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Abstract—New isotope-geochemical data on the volcanic complexes of the South Yakut and Martel volcanic depressions in southern
Primorye are presented. Their formation in the early Eocene (54.3 Ma) and Late Cretaceous (83.5 Ma), respectively, is evidenced by U-Pb
zircon dating (LA-ICP-MS). Based on the geochemical characteristics, it is concluded that the volcanics are typical A-type igneous rocks.
Their formation coincides with the sudden change in the vector of motion of the Pacific slab with respect to the continent in the Campanian
and Paleocene—Eocene, which caused destruction of the slab with its probable discontinuity and the injection of the subslab asthenosphere.
The effect of mantle fluids on the continental lithospheric-rock melting determined the generation of magmas with the specific geochemi-
cal features of A-type igneous rocks. The regularities of their composition are due to the deep-seated reduced F-rich fluids that caused the
intense differentiation of magmas accumulating fluidized melts enriched in mobile components in the apical part.
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INTRODUCTION

Identifying the relation between igneous processes and
geodynamic settings of lithospheric plates’ interaction is
one of the primary objectives of modern geology. The Pa-
cific Asian margin, particularly the Sikhote-Alin, represents
a unique area of the late Mesozoic manifestation of various
geodynamic conditions including processes of compression
and extension of different scale. The extension processes are
associated either with the development of shear deforma-
tions caused by intraplate activity (Utkin, 1980, 2005), or
with the transform sliding of the oceanic plate with respect
to the continental plate followed by a specific magmatism
including the 4-type rocks (Jahn et al., 2015; Kemkin et al.,
2016; Martynov et al., 2017; Zhao et al., 2017). The forma-
tion of acidic melts of this geochemical type remains quite
undetermined (see review Bonin, 2007; Dall’Agnol et al.,
2012; Grebennikov, 2014). However, based on the conclu-
sions of most researchers, it was sufficiently demonstrated
that they indicate the intracontinental extension caused by a
change of the geodynamic regime (from transpression to
transtension) (Bonin et al., 1998; Grebennikov et al., 2016;
Robinson et al., 2017).

At the same time, the degree to which the igneous rocks
of the Sikhote-Alin have been studied by precision analyti-
cal methods is not yet high, which often leads to incorrect
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conclusions on the geochemical characteristics of igneous
rocks dependent on the structural permeability of the conti-
nental crust.

The article analyses the results of geochronological and
geochemical research of volcanic rocks of the southern Sik-
hote-Alin in order to identify the processes taking place at
the level of intermediate chamber, and geodynamic causes
of their occurrence. The obtained results were used to pro-
pose a mechanism of formation of A-type igneous rocks un-
der the conditions of the deep mantle fluids’ inflow. These
fluids lead to the formation of a specific geochemical type of
melts enriched in alkalis. In the process of their generation
and evolution major and trace elements are regularly redis-
tributed. We have identified the relation between the forma-
tion of A-type igneous rocks and the conditions of the large-
scale shear dislocations in the background of geodynamic
reconstruction of the Pacific margin.

SUBJECTS OF RESEARCH

We investigated extrusive and pyroclastic units of the
South Yakut and Martel volcanic depressions (VD) situated
in the southern part of the East Sikhote-Alin (Fig. 1).

The South Yakut VD represents a depression type volca-
nic massif, oval in its shape, up to 14 km in its diameter,
separated from host rocks by linear and arc faults. Host
rocks are largely interstratified with siliceous members con-
taining Triassic-Jurassic microfossils that are concordantly
overlapped mostly by Berriasian—Valanginian sandstone
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Fig. 1. Simplified geologic map of Cretaceous and Paleogene igneous complexes of the southern Sikhote-Alin. In the inset. Terranes of the late
Tithonian—Valanginian accretionary wedge: TU, Taukha; Barremian—early Albian island arc: KM, Kema; Lower Cretaceous turbidite basin: ZH,
Zhuravlevka—Amur. Numbers mark volcanic depressions: 1, South Yakut; 2, Martel. Main fields of sedimentary and igneous rocks. /, upper
Miocene—Pliocene: pebblestones, boulder gravels, loamy sands, loams; 2, Paleocene: tuffs, ignimbrites of rhyolites and rhyodacites, tuffites; 3, Pa-
leocene: extrusive rocks of rhyolites, rhyodacites and dacites; 4, Upper Cretaceous intrusion: granites, granite-porphyries, granodiorites, diorites;
5, Campanian—Maastrichtian: lithic tuffs and rhyolitic ignimbrites, tuffites, tuffstones, agglomerate tuffs; 6, Coniacian—Santonian: tuffs and ignim-
brites of rhyolites, rhyodacites, and dacites, seams of andesidacites, andesites and their tuffs, tuffites, tuffstones; 7, Lower Cretaceous: sandstones,
silstones, conglomerates, limestones, tuffites, tuffs and tuffstones of the KM terrane; 8, Triassic—Jurassic: sandstones, less frequently silstones
breccia, cherts, siliceous shales, basalts of the TU terrane. Asterisks mark sampling locations.

turbidites (a fragment of the Early Cretaceous accretionary — recognized in the roof of the sections (Khanchuk, 2006 and
wedge of the Taukha terrane). Olistostrome up to 1100 m  references therein).

thick with blocks and slices of the Paleozoic and early Me- According to A.P. Matyunin (1988), the South Yakut VD
sozoic limestones, cherts, basalts and sedimentary rocks was  is made up of volcanic complex, the stratotype of which was
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distinguished in 1955 (Siyanov Spring, left tributary of
Zerkalnaya River) by R.I. Sokolov and E.V. Bykovskaya
(Sidorenko, 1969). Overlying rocks are combined into the
Siyanovka Formation consisting of two subformation. The
lower subsuite is made up of ignimbrites and welded tuffs of
biotite rhyolites and rhyodacites, less frequently of tuffites
and agglomerate rhyolitic tuffs. The upper subformation in-
cludes tuffs, ignimbrites of rhyodacites and dacites. Several
findings of relative paleofloral complexes helped to date its
age as Maastrichtian (Nazarenko and Bazhanov, 1989).
However, S.I. Nevolina pointed to the preliminary character
of such definitions and concluded that floral deposits might
pertain to the Paleocene (Sidorenko, 1969, p. 308). E.V.
Bykovskaya et al. (1960) performed K/Ar dating of rocks for
the studied region and established the age of 53-49 Ma.

Linear and concentric arrangement of most intrusive bod-
ies of the South Yakut VD underlines the internal structure
of isometric collapse calderas and mainly fissure (along ring
faults) type of conduits. Extensive development of pyroclas-
tic units, prevalence of fluidal and spherolitic textures in
volcanic rocks, abundance of miarolitic cavities in lavas and
in spherulites point to the saturation of the primary magmas
in volatile components. The South Yakut VD is an open
magmatic system, in which the development of an ignim-
brite-forming chamber results in explosion and discharge of
melt and fluid components to the surface. Subvolcanic and
extrusive units of final magmatic stages belong to the con-
ventionally closed (transition) systems characterized by
more developed processes of the shallow magma differenti-
ation, separation of volatile components and metasomatic
processes (Popov and Grebennikov, 1997). It should be
noted that gold-silver and beryllium-fluorite ore occurrences
have been localized in the surrounding area of the volcanic
depression (Kovalenko et al., 1968).

The Martel VD, among others, belongs to the vast (its sur-
face is around 5000 km?) Terney-Kema volcanic field (Ve-
trennikov, 1976) and forms a part of Solontsovsky paleovol-
cano. It is placed within the Kema terrane which is a fragment
of the Early Cretaceous back-arc basin made up of Barremi-
an-Albian sedimentary, mainly flysch deposits altogether
with volcanic rocks of basic and, much less frequently, inter-
mediate or acidic composition (Malinovsky et al., 2002).

The Terney-Kema volcanic field is built up of rocks of
various age and composition (e.g., Khanchuk, 2006 and ref-
erences therein). The Late Cretaceous volcanic rocks of the
Martel VD are represented by tuffs and ignimbrites of rhyo-
lites and rhyodacites. The clastic fraction consists of quartz,
feldspar, biotite, single grains of amphibolized pyroxene, as
well as of lithic (andesites, dacites, rhyolites) and volcanic
glass. Extrusive rocks build up a small number of dike bod-
ies and vents, and are represented by fluidal and spherulitic
rhyolites, rarely by perlites.

The activity of Solontsovsky paleovolcano that formed c.
80 Ma is registered by the deposits of pyroclastic breccia
overlapped by a thick stratum of pyroclastics derived from

glowing clouds (Vetrennikov, 1976). The ensuing rhyolitic
lava flow entailed the formation of a spreading dome (Pani-
chev et al., 2012).

RESEARCH METHODS

All analytical studies were carried out in the Primorsky
Center of Local Elemental and Isotopic Analysis of FEGI
FEB RAS, Vladivostok.

U-Pb (isotope) zircon dating. Isotopic measurements
were performed using the LA-ICP-MS on Agilent 7500a,
coupled with laser ablation system UP-213. Accessory zir-
con was separated from the samples using the standard
method. Final zircon selection was done manually using the
binocular microscope. In order to select particular sections
for dating we have used the transmitted- and reflected-light,
BSE and CLI images of zircons that show the internal struc-
ture, zonation, jointing, inclusions.

The measured values were processed by the “Glitter
v. 4.4.2” software (Access Macquarie Ltd). U-Pb — ratios
were normalized to correspond to the values of isotopic ra-
tios of TEMORA-2, 91500 standard zircons, the ages of
which were taken as 416.8 (Black et al., 2004) and
1065.4 Ma (Wiedenbeck et al., 1995) respectively.

Ionometric determination of fluorine. The distinctive
feature of the method used to determine fluorine (F) consists
in precipitation of interfering elements (Al, Th, Be, REE,
etc.) by the means of a FeCl, solution. The samples were
preliminary fused with KNaCO, at the temperature of
850°C and leached by hot distilled water. Filtrate aliquots
(25 ml) were neutralized by HCI (1:1), the necessary pH 5.5
was obtained by the addition of an acetate buffer solution.
Fluoride-ion concentration was measured using the ION-
OMETER 1-500. Ionometric determination of F was per-
formed with the use of ELIT-221 fluoride electrode and
EAL-1M3.1 auxiliary chloride-silver electrode. The relative
error for this method was not more than 10%, which is ac-
ceptable when F-ion content is low.

Whole-rock major and trace elements. The geochemi-
cal determinations were carried out by standard methods of
atomic emission spectroscopy with inductively coupled
plasma (ICP-AES), mass-spectrometry with inductively
coupled plasma (ICP-MS). The determination of major ele-
ments of the studied samples in oxide equivalent was per-
formed using ICP-AES on a iCAP 6500 Duo spectrometer
(Thermo Scientific, USA) with the addition of cadmium so-
lution (10 ppm concentration) as internal standard. The de-
terminations of H,O™ and SiO, were performed using gra-
vimetry, the contents of ferrous oxide (FeO) using the
titrimetry (T). The trace elements were determined using
ICP-MS on a Agilent 7500c spectrometer (Agilent Tech-
nologies, USA) and taking ''*In and 2*Bi as internal stan-
dards given their final concentration in the solution is
10 ppb.
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ANALYTICAL RESULTS

Zircon U-Pb geochronology. At the South Yakut VD
extrusive formations, crystal tuffs and rhyolitic ignimbrites
supposedly of the final stage of the early Paleogene magma-
tism of the Southern Sikhote-Alin have been studied. The
separated zircon grains are represented by transparent color-
less idiomorphic crystals. Some of them of elongated pris-
matic and dipyramidal shape having elongation indices of
1.5-3, while other zircons are clasts of different size varying
from 50 to 100 pm. The CL images of zircons show concen-
tric zonation for most grains and their clasts.

The obtained isotopic data and weighted average U—Pb
ages are given in the Table S1 (see Supplementary mate-
rial in http://sibran.ru/journals/Dop materials.doc) and in
Fig. 2a—b. The weighted average U-Pb age of a sample from
the South Yakut VD (AB-67/14) is 54.3 = 2.9 Ma (Eocene:
Ypresian). The age of the sample AB-67/6 from the middle
part of the pyroclastic section of the VD is 52.2 + 2.8 Ma,
which may be incorrect due to a small number of analyzed
grains.

At the Martel VD lithic tuff of rhyolites of presumed
Turonian-Santonian age has been studied. The zircon grains
separated from the sample AB-3/3 are represented by color-
less idiomorphic crystals. Some of them of elongated pris-
matic and dipyramidal shape having elongation indices of
1.5-2.5, while other zircons are clasts of different size. The
grain size varies from 50 to 120 um. The CL images of zir-
cons show concentric zonation for most grains and their
clasts.

The obtained isotopic data are given in the Supplemen-
tary material in Table S1. The weighted average U-Pb age,
based on 16 dating spots, of the sample AB-3/3 (Fig. 2¢)
from the middle part of the stratified section is 83.5 + 1.0 Ma
(Late Cretaceous: Campanian).

Petrographic description of rock units. Martel VD. In
the geologic section of the Burelomny Stream (left tributary
of the Belembe River, N 45°31'12", E 136°43") three
rhythms of pyroclastic eruptions, expressed in the change of
topographic elements of relief at the level of sampling, have
been registered (AB-3/1-AB-3/3; AB-3/5-AB-3/8; AB-
3/10—AB-3/15, from bottom to top). Crystal and lithic tuffs,
and ignimbrites are distinguished. The volcanic rocks con-
tain variable amounts of quartz, plagioclase, sanidine, rare
pseudomorphs of chlorite after a primary biotite with a sec-
ondary magnetite, and pseudomorphs after pyroxene or am-
phibole. Each rhythm begins with extremely high-silica
rocks, however, if the tuffs of the first and third rhythms are
rich in quartz clasts, the initial eruptions of the second
rhythm correlate with ignimbrites (Table 1). The latter are
characterized not only by higher content of quartz but also
by mostly quartziferous composition of the felsitic matrix.
The rhythms end with eruptions of essentially rhyodacitic
pyroclastic rocks enriched with mafic minerals and magne-
tite. The petrographic characteristics of pyroclastic rocks do
not show the transition sequence that could be connected to

the quartz fractionation, which is a factor explaining the
contrast of composition variations in silica saturation. The
high-silica volcanic rocks do not bear the marks of the su-
perimposed silicification and fit naturally into the composi-
tion variations of the rock diversity.

South Yakut VD. The South Yakut VD volcanic rocks
(N 44°17'10", E 135°17'59") are represented mostly by
quartz-free rhyolites and ignimbrites, quartz rich lithic and
lapilli-tuffs, and lapillistones. The rocks contain variable
amounts of quartz, plagioclase, sanidine, rare pseudomorphs
of chlorite after a primary biotite with a secondary mag-
netite. Tuffs and ignimbrites, though containing variable
amounts of xenoliths, have statistically stable petrographic
characteristics and are determined by the variations in their
own mineral clasts; they do not bear the marks of the super-
imposed silicification or other secondary process.

Major and trace elements. The volcanic units of the
South Yakut and Martel VD are rhyodacites, rhyolites and
trachyrhyolites in composition (Table 1; Fig. 3a) and vary
in silica contents (SiO, from 70.1 to 82.1 wt.%). They are
characterized by normal and increased alkalinity of sodium-
potassium rock types (K,O from 1.6 to 8.0 wt.%, and Na,O
from 1.9 to 5.5 wt.%). The content of Al,O; varies from 9.1
to 15.2 wt.%, which, together with the contents of alkali,
characterizes them as metaluminous and peraluminous, less
frequently as peralkaline (A/NK = 0.84-1.38, A/CNK =
0.80-1.33) (Table 1; Fig. 3b). The high concentrations of
Al,O; are typical of rhyodacites relatively rich in CaO, Eu,
Sr, Ba. All samples have a high FeO,,/(FeO,,,+MgO) ratio
varying from 0.86 to 0.98, which is similar to ferroan rocks
according to (Frost et al., 2001) (Fig. 3¢), and are character-
ized by low concentrations of MnO (0.01-0.11 wt.%), MgO
(0.02-0.52 wt.%), CaO (0.05-0.78 wt.%), TiO, (0.07—
0.31 wt.%) and P,0; (<0.06 wt.%). All rocks exhibit wide
concentration range of the LIL elements, and enrichment of
HFSE (Zr, Nb, Ga and Y) and REE (except for Eu). As seen
in the chondrite normalized rare earth element patterns,
compositions of rocks have similar REE spectra showing an
insignificant enrichment with LREE/HREE (3.5-10.5) at
low values of the (La/Yb)y ratios (0.9 and 2.2-10.6) and
negative Eu anomaly (Ew/Eu* = 0.1-0.6) (Fig. 3/). The total
REE content varies from 38 to 193 ppm (Table 1). As seen
in the primitive mantle-normalized trace element diagram,
the rocks show negative Ba, Sr and Ti anomalies and posi-
tive K, Th, U, Pb, and also partially positive Ce, Zr and Hf
anomalies (Fig. 3g), i.e., they demonstrate characteristics
typical of geochemical 4-type igneous rocks (Eby, 1990).
Their position in the discriminant diagrams indicates the
same (Whalen et al., 1987; Frost et al., 2001; Dall’Agnol
and Olivera, 2007; Grebennikov, 2014) (Fig. 3d—).

DISCUSSION

Causes of the geochemical specifics of volcanic rocks.
The analysis of the geochemical composition of pyroclastic
units of the studied objects has revealed similar cyclicity for
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Fig. 2. Results of the LA-ICP-MS dating of the representative samples.

the ignimbrite eruptions of the Sikhote-Alin (Grebennikov
and Maksimov, 2006). At the Martel VD we have distin-
guished three consecutive eruption rhythms expressed in the
change of the chemical composition of each rock member of
rhythm, starting from rhyolitic (up to 81 wt.% SiO,) at the

base to rhyodacitic (up to 70 wt.% SiO,) at the upper parts
of the Campanian volcanic formations (AB-3/1-AB-3/3;
AB-3/5-AB-3/8; AB-3/10-AB-3/15, see Table 1). The ob-
tained data allows us to assume that the first portions of ig-
nimbrite-forming acidic melt, which were coming through
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Note: 1-9, volcanic rock compositions of South Yakut VD: lithic tuff (2, 4); crystal tuff (5, 6-7); ignimbrite (1, 3); lava (8); spherulite (9); 10-18, volcanic rock compositions of Martel VD: crystal tuff (10,

14, 16, 18); lithic tuff (12, 15); ignimbrite (11, 13, 17).
T,x(°C) = [12,900/(2.95 + 0.85 x M + InD#" Zicon/melt)] 273 " \where D2 Zircowmelt jg 7r content ratio in zircon and the rock, M

Ew/Eu* = Bu, /[(Smy) * (Gdy)]*5.

(Na+K+2 x Ca)/(Al x Si), (Watson and Harrison, 1983).

the upper part of the exposed chamber, were consistent with
the “high”-silica ignimbrites. The subsequent eruptions of
the rhyodacitic melts were derived from the lower parts of
the magma chamber. Thus, the “high” and “low”-silica di-
versities represent respectively more and less differentiated
parts of one magma chamber that underwent the separation
process of the primary magmatic melt.

Analogously, the early Eocene pyroclastic formations of
the South Yakut VD are also characterized by the presence
of the more welded “high”-silica ignimbrites, as well as by
the “low”-silica tuffs. However, no clear interrelations be-
tween them can be observed due to the peculiarities of the
pyroclastic unit complicated with multiple extrusive lava fa-
cies of the collapse caldera. Nonetheless, the geochemical
characteristics of the volcanic rocks of these depressions, on
the whole and specifically for the “high”- and “low”-silica
differences, are practically identical (Table 1).

The principal chemical characteristics of the volcanic
rocks of both VD are limited to the variations of SiO,, K,O,
Na,O and Al O, ratios. Their concentrations are expressed
as CIPW Norm quantities of quartz (Q), albite (Ab) and K-
feldspar (Or) in Table 2. The data analysis has shown that
the bulk composition of rocks of the distinguished cycles (1
and 3 as most contrastingly expressed) of the ignimbrite
eruptions of the Martel VD are settled along the line of
equal compositions of the Or component with the enrich-
ment of the residual (“low”-silica) Ab melts. Therewith, the
earliest and most differentiated compositions of the volcanic
rocks are more siliceous, while the residual (“low”-silica)
compositions are more sodium. The latter are characterized
by increasing alumina content (A/CNK) and total alkali con-
centration (Na,O+K,0O) but decreasing FeO/(FeO+MgO)
and A/CNK ratios (Table 2; Fig. 4).

Silica and alkali contents are similarly distributed (ac-
cording to data of EPMA analyses) in the glasses of matrix
and fiamme independently of ignimbrite type. In compari-
son with bulk compositions, fiamme are rich in Ab and Q
components, thus characterizing the common Or—Ab—Q
evolution of the primary melt, i.e., the accumulation of silica
and sodium, and decrease in potassium in the most differen-
tiated rocks. Therewith, glasses derived from the “high”-
silica ignimbrites contain more sodium and are more sili-
ceous, while glasses derived from the “low”-silica ones are
more potassium. This probably indicates that flamme are not
liquation products but denote the residual melt (Greben-
nikov et al., 2012).

The bulk composition of rocks of the South Yakut VD
are characterized by a more shortened differentiation trend
(Table 2). The melt evolutions from “low” to “high”-silica
differences follow the same geochemical patterns that are
inherent to the volcanic rocks of the Martel VD. These fea-
tures are further observed in the most fluidized parts of the
magmatic melt, which currently takes the form of sphero-
litic rocks (Tables 1, 2; Fig. 4).

The behavior of some rare and trace elements from the
rocks of the Martel VD is unusual, e.g., in “low-silica differ-
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Table 2. Main petrochemical indicators for the representative volcanic rocks of the South Yakut and Martel VD
SiO, Fe, /Mg AlLO; Na,O K,0 NK/A A/CNK  CIWP Norm data (%) Zr/Hf Nb/Ta  Rb/Sr
(Wt.%) (mol.) (mol.) (mol.)
South Yakut VD
Spherulite 82.10 50.00 89.89 50.55 40.13 1.01 0.98 Q(50)>Ab(26)>0r(22)  23.71 15.41 4.11
“high”-silica 76.90 32.50 113.02 58.82 55.85 1.01 0.97 Q(36)>0r(31)>Ab(30)  29.25 17.13 220
rocks 77.67 29.70 113.34 53.07 56.67 0.97 1.02 Q(39)>0r(32)>Ab(28)  25.67 15.19 10.31
76.34 24.68 119.65 58.73 55.58 0.96 1.03 Q(36)>0r(31)>Ab(31)  24.69 15.03 935
“low”-silica 73.65 14.80 131.83 65.30 57.44 0.93 1.05 ADb(34)>0r(32)>Q(30)  34.53 10.99 1.87
rocks 74.31 21.58 128.36 61.93 55.51 091 1.06 Ab(32)>Q(32)>0r(31)  33.20 11.13 2.10
73.35 24.37 128.54 71.84 53.05 0.97 0.94 ADb(38)>0r(30)>Q(28)  37.30 9.96 221
Martel VD
Ist-cycle 80.40 13.80 90.68 69.64 37.96 1.19 0.80 Q(47)>Ab(28)>0r(21)  38.07 8.65 1.85
70.20 6.12 151.92 74.61 34.72 0.72 1.21 ADb(39)>Q(29)>0r(19)  46.54 9.93 0.43
2nd-cycle 81.00 14.27 84.02 34.83 43.11 0.93 1.06 Q(55)>0r(24)>Ab(18)  33.46 10.14  2.69
75.00 21.20 128.00 53.93 48.55 0.80 1.19 Q(38)>Ab(28)>0r(27)  46.52 12.25 1.08
3rd-cycle 81.00 29.40 95.16 45.64 40.76 091 1.09 Q(50)>Ab(24)>0r(23)  49.91 7.41 1.17
70.10 6.74 145.20 77.39 39.01 0.80 1.11 Ab(41)>Q(27)>0r(22)  54.61 1033 033

Note: Q, quartz; Ab, albite; Or, orthoclase (sanidine).

ences” we register relatively high values of Ba, Sr and Eu,
the total quantity of REE and values of Zr/Hf, Nb/Ta in-
crease, while Rb/Sr values decrease (Table 1). The same
tendency is mainly observed in the rocks of the South Yakut
VD (Fig. 5). The low values of Ba, Sr and Eu are frequently
associated with the fractionation of plagioclase under regu-
lar processes of the magmatic differentiation. However, in
case of such supercooled high-viscosity melt systems with a
fluoride fluid component, the depleted concentration of Eu
can be explained rather by the influence of an acidic mag-
matic fluid and removal of divalent cations (Eu, Ba, Sr)
from the melt, than by the plagioclase effect (Zharikov,
1996). This is confirmed by the negative correlation of Eu/
Eu* (Table 1). The regular fractionation of plagioclase can-
not account for such a high degree of Eu anomaly (Irber,
1999; Jahn et al., 2001).

We believe that the typical variations of the chemical
composition of rocks from the studied VD should be related
to the enrichment of the upper part of the magma chamber
with fluid components, and to the respective redistribution
of the mobile elements patterned after the fluid-magmatic
differentiation. The eruptive alternation of conventionally
“low”-silica and “high”-silica rhyolites, differing in their
geochemical and mineralogical composition, is determined
by the periodically occurring zonation of the magma cham-
ber resulting from the generation of the fluidized melt in the
head of the column. The presented data permit to assume
that cyclic changes in composition of ignimbrite melts are
essentially caused by the processes of the fluid-silicate
cluster differentiation of the initially homogeneous melt
(Bezmen, 2001; Bezmen and Gorbachev, 2014). The exper-
imental studies demonstrated that under pressure the fluid
phase (H, O, C) with a mole fraction of H constituted 0.03
in presence of F and P, the super-liquidus differentiation de-

veloped in granite melts followed by the separation of the
Si0, rich melt (Bezmen et al., 1999, 2005). On the whole,
these composition variations are consistent with the experi-
ment results obtained for the high fluoride leucogranite sys-
tems. According to Manning (1981) the F enrichment of the
system moves the eutectic and cotectic proportion of the
acidic melt to a less silica saturated field enriched in alkali,
therefore confirming the natural phenomenon most contrast-
ingly manifested in the rocks of the Martel VD, where a
consecutive, repeatedly alternating eruption of high- and
moderate-silica differences is registered. Concurrently, the
experimental works (Devyatova et al., 2007) point out that
the F content in igneous rocks can be rather low, but it is not
consistent with the actual content in the respective melts.
Even a small quantity of F significantly influences the min-
eral equilibria and greatly mobilizes a whole series of rare
metals. In quartz-normative rocks depleted in alkali the con-
centration of F content grow in high-silica melts (up to 12—
14 at.%). The existence of such a melt is interpreted as a
prototype of a quartzolite (or silexite) melt that used to be
formed at the final stages of the magmatic evolution. The
moderate concentration of F in the studied rhyolites reflects
not its true initial content but the depletion in divalent strong
cations (first of all, of Ca) of this geochemical rock type.
This is confirmed by the correlation of CaO and F concen-
trations (Table 1). At the final stage fluorine is redistributed
entirely to the fluid phase impoverishing the melt as the tem-
perature falls and F concentrates in the fluorine-containing
minerals (Aksyuk, 2002). It is even more difficult to assess
the hydrogen’s part in the evolution of acidic silicate melts
because of its extremely high volatility. Its indirect contribu-
tion consists in the abundance of supercooled liquids (glas-
ses), enormous percent of pyroclastic fragments, the anoma-
lous ferruginous content of Fe—Mg silicates, domination of
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Fig. 4. Binary diagrams for the most contrasting types of “low”- and “high”-silica rocks of the South Yakut (1-2) and Martel (3—4) VD, respec-
tively; spherulite composition from the rhyolitic lava at the South Yakut VD (5).

ilmenite and rare presence of magnetite, and, finally, the oc-
currence of silicate—metallic spherules that contain native
iron in the volcanic rocks of the studied VD (Grebennikov,
2011; Grebennikov et al., 2012). The process of formation
of significant volumes of the non quenching glassy phase
can reflect an «oxygen expense» to neutralize the reduced
(hydrogen) fluid, the destruction of structural forms of sili-
cates, and in fact the melt amorphization (Pospelov, 1973).
Apparently the differentiation character of acidic melts in
a shallow setting with the enrichment of the upper part of
the magma chamber with fluid components and the respec-
tive redistribution of the mobile micro- and macro-compo-
nents patterned after the fluid-magmatic differentiation
could be determined by the openness of magma chambers to
the outside environment (Popov and Grebennikov, 1997).

The rocks of the South Yakut VD is represented mainly
by the extrusive lava (spherolitic rhyolites) and ignimbrite
units. The felsic magma rich in gases was forced out through
the conduits. Coming out to the day surface, the emitted in a
short time gases transformed magma in a moving foam.
Spreading around the conduits, this moving foam created
volcanic glasses or spherolitic rocks. Apparently this phe-
nomenon took place during the formation of the edifices of
felsic rocks under the conditions of an “open” system.

The cyclic alternation of conventionally “low”-silica and
“high”-silica pyroclastic rhyolites with their intermediate
counterparts of the Martel VD, differing in petrogeochemi-
cal and mineralogical characteristics, reflects the processes
of the fluid differentiation of silicic melt under quasistatic
(closed) conditions.
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Thermal regime of zircon crystallization. Zircon, the
composition, structure and textural features of which reflect
the rock formation conditions, is an informative accessory
mineral that can be used as a geothermometer to assess the
thermal regime.

The review of literature on magmatic rocks, having U—
Pb zircon dating and data on the elemental composition, re-
vealed two groups of intrusives with temperatures of 772 °C

and 831 °C. The low-temperature (“cold”) granitoids sug-
gest a melting mechanism whose temperature of magma
could not surpass 800 °C (Chappell et al., 1998; Miller et al.,
2003). Their formation occurs mainly under the conditions
of decompression melting with a little influence of the deep
thermal source caused by the upwelling of the magma in
crystal-poor state. During the interaction with mafic magma
the temperature can increase but not necessarily. All “cold”
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granites are drawn to the areas of the Earth’s crust growth.
Simultaneously, the formation of “hot” granites at a tem-
perature of >800 °C requires heat inflow, which accounts for
the injection of mafic magmas. These temperatures correlate
with the modern models of silicic magma formation (dehy-
dration melting in the Earth’s crust; fractionation of the
mantle-derived melts with or without the crustal contamina-
tion). Most “hot” granites, tectonic settings of which were
established, intruded transtensionally.

The temperature of Zr saturation (Watson and Harrison,
1983) calculated for the volcanic rocks of the South Yakut
and Martel VD is 779-832 °C and 751-830 °C, given the
average values of 802 °C and 813 °C respectively (Table 1).
The obtained data should be regarded as minimum points of
the liquidus temperature because the inherited zircon cores
are missing. This suggests that the studied A4-type rocks
formed at relatively high temperatures. The lower tempera-
tures of the crystallization of “high”-silica rhyolitic magmas
at both the South Yakut and Martel VD allow for the exis-
tence of temperature zoning in peripheral magma chambers
(Table 1). On the one hand this implies a heat inflow from
the deep basaltic chamber, on the other hand the enrichment
of the head part of the magma column with a fluid compo-
nent. It is known that fluid components, possessing high
solubility in melts (such as F, H,O, etc.), decrease consider-
ably the temperature of the melt crystallization and contrib-
ute to density reduction, thus accounting for gravitational
instability and fluid accumulation in the upper part of the
magma chamber.

Geological and structural criteria of magma genera-
tion. The modern data on stratigraphy, metamorphism, and
geology of the Far Eastern part of the Pacific margin (Faure
and Natal’in, 1992; Nokleberg et al., 2000; Golozubov,
2006; Kemkin, 2006; Khanchuk, 2006; Parfenov et al.,
2010; Utkin, 2013; Jahn et al., 2015) permitted to identify
the main features of the region’s development. Its Mesozoic
and Cenozoic history can reflect the alternating episodes of
the settings of subduction and California type transform
margin (Khanchuk and Ivanov, 1999; Khanchuk and Kem-
kin, 2003; Martynov et al., 2017; Khanchuk et al., 2019).

Within the limits of the continental margin of the Asian
continent the Eastern Asia Volcanic Belt, including the East
Sikhote-Alin branch (ESAVB), unique in its extent formed
in the Upper Cretaceous. At the initial stage its magmatic
history is characterized by eruptions of basalts and andesites
of the Sinancha complex (Cenomanian), later by eruptions
of large masses of tuffs and ignimbrites of acidic composi-
tion of the Primorye series (Turonian—Santonian) and at the
final stage it is characterized by the formation of andesites
of the Samarga, and Dorofeevka (Maastrichtian) and almost
simultaneous dacites, rhyodacites of the Siyanovka volcanic
complexes (Khanchuk, 2006). The Turonian—Santonian fel-
sic ignimbrites form the bulk of the ESAVB and are charac-
terized by a homogeneous composition, high predominance

of the welded tuffs and rhyolitic ignimbrites, and gigantic
(up to 1500 m) thickness. The plant fragments found in
the volcanogenic sedimentary rocks allow to determine
two ages — Turonian—Coniacian and Coniacian—Santonian
(Mikhailov, 1989). Concurrently the U-Pb dating showed a
younger age of the intrusive bodies that intruded effusive
edifices — 82.7-70.4 Ma (Jahn et al., 2015; Tsutsumi et al.,
2016). Their magnesian-ferruginous, calcareous and calc-
alkaline compositions correspond to high-alumina acidic
magmas of /- and S-type. The formation of such melts is
explained by the partial melting of metasedimentary and
metaigneous rocks in a relatively oxidizing environment
with water fluids typical for the volcanism of the suprasu-
bduction geodynamic settings.

The initial development stages of the Cenozoic volca-
nism relate to the formation of the Paleocene—Eocene igne-
ous complex. Its distinctive feature is the close spatial rela-
tionship with large sub-latitudinal volcanic depressions
superimposed on the heterogeneous structures of the conti-
nental margin, including the Upper Cretaceous ESAVB.
The volcanic rocks of the complex differ greatly in their
composition from Turonian—Campanian felsic rocks and
correspond to the geochemical A-type (Grebennikov and
Popov, 2014). The volcanic rocks’ age determined by pre-
cursors using the Rb-Sr and U-Pb methods is 59.7-53.0 Ma
(Popov and Grebennikov, 2001; Grebennikov and Maksi-
mov, 2006; Alenicheva and Sakhno, 2008; Sakhno et al.,
2010; Jahn et al., 2015; Pavlyutkin et al., 2016; Tang et al.,
2016; Sakhno and Kovalenko, 2018). At this time the re-
gion’s tectonic development was characterized by several
hundred kilometers long displacements along the edge of
the continental plate (Utkin, 1980), and pull-apart basin for-
mation followed by the development of specific magmatic
complexes including the A4-type (Khanchuk et al., 2019).
The occurrence of the low-magnesian 4-type igneous rocks,
as opposed to the calc-alkaline high-alumina and/or medi-
um-magnesian complexes (/-S-type), is possible only in the
zones of the lithospheric extension due to the interaction
between the sublithosphere mantle and material of the con-
tinental crust (e.g., Bonin, 2007; Grebennikov and Maksi-
mov, 2006; Grebennikov, 2014; Grebennikov and Popov,
2014; Grebennikov et al., 2016; Khanchuk et al., 2019).

According to the reconstructions (Engebretson et al.,
1985), the motion vector of the Pacific plate changed from
338° NW t0294° NW at c. 85 Ma, and at c. 53 Ma it changed
back from NW to almost submeridional (from 314° NW to
358° NW), the deviation being the same 44° (Fig. 6). It is
unlikely that these transformations were momentary. None-
theless, the indicated geodynamic boundaries fully coincide
with the age-data of both A-type rocks presented in this
study and in those published earlier.

We suggest two alternative geodynamic models: 1) suc-
cessive enhancement of shear impulses with complementary
growth of hardness of the extensional component and, con-
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Fig. 6. Stratigraphic scale and Pacific plate motion vector. Bold, insufficiently reliable data (Engebretson et al., 1985, p. 41).

sequently, depth of magma-fluid control; and 2) sudden
change of the motion vector of the Pacific plate in respect to
the continental plate, which resulted in stagnation and de-
struction of the slab with a possible discontinuity (slab-
window, slab tear) and injection of asthenospheric (subslab)
mantle. The involvement of the mantle high-temperature
reduced fluids (almost anhydrous, of mainly H, and CH,
composition) accounted for the partial melting of the crustal
material followed by the formation of melts as sources of
igneous A-type rocks. The origin of this type of acidic melts
relates to the penetration depth of the cracks in lithosphere
conjugated with the shear dislocations (extensional sys-
tems), velocities (impulses) of their opening (that accounted
for such depth), and to the permeability of the continental
crust as well as to its degree of consolidation. Multiple pub-
lications have described in detail the kinematics of these dis-
locations (e.g., Utkin, 2005, Nevolin et al., 2014). However,
magmatism of this “specific geochemical type” was not reg-
istered on the territory of the Albian-Cenomanian marginal
continental orogenic belt (Sikhote-Alin) distinguished by
AL Khanchuk and co-authors (2019), that represents a new-
ly formed part of the continental lithosphere, which origi-
nated in the transform continental margin setting. On the
whole the change in the geodynamic regime and conjugate
magmatism tend to take place along all of the Eastern Asia
Volcanic Belt but with a temporary displacement within
some of its fragments, and occurrence of analogs to the
A-type magmatites: Urak and Nitkan (Priokhotye region),
Belouvalensk complexes (Chukotka region).

CONCLUSIONS

1) New isotopic-geochemical data for the volcanic rocks
of the South Yakut and Martel VD indicate that they formed
in the early Eocene (54.3 + 2.9 Ma) and early Campanian
(83.5 £ 1.0 Ma) respectively.

2) The calculated temperature 7,,;,°C (800 °C on average)
allows for the initial melts being of high temperature, while
the geochemical properties of volcanic rocks of these struc-
tures confirm the highly differentiated composition of mag-
mas enriched with volatile components, and their belonging
to the rocks of the geochemical A-type.

3) The compositional zoning of the derivatives of the
peripheral magma chamber could be caused by the enrich-
ment of the head part of the magma column with fluid com-
ponents. These components practically led to the melt flu-
idization, replacement of calcareous and magnesium cation
components with alkali-ferruginous components, increase in
values of NK/A and Fe, /Mg, and decrease in melt tempera-
ture (7,3°C).

4) We identified the logical correlation between the for-
mation of igneous rocks of the South Yakut and Martel VD
and the large-scale Campanian and Paleocene—Eocene shear
dislocations in the process of activation of the transform Pa-
cific margin and evolution of the regional shear structure of
the Sikhote-Alin. Furthermore, the development of the de-
structive structures and deep permeability of the continental
crust followed. This caused the injection of subslab astheno-
spheric material and reduced (fluorine-hydrogen) fluid flows
that accounted for the generation of the A-type melts from
the crustal component.
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