the formation of arches and
troughs, are represented on the day surface by com
plexes ascribed to a single kinematic complex (Fig. 2).
They are made up of the garnet micaceous blastomy
lonite and mylonite, as well as chlorite and quartz
feldspar sericite dynamoschist with single lenses of
carbonates and siliceous rocks. The complex was
deformed by numerous counter thrust detachments
developed along the foliation and very obliquely cut
ting it. I1dealized spatial relations of rocks developed in
arches, troughs, and kinematic manifestations are
shown in profiles h and h; (Fig. 9).

In addition to warping, the Triassic Jurassic
dynamic episode revealed a distinct peak of sinistral
strike slipping, which produced the paragenesis of
strike slips, pull aparts, and normal faults. The
NNW trending pull aparts ascribed to strike slip
paragenesis formed channels for the release of Triassic
volcanic products. It is not occasional that the volca
nic fields in the troughs contain numerous NW trend
ing rhyolite, dacite, and andesite extrusions, which are
conformable to the strike slip pull apart basins. It is
also logical that the extrusions are often rimmed by
fractures with sinistral strike slip and normal fault
hatching. It is also noteworthy that these hatchings are
discrete, although they were formed almost simulta
neously. Both the hatchings are repeatedly rejuvenated
in the same site and on the same surface.

A change of the warping by strike slipping is also
typical of the two subsequent episodes of tectonic acti
vation: the Early Cretaceous and Tertiary. It is well
expressed in the structure of the coal bearing depres
sions.
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The Early Cretaceous episode of the compression
and warping activation clearly dominating at its begin
ning led to the formation of the Razdol noe depres
sion, which was filled with Barremian and Aptian
Albian coaliferous sandy clayey deposits gently dip
ping to the SSE [12] and has an oval shape extended in
the ENE direction. Strictly speaking, the depression as
amorphstructure was initiated by compression as early
as the Triassic and Jurassic, but it evolved more
intensely in the Early Cretaceous.

3D mapping (Amel chenko, 1995) showed that the
Razdol nensky basin consists of several synclines and
anticlines of northern vergence, which were offset by
SW dipping strike slip faults of the same vergence,
along which Triassic rocks and Permian granites of the
floor were thrust onto the accumulative Cretaceous
deposits. The vergent folds and thrusts of the coal
bearing bath established by G.L. Amel chenko were
formed by warping directed frontally to the maximum
compression. The subsequent strike slip peak trans
formed the NS and NW trending faults into pull
aparts, which were partially intruded by granite por
phyry dikes and converted into normal faults. This is
consistent with the conclusions of V.V. Golozubov [12]
concerning the mechanism of the basin formation.

At the same time, as was exemplified by the Creta
ceous Cenozoic Partizansky coal field [22], the indi
cated structural kinematic pattern of the Razdol noe
depression could have been formed, in our opinion, by
the impact of pervasive sinistral strike slipping and the
influence of NNW lateral compression.

In this context, it is reasonable to remember the
model of suprastrike slip folding proposed by
G.V. Ryazanov [40]. According to this model, let us
imagine the area of the basin initiation in the form of a
parallelogram (Fig. 9). The sides of the parallelogram
m and n represent the real tectonic elements: m desig
nates the meridional sinistral strike slips, while n
denotes the ENE folds and thrusts (Fig. 9). Let them
coincide with the contours of the depressions, which
are marked by young stratified sediments. Let the area
limited by the parallelogram be subjected to compres
sion and sinistral strike slip deformations (Figs. 9a,
9b). The parallelogram becomes longer under the sin
istral strike slip impact. The space toward the decreas
ing height of the areal figure (h > h;) experiences the
compression P to decrease with the formation of warp
ing waves, which causes the appearance of arches and
troughs. At the same time, the parallelogram is
deformed by the compression of the long diagonal R:
| < I;. In other words, the early faults oriented at an
acuteangletol [, were opened and transformed into
pull aparts and normal faults (Figs. 9c, 9d). In order to
compare the structuring of the Cretaceous Razdol noe
and Tertiary depressions, it is important to focus our
attention on the fact that the wavy profile of the
Razdol noe depression floor is principally consistent
with the fold asymmetry established by the prospect
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ing, thus indicating the morphostructural tectonic
type of the floor topography. If this is the case, the
floor s topography can be taken as a key kinematic
indicator.

It is seen that the Razdol noe depression is similar
to the basins of the Tertiary episode in terms of the
ENE orientation and asymmetrical structure of their
bottom. Tertiary coal bearing depressions (Pavlovka,
Zharikovo, Turiy Rog, and Pogranichny) went
through the same stages of the warping and strike slip
ping under the impact of NNW compression. Note
that the Pavlovka structure is located within the
Razdol noe depression and repeats all the morpholog
ical features of the latter. Fractures splitting depres
sions are dominated by normal faults. This implies that
the Cretaceous and Tertiary depressions have no prin
cipal structural differences. Hence, the orientation of
the maximum compression did not change and the
dynamics of their formation can be explainable by the
above proposed model (Fig. 9).

The mechanism of the superposition of warping
and strike slipping in each pulse remains unclear.
Summing up the main points of the characteristics of
the Cretaceous and Tertiary dynamic episodes, we
may conclude that these deformations represent a
dynamic and possibly asynchronous pair. In any case,
using the structural control of the gold mineralization
in the Sof ye Alekseevka area as an example (Fig. 5),
we may suggest that thrust peaks are replaced by strike
slips also within short pulses. If this is the case, the

thrust strike slip change is similar to the formation
of conjugate shears. A significant point is that the con
jugate shears are developed in a pulsed manner (not
synchronously) alternating with small time intervals.
Only conjugate systems in loose media are completely
synchronous [36]. The nearly coeval manifestation of

these phenomena, which is reflected in the structure of

sufficiently large blocks, denotes that 5~ and 3~

alternated in space and time within local areas.

DISCUSSION

In addition to the orientation of the strain axes and
the main structural kinematic elements (Fig. 3f), an
important factor directly affecting the structure of the
region is the temporal structure of the loading activa
tion or the character of the periodicity of the strain
state. The general hierarchical series of activation
pulses was determined: geodynamic period (first
order pulse) dynamic episode (second order pulse)
interval (third and 3 + n order pulses). It was estab
lished that the axes of the medium and minimum
strains change their orientation during long periods.
During the first episode of the Proterozoic Early
Paleozoic geodynamic period, the thrust fold struc
tural paragenesis was developed in the crystalline basin

in response to the main meridional compression fR
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with a low angle axis and the medium compression

PR also having a low angle but latitudinal axis. Dur
ing the second episode, the vertical axis of the mini

mum strain SR became low angle and sublatitudinal,

while 5F occupied a vertical position, although the

. . PR . .
maximum compression ; remained the same. This

stress transformation led to the disintegration and for
mation of the en echelon structure of the basement.
The Middle Late Paleozoic period consists of two

episodes, during which the maximum compression

Pz T . PZ PZ
1 was latitudinal, while ;" and 3 were, respec

tively, sublongitudinal and vertical. During these epi
sodes, the orientation of the main stress axes almost
did not change. In contrast, in the Mesozoic Cenozoic
period, which is characterized in Sikhote Alin by the
predominance of sinistral strike slipping at the NNW

directed maximum compression axis '~ [37], reori

entations were recorded in each of the dynamic epi
sodes distinguished within the period: the Triassic
Jurassic, Early Cretaceous, and Tertiary. The latter is
subdivided into the Paleogene and Neogene intervals.
The episodes and intervals, in turn, are subdivided into
two and more pulses (see the previous section). Each
episode involved the first warping pulse with horizon

tal ' and the second warping pulse with sinistral
strike slipping at vertical  »'“. In other words,

depending on the predominance of warping or strike

slipping, the axes > and %'“ alternated in a pulsed

manner.

Our considerations concerning the periodic chang
ing of the deformation mechanisms fold thrust
reverse faults by strike slips, pull aparts, and normal
faults are principally consistent with the conclu
sions of N.Yu. Vasil ev and O.A. Mostryukov [5],
which relate this phenomenon with a change in sign of
the strains along the ; axis. However, unlike these
authors, we believe that a change in the regimes that
mark the stages and phases of the evolution of the
regional and local tectonic structures is related to the
change of the strain signs toward the second and third
main axis of the strain ellipsoid.

One of the main consequences of the pulsed evolu
tion of the dynamic process is the warping deforma
tion. The latter is essentially same as folding, which is
mainly expressed by the development of counter shear
thrusts, which caused the formation of secondary
pseudofolds. Let us dwell on this widespread tectonic
effect in more detail. It seems that these folds were ini
tiated at the beginning of a pulse, in an impact way, in
the initially isotropic medium and even across the
strike of tightly compressed primary folding. It is rea
sonable that the limbs of the pseudofold initially had a
planar shape, which is distinctly marked by aplites
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(Fig. 6¢). The latters additionally record the subse
guent bending of these limbs up to the appearance of
normal folds. The counter shear systems operate as the
initial moment, which arranges the pseudofolds and
causes the anisotropy of the isotropic medium. There
fore, granites are often deformed into pseudofolds.
Such folds almost always overprint primary shadow
structural elements and are seemingly formed from a
zero cycle [26]. Convergent movements on the limbs
of pseudoantiforms and divergent movements on the
limbs of pseudosynforms make them similar with lon
gitudinal folding [41] and differ them from folds of
typical transverse compression and migmatite and
cleavage shearing [20, 27, 33, 40]. While studying the
structure of the Tafuinsky Massif (Fig. 1), we estab
lished not only shadow folds but also shear pseudo
folds of two generations with orientation correspond
ing to the submeridional Cambrian compression,
which was also recorded by this study in Western Pri
morye [25, 26]. This is also consistent with the refined
geochronological age of the Tafuinsky Massif of
493 Ma, which corresponds to the Late Cambrian
according to a new scale. The structure of the grani
toid bodies in Western Primorye helped us to finally
understand the mechanism of shearing pseudofolding,
which was obtained during the study of the Tafuinsky
and other massifs of Southern Primorye. Now, these
concepts have received new confirmation and are dis
cussed below.

Let the medium anisotropy be caused by the pri
mary heterogeneity: the bedding or foliation of the
granitized medium, S, (Fig. 10a). Assume that a pulse
of tectonogenesis caused the compression strain 4,
which gave birth to two main systems of conjugate
shears of different polarity (S; and S,) by means of
pure strike slip deformation (Figs. 10a, 10b, and 10c).
Practically all the observed surfaces S; and S, are
thrusts (Figs. 10d, 10e). Their combination served as a
frame for the distribution of newly formed matter
regardless of its genesis, for instance, most frequently
aplites (Figs. 6d, 9¢). One of the two conjugate shear
systems usually is more developed than the other [36].
In our case, we observe the alternating predominance
of S; or S,, i.e., a system the shear movements along
which are consistent with the systematic uprising
movements along differently oriented SO during longi
tudinal compression. The depressed shears are inferior
to the dominant shears in length, frequency of mani
festation, and (presumably) thrusting amplitude. As
compared to the dominant shears, they are more often
filled with magmatic material and are partially
opened. In addition, this process is possibly accompa
nied by the formation of an extension zone (S;), which
is subparallel to the direction of the maximum com
pression in the plane ; ,. The opening of half
opened fractures sufficient for their aplitization occurs
within this zone. Open shears marked by aplitization
are transformed into pseudofolded veins and dikes
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Fig. 10. Examples of the formation of secondary quasi folded or pseudofolded forms by conjugate shears in the intrusive and

metamorphic rocks and model scheme.

(a) formation of secondary conjugate shears and aplitization in their thinning zone (after [24, 25]); (b) possible staged bending of

the shear folded thinning zone.

(1) trajectory of foliation (Sp) of the idealized fold of the protoframework, the arrows show the predominant directions in the layer
displacements; (2) direction of the main longitudinal compression; (3) the conjugation angle 2 ; (4) the conjugate shears (S; and
S,) formed by the longitudinal compression; (5) aplitized pseudofolded forms in the thinning zone bounded by surfaces (S3); (6

8) the inferred bending of the S3 zone with the subsequent arch formation during the three abstract compression pulses: (6) first,
(7) second, (8) third. (c) shear controlled aplites and the formation of pseudofolds. The assignment is shown in Fig. 2. (d) and
(e) are examples of counter dipping thrusts. (f) formation of the virtual unfilled shear quasi folded antiform. The position is

shown in Fig. 2a.

(Fig. 6). During the subsequent staged compression of
the rock, zone S; is gradually bent occupying position

S; — S2 —~ S3 (Fig. 10b). Bend S, is favorable for

the growth of the porosity and microfissuring, which
did not disturb the continuity of the rock. Foldlike
forms often contain a series of conjugate unfilled
shears (Fig. 10f). Based on the similarity between the
small and large structural pseudofolds, we believe that
their genesis is comparable with the mechanism of the
formation of arches and troughs by means of crustal
warping.

The Paleozoic and Mesozoic granitization of the
rocks is possibly closely related to the formation of
arches and smaller antiforms of the second and third
orders. Granitiztaion is considered as a combination
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of processes that transform the solid rock of different
origin in granites [2, 32]. The nature of granitization is
thought to be different: related with magmatic
replacement [2], metasomatism [17], and tectonics
[32]. In the context of the obtained results, all these
hypotheses seem quite reasonable but with allowance
for the controlling role of external dynamics in the
positioning and structuring of the intrusions. The fact
that magmatic rocks are mainly accumulated in tec
tonically thinned arches casts no doubts [23, 24, 26].
In the geological maps of Primorsky Krai, most intru
sions are concordant to the folding. According to the
gravimetry, the intrusions are mainly low angle and
rootless. The granites from Southern and Western Pri
morye contain shadow textures that retain the orienta
tion of the outer structural framework as well as pseud
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ofolds. The granitization is related to the enrichment
of the rocks in alkalis and SiO, and the removal of Fe,
Mg, and Ca and usually is developed at sufficiently
deep depths, where it is accompanied by large scale
linearization of crystalline forms, thus forming a
gneissosity of granites. This leads to the linearization
of all the rock forming minerals: quartz, feldspars,
and hornblende. It is conceivable that, already at the
cooling stage, the rocks become anisotropic, i.e., are
capable of structuring under external pressure [29].
Thus, the gneissosity in the granites was produced by
external tectonics, not by magmatic flowage. Such
concepts concerning crystallization linearity and
external compression were also reported by such
known structural geologists as G.D. Azhgirei [1],
E. Kloos et al. [15], W. Pitcher [28], and others. It is
probable that this stage was responsible for the appear
ance of shear strains affecting the further structuring of
granites [25, 26].

CONCLUSIONS

The analysis of the structural parageneses carried
out for the first time in the Western Primorye region
revealed three sequentially superposed structural pat
terns, which were formed, respectively, during the Late
Proterozoic Early Paleozoic, Middle Late Paleo
zoic, and Mesozoic Cenozoic geodynamic periods.
Each of these periods was characterized by indepen
dent stress fields. The dynamics were characterized by
a hierarchical pulsed structure. The different orienta
tion of the axes and the pulsed manner of the outer
dynamics led to the formation of the main morpho
structural units, arches, and troughs, which resulted
from the longitudinal crustal warping. It was estab
lished that warping occurred during each dynamic
period and was implemented at different hierarchical
levels from arches and troughs to small pseudofolds.

The warping and pseudofolding mechanism devel
oped according to the example of the Tafuinsky Massif
was confirmed in this work. In this work, we also con
firmed the conclusions reached for the Uspensky, Taf
uinsky, and other granitic massifs of Southern Pri
morye that the granite formation played a passive role,
while the structures of the intrusions were mainly
defined by the longitudinal lateral compression, since
diapirism and transverse compression were not recog
nized. The combination of warping and strike slipping
peaks defined the morphology of the coal bearing
depressions during the Early Cretaceous and Tertiary
episodes. The structuring mechanism proposed in this
paper makes it possible to consider them as a result of
warping against the background sinistral strike slip
regime.

The presented material shows that the geological
evolution was controlled by the dynamic factor,
although the structure formation, magmatism, and
sedimentation were activated interactively. The study
of the structuring dynamics provides insight into the
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structural arrangement of the region and the position
ing of the tectonic elements ascribed to the different
hierarchical ranks of the geological structure, includ
ing the terranes and complexes that join and overlie
them. Direct tectonic studies allow the reconstruction
of the regional and local structural evolution.

The established discrete and orthogonal changes in
the orientation of the lateral compression presumably
best correspond to the periodic acceleration and
deceleration of the Earth s rotation, which was
responsible for the change in the direction of the lat
eral displacements of the Asian continental and (or)
Pacific plates from thrust to strike slips and vice versa
according to previously substantiated concepts [38,
39].
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