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Abstract—We report new data on the mineralogy, petrography, geochemistry, U–Th–Pb geochronology, and
Sm–Nd and Rb–Sr isotopy of granitoids and associating rocks of the Sup, Duzunya and Batyrchan plutons,
including rocks with rapakivi texture, which we combine into the new Severookhotsk complex. These rocks
were formed in the Cenomanian–Coniacian ages 94–88 Ma (U–Pb SHRIMP-II data) in the back-arc of the
West Okhotsk f lank zone of the Okhotsk-Chukotka volcanoplutonic belt. Sm–Nd and Rb–Sr isotopic data
confirm the presence of both an enriched mantle and a continental crust component in the composition of
the magmatic source of the rapakivi granites. We show that the Severookhotsk complex magmatism and the
Sn-polymetallic and Au–Bi mineralization of the Allakh-Yun tectonic zone have the same origin.
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Northern Asia, Verkhoyansk-Chukotka folded area, Okhotsk-Chukotka volcanoplutonic belt, active conti-
nental margin, Late Cretaceous
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INTRODUCTION

The Mesozoic interval of the development of the
southeastern margin of North Asia (Verkhoyansk-
Chukotka folded area) was marked by several stages of
an evolving subduction zone due to the closing of the
Mongol-Okhotsk, Paleopacific, and Pacific oceans
[1–3]. During the late Permian—Early Cretaceous
interval, the Uda-Murgal convergent boundary was
developing, as an active continental margin in its
southwestern part [2, 4, 5]. During the Aptian age,
rapakivi granites and associating mafic dikes with U–
Pb ages ~120 Ma formed in the back-arc and local-
ized—in the Allakh-Yun tectonic zone of the South
Verkhoyansk sector of the Verkhoyansk fold-and-
thrust belt (VFTB) [6, 7]. This magmatic activity
marked the beginning of the transformation of the
convergent boundaries in the evolution of southeast-
ern margin of Northern Asia and, like other rapakivi-
bearing subduction formations (e.g., [8]), are evidence
of slab failure. During the Albian–Campanian stage
the Okhotsk-Chukotka active margin formed along
the entire southwestern boundary of the Verkhoyansk-
Chukotka folded area. The age of the Okhotsk-Chu-

kotka volcanoplutonic belt (OCVB) magmatism is in

the range 109–76 Ma based on U–Pb and 40Ar/39Ar
geochronological data and biostratigraphy (reviewed
in [9, 10]). These data show the decreasing age of mag-
matism in the axial zone (volcanic arc) of the OCVB
from the southwest to the northeast—from 109–94 Ma
in the West Okhotsk f lank sector to 99–80 Ma in the
Okhotsk and Central Chukotka sectors to 91–76 Ma
in the East Chukotka f lank sector. Of special interest is
the study of the connection between the origins of this
magmatism and the coeval mineralization of the larg-
est deposits that ref lect overlapping tectonothermal

events in the Cenomanian age (100–94 Ma, 40Ar/39Ar
method). These include the Sn–polymetallic Kuta
(100 Ma) and Au–Bi Kurum (95 Ma) deposits located
in the Allakh-Yun tectonic zone [11, 12].

Here we present results of new integrated miner-
alogical, petrographic, geochronological (U–Pb,
SHRIMP-II), isotope (Sm–Nd, Rb–Sr), and geo-
chemical (ICP-MS) investigations directed at study-
ing the age, origin and geodynamic formation condi-
tions of acid and intermediate rocks including rapakivi
granites of the Sup, Duzunya, and Batyrchan plutons
that are located in the back-arc of the West Okhotsk
flank sector of the OCVB. These plutons intruded ter-† Deceased.
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rigenous deposits of different blocks of the southeast-
ern passive continental margin of the Siberian craton,
namely the South Verkhoyansk sector (SVS) and the
Kular-Nera terrane and associate with the Allakh-Yun
tectonic zone and the Nyut-Ulbey fault (Fig. 1a). We
combine them into the newly identified Late Creta-
ceous Severookhotsk complex.

METHODOLOGY

The mineral composition of the rocks was deter-
mined on a JSM-5480LV INCA Energy 350 scanning
electron microscope with a WDS system (Jeol, Japan)
at IGM SB RAS (Novosibirsk). The silicate analysis
was performed in DPMGI SB RAS (Yakutsk). Rare

Fig. 1. Regional position of the plutons in the Verkhoyansk-Chukotka folded area (a) modified from [8] and geology of the Sup
(b) and Batyrchan and Duzunya plutons (c) simplified from materials of state geological mapping at scale 1 : 200000 [13, 14].
1, alluvium, glacial, and glaciofluvial deposits (Q); 2, siltstone, sandstone, conglomerate, basaltic and acidic tuff (Р2); 3, sand-
stone, siltstone, mudstone, gritstone, conglomerate (T1–2); 4, siltstone, sandstone, lenses of slump breccia (T3); 5–7, plutons of
the Severookhotsk complex (94–88 Ma): 5, Sup, monzodiorite, quartz monzonite, granodiorite; 6, Batyrchan, low-alkaline
granite, granite, subalkaline granite; 7, Duzunya, granodiorite, granite, low-alkaline granite, leucocratic granite, subalkaline
granite, including rapakivi varieties; 8, contact hornfels and hornfelsed rock; 9, boundaries of the cordierite contact metamor-
phism zone; 10–13, dikes: 10, monzodiorite (K1); 11, dolerite, diorite, monzonite and lamprophyre (K1–2); 12, granite porphyry
(K1); 13, diorite-porphyry, andesibasalt, andesite, and rhyolite (J3); 14, inclined and vertical bedding attitude; 15, sampling sites;
16, identified (a) and inferred (b) faults; 17, reverse faults with dextral strike-slip. Sectors of the OCVB from [10] (green dashed
lines are their boundaries): WOFS—West Okhotsk f lank sector; OS—Okhotsk sector; PS—Penzhina sector; AS—Anadyr sector;
CCS—Central Chukotka sector; ECFS—East Chukotka f lank sector. SVS—South Verkhoyansk sector of the VFTB.
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earth and other trace elements contents in the rocks
were determined in the laboratory of analytical chem-
istry of the Common use center of FEGI FEB RAS
(Vladivostok) by inductively coupled plasma mass
spectrometry on an Agilent 8800 mass spectrometer
(Agilent Techn., USA). The U–Pb, Sm–Nd, and
Rb–Sr investigations were carried out in the Centre of
Isotopic Research of Karpinsky Russian Geological
Research Institute (Saint Petersburg). U–Th–Pb dat-
ing was performed on a SHRIMP-II SIMS. Contents
and isotopic compositions of Sm, Nd, Rb, and Sr were
done using the isotope dilution method on a TRITON
multicollector mass spectrometer in static mode.

GEOLOGY OF THE PLUTONS 
AND PETROGRAPHIC-GEOCHEMICAL 

CHARACTERISTIC OF THE ROCKS

The Sup, Duzunya, and Batyrchan plutons are
small stocks of acid and intermediate intrusive rocks

with 4, 6.8, and 15 km2 of square area respectively. The
Sup pluton is part of the range dividing the East
Khandyga River and the Sup Creek (Fig. 1b). It is
located on the northern end of the Allakh-Yun tec-
tonic zone of the South Verkhoyansk sector of the
VFTB and intrudes upper Permian shallow shelf
deposits, forming cordierite-bearing contact horn-
felses. The Duzunya and Batyrchan plutons are in the
lower reaches of the Olchan (Uolchan) River (Fig. 1c).
They associate with the Nyut-Ulbey fault, which is
part of the dislocations system of the major Adycha-
Taryn fault (Fig. 1a). These two plutons intrude folded
Upper Triassic (Norian) terrigenous (turbidite)
deposits of the Kular-Nera terrane. All three plutons
tend to be confined to northeast and west–east trend-
ing reverse faults with strike-slip kinematics or just
strike slips. These faults are estimated as Cretaceous in
age from geological data and are transversal in relation
to the fold-and-thrust structures of the Allakh-Yun
tectonic zone and to the Adycha-Taryn fault. Geolog-
ical mapping materials mention Coniacian U–Pb age
estimates for zircon (SHRIMP-II) for the rocks of the
Duzunya pluton (89 ± 1 Ma) [15], as well as for the
Sup pluton (94 ± 1 Ma) and the adjacent Kurum plu-
ton (96 ± 1 Ma) (unpublished data of A.V. Prokopiev)
[16]. This is supported by the 94 ± 1 Ma U–Pb (ID-
TIMS) zircon age for granodiorite from the Kurum
pluton [12].

The studied rocks of the Sup pluton are quartz
monzodiorite and quartz monzonite, with lesser
amounts of granodiorite [13]. The quartz monzodio-
rites and quartz monzonites are dark gray fine- and
medium-grained rocks. They consist of plagioclase
(up to 40 vol %), potassium feldspar (up to 35 vol %),
and amphibole (~10 vol %), with augite, biotite and
quartz occupying up to 5 vol % each. Plagioclase is
mostly euhedral tabular grains with zoned structure
with the central part consisting of andesine replaced
by sericite and the rim—of oligoclase and albite. A

smaller amount of elongated plagioclase grains have
polysynthetic twinning. Potassium feldspar with
allotriomorphic grains has a perthitic structure, often
with plagioclase inclusions. Augite has moderate val-
ues of Mg# (0.5–0.6) and a small TiO2 admixture (up

to 0.2 wt %) and forms relict fragments of small idio-
morphic grains, almost completely replaced by
amphibole. Amphibole composition varies from fer-
roan hornblende to ferroactinolite (Mg# = 0.2–0.4).
Biotite varies from siderophyllite to ferrous biotite
(Mg# = 0.2–0.4) and occurs along the rims of amphi-
bole grains, forming elongated grains without any par-
ticular orientation. Quartz forms small rounded
grains. Accessory and opaque minerals include apa-
tite, zircon, epidote, ilmenite, magnetite, and leucox-
ene. Secondary alteration includes pelitization of
potassium feldspar and chloritization of amphibole
and biotite.

The Duzunya pluton is composed of granodiorite,
granite, low-alkaline granite, leucocratic granite and
subalkaline granite. These rocks consist of potassium
feldspar and plagioclase (up to 35 vol % each), quartz
(up to 20 vol %), and biotite (up to 15 vol %). Gran-
odiorite includes individual small amphibole grains of
light-brown color (up to 3 mm). Granodiorites, gran-
ites and subalkaline granites include varieties with the
rapakivi texture (Fig. 2) formed by grayish-white oval
potassium feldspar phenocrysts (up to 40–50 mm)
with rims of plagioclase of andesine-oligoclase-albite
composition (up to 3 mm), sometimes with polysyn-
thetic twinning. These large phenocrysts contain
inclusions of oval grains of potassium feldspar (15–
30 mm) with plagioclase rims 0.1 to 0.5 mm wide. The
plagioclase phenocrysts (up to 20 mm in size) with
short-prismatic habit often have a concentric zonation
of andesine-oligoclase-albite composition and are in
subordinate quantities. The volume of phenocrysts in
granodiorite does not exceed 20%, but increases to
60% in the more acid varieties, where they are com-
bined with each other. The groundmass of the rock is
from dark gray to black, medium-grained and consists
of rounded grains of dark-gray quartz, slightly elon-
gated subhedral plagioclase grains and allotriomor-
phic grains of potassium feldspar and siderophyllite
(Mg# up to 0.2). Secondary alterations include peliti-
zation of potassium feldspar, albitization and sericiti-
zation of plagioclase, chloritization and muscovitiza-
tion of biotite. Accessory and opaque minerals are zir-
con, apatite, rutile, epidote, tourmaline, ilmenite, and
magnetite.

The Batyrchan pluton consists of gray biotite-tour-
maline and biotite granite and low-alkaline granite, as
well as yellowish-white tourmaline subalkaline gran-
ite. The rocks are pseudoporphyritic, fine- and
medium-grained. Phenocrysts of oval and tabular
shape (up to 12 mm long) are mostly potassium feld-
spar with tartan twin pattern and perthitic structure,
sometimes with poikilitic plagioclase inclusions. Pla-
gioclase (albite) forms both euhedral and subhedral
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Fig. 2. Photo of rapakivi granodiorite sample DZ-7-22 of the Duzunya pluton.

1 cm

grains and occurs in the groundmass alongside allotri-
omorphic grains of potassium feldspar and quartz. In
biotite-bearing varieties, light-brown biotite is subhe-
dral, partially replaced by muscovite and light-green
chlorite. Tourmaline is orange to light-brown, elon-
gated, and euhedral, to a lesser extent occurs as allotri-
omorphic aggregates, and corresponds to a schorl-
dravite composition (MgO up to 3.1 wt %, FeO up to
13.2 wt %). In subalkaline varieties, tourmaline occurs
as individual large reabsorbed crystals (up to 8 mm)
and clusters of small (up to 2 mm) allotriomorphic
grains. Tourmaline features a lot of poikilitic inclu-
sions of feldspar and apatite. Plagioclase is replaced by
albite and sometimes sericite. Potassium feldspar is
partially pelitized. Accessory and opaque minerals are
topaz, apatite, zircon, orthite, rutile with Nb admix-
ture (Nb2O5 up to 1 wt %), and ilmenite. Orthite and

ilmenite forms inclusions in biotite.

By the classification in [17], the rocks of the Sup,
Duzunya and Batyrchan plutons are mostly alkali-cal-
cic and calc-alkaline series rocks. They have varying
values of the K2O/Na2O ratio (0.4–1.7), the lowest

being in the metaluminous rocks of the Sup pluton
with high Na2O content (up to 6.0 wt %) and low SiO2

(58.6–60.4 wt %). The compositions of the Duzunya
pluton rocks (SiO2 = 64.4–73.7 wt %) vary from met-

aluminous to peraluminous. The Batyrchan pluton
rocks (SiO2 = 67.4–74.6 wt %) range from weakly to

highly peraluminous. On the FeOtot/(FeOtot + MgO)–

SiO2 diagram from [17], most rocks of the Sup and

Duzunya plutons plot in the ferroan trend, corre-
sponding to A-type granites. The Batyrchan pluton
rocks as well as individual samples of the Duzunya
pluton correspond to magnesian varieties typical for
Cordilleran type granites. The rocks of the Duzunya
and Sup plutons have moderate and high Rare earth
elements (REE) totals varying in the ranges 172–782
and 373–408 ppm, respectively. Their multielement

spectra and REE distributions are close to those of
other rapakivi-bearing formations occurring in active
continental margin settings, including Aptian age
rapakivi granites of the Tarbagannakh pluton in the
Allakh-Yun zone of the South Verkhoyansk sector of
the VFTB [7, 18, 19]. The rocks of the three studied
plutons have high (La/Yb)N ratios (up to 24.2–29.5),

which are close to OIB values. The Sup pluton rocks
lack or display a very slight Eu anomaly (Eu/Eu* =
0.8–0.9), whereas in the other two plutons the Eu
anomalies are moderate to low (Eu/Eu* = 0.1–0.4), in
addition to negative Ba, Sr, and Ti anomalies. The
Batyrchan pluton rocks differ in their low values of the
REE total (29–74 ppm) and positive U and P anoma-
lies, in contrast to the Duzunya and Sup pluton, which
have negative P anomalies. On tectonic discrimination
diagrams Nb–Y, Ta–Yb, Rb–Nb + Y, and Rb–Yb + Ta
from [20], the studied rocks, including rapakivi variet-
ies, plot in the field of granitoids that formed due to
slab failure.

ISOTOPE-GEOCHRONOLOGICAL 
INVESTIGATIONS

We performed geochronological U–Th–Pb inves-
tigations on zircon from rocks of the Sup, Duzunya
and Batyrchan pluton (Fig. 3). In quartz monzonite
sample SUP-22-02 of the Sup pluton, twelve zircon
grains were analyzed. The zircons are light-yellow,
transparent, euhedral, prismatic to elongated crystals
(369–607 μm, Kelon = 1.4–2.4) and fragments, often

with inclusions, some of them fractured. On cathodo-
luminescence (CL) images the zircons are bright or
moderately bright, show a fine zonation and elements
of a sectorial structure. Grain no. 10 has a black non-
zoned core (10.1) and a bright rim with fine sectorial
zonation (10.2), indicating a magmatic origin. Ura-
nium contents vary from 237 to 710 ppm, except core
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10.1 (1535 ppm). Thorium contents vary from 146 to
840 ppm for 11 grains and is 1807 ppm for core 10.1.
The Th/U ratio is 0.44–1.32. Results of U–Th–Pb
dating for all measured zircons yielded a Concordia
age of 93.5 ± 0.8 Ma, which we interpret as the crys-
tallization age of the rock.

In low-alkaline granite sample DZ-5-22 from the
Duzunya pluton, 14 grains were analyzed. The zircons
are yellow, brick-red, foggy euhedral and subeuhedral
prismatic to elongated crystals (335–690 μm, Kelon =

2.0–3.8) and fragments with inclusions and fractures.
On CL images the zircons are bright and show a two-
or three-phase structure. In two-phase grains (3.1, 7.1,
7.2, 9.1, and 12.1), there are light central areas with
fine zonation and dark rims with traces of zonation or
black non-zonal rims. In three-phase zircons (all the
others), the central area is dark with traces of fine
zonation, the intermediate area is light with fine zona-
tion, and the rim part is dark up to black. Five mea-
surements (1.3, 6.1, 7.2, 11.2, 14.1) showed elevated
uranium contents and were excluded from calcula-
tions. For the remaining 14 measurements with ura-
nium content less than 2500 ppm (that is to say, with-
out high-U measurements causing an overestimation
of individual ages due to the matrix effect) a Concor-
dia age of 89.5 ± 0.8 Ma was calculated, which we
accept as the age of the rock.

In granodiorite sample DZ-7-22 with a well-
defined rapakivi texture (Fig. 2), eleven grains were
analyzed. The zircons are honey-yellow, semitrans-
parent euhedral and subeuhedral prismatic to elon-
gated crystals (270–636 μm, Kelon = 1.9–4.4) and frag-

ments with inclusions and/or fractures. On CL
images, the zircons are bright and have a two- or
three-phase structure. The two-phase grains have light
central areas with fine zonation and black rims; in
three-phase zircons (1.1, 5.1, 5.2, 8.1, 9.1, 9.2, 10.1,
11.1, 11.2), the central area is dark (up to black) with
traces of a fine zonation (or without zonation), the
intermediate area is light with fine zonation and the
rim is from dark to black. After exclusion of the high-
U measurements (2.2, 3.2, 11.2), a Concordia age of
88.2 ± 0.8 Ma was obtained. For measurements used
in the calculation, the U content varies from 253 to
1582 ppm, Th content—from 87 to 600 ppm; the
Th/U ratio = 0.13–0.73.

Zircon extracted from Batyrchan pluton samples of
granite (BT-1/22), subalkaline granite (BT-3/22), and
low-alkaline granite (BT-4/22) are significantly het-
erogeneous. On CL images, many grains do not have
concentric growth zonation but are divided into indi-
vidual domains, often with black, high-U rims. Some
grains have segregated cores, many grains are signifi-
cantly metamict, some have melted or rounded rims.
Most obtained analyses in cores and rims are signifi-
cantly discordant. Measured U–Pb ages vary from
Mesoarchean to Eocene. Uranium content ranges
from 27 to 5586 ppm, Th—from 3 to 1271 ppm. Some

grain rims yield early Permian ages, some others
(mainly high-U)—Late Jurassic to Early Cretaceous.
One spot in a high-U rim (U = 3950 ppm) from leu-
cocratic granite sample BT-4/22 yielded an age ~91–
89 Ma, which is close to the Concordia age obtained
for zircon from the rocks of the Sup and Duzunya plu-
tons.

Sm–Nd and Rb–Sr isotopic investigations were
performed for the same samples as U–Pb zircon dat-
ing. Both the one-stage and two-stage Sm–Nd model
ages for the magmatic source of these rocks are Neo-
proterozoic and Mesoproterozoic. For Sup pluton
quartz monzonite sample SUP-22-02 (εNd(T) = –0.6,

(87Sr/86Sr)0 = 0.705290)—model ages are 777 and

961 Ma respectively; for the Duzunya pluton low-
alkaline granite sample DZ-5-22 (εNd(T) = –2.3,

(87Sr/86Sr)0 = 0.706180) and rapakivi granodiorite

sample DZ-7-22 (εNd(T) = –2.5, (87Sr/86Sr)0 =

0.706199)—1.1 Ga. The latter is indicative of input of
continental crustal material in the magmatic source of

these rocks. On the εNd(T)—(87Sr/86Sr)0 diagram all

three samples plot in the field of isotope compositions
of enriched mantle sources. At the same time, the
quartz monzonite sample plots in the field of Bulk Sil-
icate Earth. We assume that the granites and subalka-
line granite of the Batyrchan pluton formed with the
participation of a Mesoproterozoic crustal source,
whose age, according to the two-stage models is 1.4 Ga.

CONCLUSIONS

We identified a wide variety of acid and intermedi-
ate intrusive rocks for the Sup, Duzunya, and
Batyrchan plutons—from monzodiorite, quartz mon-
zonite and granodiorite to granite of normal alkalinity,
low-alkaline, subalkaline, and leucocratic granites,
including ones with rapakivi texture. These small
intrusions located in major tectonic zones penetrated
terrigenous strata of the southwestern passive conti-
nental margin of the Siberian craton. Our new U–Th–
Pb data for zircon (SHRIMP-II SIMS) from acid and
intermediate rocks of the Sup and Duzunya plutons,
including the rapakivi varieties, show that they formed
in the Cenomanian–Coniacian time 94–88 Ma. This
agrees with preliminary age estimates for these intru-
sions [15, 16] and for Batyrchan pluton rocks. Charac-
teristics of the geochemistry and Sn–Nd and Rb–Sr
isotopy of the rocks of all three plutons indicate both
an enriched mantle and a continental crustal compo-
nent in their magmatic source, in which they are sim-
ilar to rapakivi-bearing associations [8] formed due to
slab failure in active continental margin settings.
These new integrated data let us combine the rocks of
the Sup, Duzunya and Batyrchan plutons and the sim-
ilarly aged granitoids of the Kurum pluton into the
back-arc Severookhotsk complex (94–88 Ma). These
rocks formed in the back-arc of the West Okhotsk
flank sector of the OCVB, on the continent, about
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Fig. 3. Concordia diagrams and CL images of zircon from quartz monzonite sample SUP-22-02 of the Sup pluton (а) and low-
alkali granite sample DZ-5-22 and granodiorite sample DZ-7-22 of the Duzunya pluton (b, c). Error ellipses are 2σ. Numbered
red ovals on CL images are locations of analytical spots and their numbers in Table 1.
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tallic and Au–Bi mineralization in the Allakh-Yun
tectonic zone. The latter reflects the importance of
studying rapakivi-bearing formations for understand-
ing the origin of ore processes.
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