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INTRODUCTION

The highly metamorphosed Aldanian and
Stanovian complexes of the Stanovoi region and
Selenga–Stanovoi orogenic belt bordering in the
southeast the North Asian craton [6] host different�
age (from the Early Proterozoic to Mesozoic) intru�
sions. Their formation reflects the complex polycyclic
geological evolution of the marginal salients of the
craton basement and its surrounding folded structures,
which suffered repeated structural reorganizations and
magmatic reworking during the Proterozoic and
Phanerozoic [11, 12]. The main processes that deter�
mined the formation of the different�age granitoids
were represented by the Early Proterozoic metamor�
phism and the granitization of the Precambrian com�
plexes [37] as well as the accretionary–collisional
interaction between the Siberia and Mongolia–China
continents [13, 14, 27].

The oldest, Early Proterozoic granitoids are typical
rocks of all the Precambrian cratons, which were
formed in their peripheral parts in response to the

amalgamation of crustal terranes into the Early Prot�
erozoic supercontinent and the accretion of the juve�
nile crust along the periphery [34]. In the Upper Amur
region, the oldest magmatic rocks are represented by
widespread granitoids of the Late Stanovoi and Tuku�
ringra complexes developed along the Dzheltulak fault
[7, 9] being localized within the eastern termination of
the Selenga–Stanovoi orogenic belt and the Stanovoi
domain of the Aldan–Stanovoi shield (Fig. 1). These
granitoids are usually accepted with a high level of
conditionality to be the Early Proterozoic in age [19].

Moreover, the granitoids of the Late Stanovoi com�
plex are considered as representing the first phase or
early subphase of the Tukuringra Complex [20].

During the last years, the existence of Early Prot�
erozoic granites within the Stanovoi belt has been fre�
quently questioned. The recent U–Pb geochronologic
studies of the granitoids from the Late Stanovoi and
Tukuringra complexes of the Dzhugdzhur–Stanovoi
superterrane (the Getkan and Chubacha massifs)
demonstrated that they are 140–138 Ma old [9, 22–
24]. This led to the substantial revision of the previous
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views on the geological evolution of the region in ques�
tion and the geodynamic regime responsible for the
formation of the magmatic complexes of this province.
It is assumed that the formation of the Tukuringra
granitoids is related to the terminal stage of the Early
Cretaceous regional metamorphism of the rocks con�
stituting the Stanovoi Group determined either by the
collision between the North Asian craton and the
Amur superterrane or the accretion of the Selenga–
Sanovoi superterrane to the North Asian craton along
the Dzheltulak fault [8, 25].

It should be noted that massifs of old granitoids of
the Late Stanovoi Complex are frequently observable
within the gold�ore deposits in the Upper Amur
region: the Bamskoe, Kirovskoe, Berezitovoe, and
others. They are particularly widespread within the
Berezitovoe deposit with its ore body localized in the
central part of the Khaikta–Orogzhan massif attrib�
uted to the Early Proterozoic Late Stanovoi Complex
[19]. Moreover, the origin and composition of the
rocks (protolith), which host the ore�bearing metaso�
matic zone, are still ambiguously interpreted. It is
assumed that the ore zone of the deposit represents
either a metasomatically reworked body of explosive

1

breccias composed of Early Triassic subvolcanic rocks
of the Desov rhyolite–trachyrhyiolite complex [3] or
metasomatically altered detrital material originating
from the host granitoids. Inasmuch as no distinct geo�
logical data indicating the initial composition of the
protolith of the ore�bearing rocks in the deposit under
consideration are available, we believe that this prob�
lem may be solved based on detailed mineralogical–
geochemical investigations of the zircon (an accessory
mineral that occurs both in the granites and ore�bear�
ing metasomatites). Many isotopic investigations of
zircon aggregates described in the recent geological
literature unambiguously indicate that their isotopic
systems remain relatively stable during thermal rock
alterations [17. In this connection, zircon is the only
geochronometer appropriate for dating high�tempera�
ture polymetamorphic processes, which eventually
allows zirconometry to also be used for solving some
specific tasks related to the genesis of ore deposits.

Thus, the geochronologic investigations of the zir�
cons extracted from the rocks of the Berezitovoe
deposit were conducted to solve two main interrelated
tasks of importance for revealing the genesis of the
Berezitovoe deposit, i.e., defining the nature of the
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Fig. 1. Schematic distribution of the intrusive massifs of the Late Stanovoi and Tukuringra complexes in the areas adjacent to the
southeastern North Asian craton. Compiled using materials from [6, 7, 9, 33].
(1) Aldan–Stanovoi shield (AS); (2–4) orogenic belts; (2) Selenga–Stanovoi (SS), (3) Mongol–Okhotsk (MO), (4) Argun (Ar);
(5) granitoids of the Late Stanovoi and Tukuringra complexes; (6) principal regional faults: (1) Dzheltulak, (2) North Tukuringra,
(3) South Tukuringra; (7) tectonic dislocations; (8) location area of the Khaikta–Orogzhon massif. In the inset, the asterisk shows
the geographic position of the Berezitovoe deposit.
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protolith that served as a substrate for the formation of
its ore body and establishing the age of the host gran�
ites of the Khaikta–Orogzhan massif. This work is
dedicated to the results of the performed U–Pb isoto�
pic geochronologic studies discussed below.

GEOLOGICAL DESCRIPTION 
OF THE KHAIKTA–OROGZHAN MASSIF

AND THE BEREZITOVOE DEPOSIT

The Khaikta–Orogzhan intrusive massif is located
in the interfluve of the Bol’shoi Ol’doi and Khaikta
rivers (Fig. 2). In the east, north, and west, it is bor�
dered by Mesozoic granitoids, which represent mar�
ginal fragments of the single giant Khaikta batholith
with an uneven apical surface and dome�shaped sag�
and�swell topography [32]. Based on the gravimetric
measurements, it is assumed that the massif represents
a gently southeastward dipping sheet with the shallow
position of the Berezitovoe deposit’s roof. In the
southern part of the deposit, the Khaikta–Orogzhan
massif intrudes the basement composed of Early
Archean (?) and Proterozoic metamorphic intrusive
ultramafic–mafic rocks. They are largely represented
by biotite–hornblende gneisses and considered as rep�
resenting polymetamorphic rocks of the Mogocha
Group, which suffered granulite�facies metamor�
phism with subsequent blastomilonitization and
diaphtoresis [19]. The old metamorphosed intrusive
rocks referred to the Kengurak Complex of the Early
Proterozoic metamorphosed gabbro [2] are repre�
sented by metagabbro, metaanorthosites, and
amphibolites.

The Khaikta–Orogzhan massif is characterized by
its complex heterogeneous structure. It includes the
following main rock varieties: gneissose biotite–horn�
blende granodorites, porphyroid hornblende–biotite
granites, and leucocratic biotite granites and granosy�
enites (Fig. 2). All these rock varieties demonstrate
distinct gradual transitions between each other, which
are observable in subsurface mines and boreholes
drilled within the massif. Gneissose granodiorites,
porphyroid granites, and leucocratic granites are con�
sidered as representing the marginal upper, intermedi�
ate, and lower deep facies of the massif, respectively.

The gneissose granodiorites are gray medium�
grained rocks with pseudobanded and shadow struc�
tures. In some areas of the massif, the gneissose rock
patterns are so distinct that they acquire a massive
medium�grained structure and a peculiar gray�green
coloration determined by the wide development of
sericitization, epidotization, and chloritization. A
particular feature of the granites is represented by the
occurrence of large porphyroblasts of secondary
microcline in granites up to 1–2 cm across, which
replaces plagioclase and contains inclusions of early
minerals. Leucocratic biotite granites most wide�
spread in the northern part of the Khaikta–Orogzhan
massif are represented by light medium�grained rocks

consisting of K�feldspar, quartz, plagioclase, and sub�
ordinate biotite.

The Khaikta–Orogzhan massif is crossed by many
dikes of aplitic granites from a few centimeters to 1–2
m thick. In addition, the porphyry� and gneissose
granitoid varieties enclose abundant xenoliths of
altered gabbroids from a few centimeters to a few tens
of meters across belonging to the Kengurak Complex.

Recently, the granitoids of the Khaikta–Orogzhan
massif have been accepted with a high level of condi�
tionality as being the Early Proterozoic in age. This is
confirmed by their similarity in petrographic and pet�
rochemical properties with the granitoids of the Late
Stanovoi Complex of the Aldan–Stanovoi shield.
According to the bulk K–Ar measurements in the
granitoids, the massif is 144–125 Ma old [30]. It may
be assumed that the obtained dates reflect the terminal
stage in the transformation of the rocks of the massif
determined by the formation of the Mesozoic grani�
toids of the Khaikta massif.

The central part of the Khaikta–Orogzhan massif
hosts the Berezitovoe deposit represented by sulfide�
bearing tourmaline–granite–muscovite–quartz
rocks, which form a steeply dipping body within the
porphyroid granitoids (Fig. 3). In plan, the ore body of
the massif exhibits a complex lenticular shape, being
900 m long at the surface and from 10–15 to 110 m
thick.

The main share of ore�bearing metasomatites in
the deposit is composed of relatively uniform light gray
to greenish gray massive fine�grained muscovite–
quartz rocks with abundant inclusions (up to >1%) of
almandine–spessartine garnet and tourmaline. The
rocks also contain in variable proportions orthoclase,
chlorite, biotite, anorthite, Zn spinel (ferruginous
gahnite), titanite, zircon, epidote, allanite, prehnite,
fluorapatite, grotite, fluorite, and graphite. At the con�
tact with the host granitoids, the ore�bearing metaso�
matites are fringed along their periphery by dark gray
compact varieties of complex garnet–biotite–anorth�
ite–muscovite–quartz composition, which grade into
altered granites.

The distribution of the gold�bearing polymetallic
ores within the tourmaline–garnet–muscovite–
quartz metasomatites is relatively regular: they form a
complex sulfide stockwork and distinctly fill a
branched system of complex fissures. The main ore
minerals are sphalerite, galenite, pyrite, pyrrhotite,
and magnetite. The mineral composition of the ores is
described in detail in [4].

ANALYTICAL TECHNIQUE

The composition of the rocks and minerals was
analyzed at the Analytical Center of the DVGI DVO
RAN. The content of petrogenic components in the
rocks was estimated by applying the standard chemical
analysis and measurements using the X�ray fluores�
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Fig. 2. Schematic geological structure of the Khaikta–Orogzhon massif. Compiled using materials of regional geological agen�
cies.
(1) unconsolidated alluvial sediments; (2) Early Archean metamorphic rocks of the Mogocha Group: crystalline schists and
gneisses; (3) Lower Proterozoic metamorphosed sedimentary rocks of the Early Triassic Desov Complex; (4) volcanogenic and
volcanosedimentary: trachyrhyolites, rhyolites, rhyodacites, tuffaceous siltstones, and tuffaceous mudstones; (5) Early Protero�
zoic Kengurak mafic–ultramafic complex, after [1]: metagabbro, amphibolites, metaanarthosites, metapyroxenites; (6–8) Early
Proterozoic (?) intrusive rocks of the Khaikta–Orogzhon massif of the Late Stanovoi Complex (?): (6) gneissose biotite–horn�
belnde granodiorites, (7) porphyroid biotite–hornblende granodiorites and granites, (8) leucocratic biotite granites and granosy�
enites; (9) Early Cretaceous Khaikta Complex of subalkaline granitoids, after [40]: coarse�grained porphyroid biotite–horn�
blende granodiorites, granites, and granosyenites; (10) Early Cretaceous dikes: (a) granodiorite– and granite–porphyries, (b)
spessartite and diorite–porphyrites; (11) principal tectonic fractures; (12) quartz veins; (13) Berezitovoe gold�polymetallic
deposit.
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cence method using a VRA�30 scanning spectropho�
tometer and an S4 Pioneer spectrometer. The detec�
tion limit of the elements from Na to U (VRA�30
spectrometer) and the elements from F to U (S4 Pio�
neer spectrometer) was 0.0005 %. The measurement
accuracy was 2% for the petrogenic components in the
rock; 5% for the trace elements Rb, Sr, Nb, Sc, Co,
Ni, Cu, Zn, Ga, Y, Th, U, Pb, and AS; and 10% for
Ba, Cr, V, La, Ce, and Nd. The REE and rare elements
in the granites and meatsomatites were determined by
the ICP�MS method using the Agilent 7500 equip�
ment. The accuracy of the measurements by the ICP�
MS method is determined by the value of the standard
deviation, which is usually equal to 1–2% for most
matrix elements, 5–15 % for most accessory elements,
and 20–25 % for Hf, Th, and Pb. These values meet
the quality criterions of the elemental analysis
accepted in geochemical investigations.

The isotopic geochronologic investigations were
conducted by the U–Pb method using single zircon
grains at the high�resolution SHRIMP�II precision
ionic microprobe at the Center of Isotopic Investiga�
tions of the VSEGEI and by the LA�ICP�SM method
at the DVGI DVO RAN at the Agilent 7500a mass
spectrometer with inductively coupled plasma com�
bined with a UP�213 laser ablation system.

The zircons for the isotopic investigations were
extracted from two volumetric rock samples from the
deposit. One sample was taken from the ore�bearing
tourmaline–garnet–muscovite–quartz rocks of the
ore zone and the other from the host porphyroid gran�
ites (Fig. 4). The zircons were extracted from the
metasomatites and granites in line with the standard
procedure.

The zircons were subjected to two�stage isotopic
investigations. First, the zircon grains were implanted
at the Center of Isotopic Investigations (VSEGEI)
onto a plate covered by epoxy together with grains of

the TEMORA and 91500 zircon standards. Their
internal structure was studied in the cathode lumines�
cence regime; then, the U–Pb ratios were measured at
the SHRIMP�II ion microprobe only in the marginal
parts of the zoned zircon grains. The measurements
were conducted in line with the technique in [51]. The
intensity of the primary beam of molecular negatively
charged oxygen ions was 4 nA and the crater’s diame�
ter was ~30 μm. The obtained data were processed
using the SQUID and ISOPLOT/EX programs [43,
44]. The U–Pb ratios were normalized to the 0.0688
value of the TEMORA zircon standard, which corre�
sponds to its age of 416.75 Ma [39].

The plate with the zircon grains and the standards
prepared at the Center of Isotopic Investigations
(VSEGEI) was forwarded to the DVGI DVO RAN for
further isotopic measurements by the LA�ICP�MS
method. The U–Pb isotopic ratios were largely mea�
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Fig. 3. Structure of the southern part of the ore zone in the
Berezitovoe deposit.
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Fig. 4. Schematic map illustrating the location of the sam�
ples taken from the Berezitovoe deposit for the isotopic
investigations.
(1, 2) Early Proterozoic (?) intrusive rocks presumably of
the Late Stanovoi Complex (?): (1) porphyroid granites
and granodiorites, (2) gneissose granodiorites; (3) Early
Cretaceous spessartite and diorite–porphyrite
dikes; (4) garnet–muscovite–biotite–orthoclase–anorth�
ite–quartz metasomatites; (5) tourmaline–garnet–mus�
covite–quartz metasomatites with gold�polymetallic min�
eralization; (6) quartz veins; (7) principal tectonic frac�
tures; (8) facies boundaries; (9) exploration adits and their
numbers; (10) sampling sites.



RUSSIAN JOURNAL OF PACIFIC GEOLOGY  Vol. 7  No. 6  2013

U–PB ISOTOPIC GEOCHRONOLOGIC INVESTIGATIONS OF ZIRCONS 389

sured by this method in both the peripheral and central
parts of the zircon grains, which were previously stud�
ied by the SIMS method (secondary ion mass spec�
trometry) using a SHRIMP�II microprobe.

The isotopic measurements by the LA�ICP�MS
method were conducted at an Aglient 7500a mass
spectrometer with inductively coupled plasma and
combined with a UP�213 laser ablation system. The
parameters measured at the mass spectrometer were
optimized for obtaining the maximal intensity of the
208Pb mass using the standard sample N.I.S.T.
SRM611 and fulfilling the condition that the ratio
between the intensities of the masses 240ThO+/232Th+
< 1%. All the measurements were conducted in the
regime of integration with the time resolution and
measuring peaks of the 202Hg, 204(Pb+Hg), 206Pb,
207Pb, and 238U masses. The intensity of the 238U mass
was calculated using its peak according to the natural
distribution of the 238U/235U = 137.88 U isotopes.
Material from the sample was taken for the analysis by
the laser beam at a single point. The diameter of the
ablation crater was approximately 40 μm. Under the
chosen parameters of the isotopic ratio measure�
ments, the ablation crater approximately 40 μm across
is deepened with a rate of 1 μm/s. The material
removed by the laser from the crater was transported
by the helium and argon mixture.

The main features of the technique used for mea�
suring the isotopic ratios by the LA�ICP�MS method
are described in [18, 42]. The isotopic analysis of the
zircons was conducted with a series of measurements.
At the beginning and end of each series, the zircons of
the TEMORA [39] and 91500 [50] standards, the iso�
topic characteristics of which were studied by many
researchers, were measured. The intermittent mea�
surements of the TEMORA zircons at a time maxi�
mally close to the measurements of the unknown sam�
ples allowed both the isotopic fractionation stimulated
by the laser beam and the discrimination according to
the masses determined at the mass spectrometer to be
taken into account. Zircon grains from the 91500 stan�
dard were analyzed to control the reproducibility of
the obtained values and the stability of the equip�
ment’s functioning. The result of a single analysis of
the isotopic ratios is an average of approximately 300
measurement cycles. Time�correlated signals clus�
tered into intervals with their stable values (free from
the influence of inclusions, core–rim transition zones,
and zones with high contents of common lead), which
were used in the subsequent age calculations, were
obtained for each analysis. The measured values were
processed using the Glitter version 4.4.2 program
(Access Macquarie Ltd).

The analysis of the TEMORA standard sample
yielded the weighted average 206Pb/238U age of 416.88
± 0.93 Ma (MSWD = 0.34, n = 64) (the 206Pb/238U age
measured by the TIMS method is 416.75 ± 0.24 Ma
[39]) and a concordant age of 1062.3 ± 2.2 Ma (1σ,

MSWD = 0.34, n = 64) for the 91500 zircon standard
(the 206Pb/238U age measured by the ID�TIMS
method is 1062.4 ± 0.4 Ma [50]). Diagrams with con�
cordia were constructed using the Isoplot/Ex version
3.00 program [43].

PETROCHEMICAL AND GEOCHEMICAL 
PROPERTIES OF INTRUSIVE ROCKS

AND ORE�BEARING METASOMATITES

Tables 1 and 2 demonstrate the respective data on
the chemical composition of the intrusive rocks from
the Khaikta–Orogzhan massif and the contents of
trace elements in them. The SiO2 and K2O contents in
the rocks from this massif vary from 64 to 75 and from
2.8 to 6.1 wt %, respectively. The porphyroid biotite–
hornblende granites of the massif belong to the
medium�K calc�alkaline series, while the other variet�
ies are referred to its high�K counterpart (Fig. 5). In
the (Na + K)/Al–SiO2 diagram, the data points of the
granites are also localized in the field of calc�alkaline
rocks, except for the aplitic granites, which corre�
spond to the alkaline series (Fig. 5). Moreover, the
minimal values of the agpaitic index (Na + K)/Al are
characteristic of the porphyroid granites of the massif
under consideration.

In discrimination diagrams, the porphyroid and
leucocratic granites, which constitute the largest part
of the massif, are located in the field of granitoids of
the M, I, and S types (Fig. 6). The REE concentra�
tions in the rocks of the massif exhibit values compa�
rable with their average contents in the granites from
the upper part of the continental crust [46]. The por�
phyroid and leucocratic granites of the massif demon�
strate a uniform slightly fractionated profile of the
chondrite�normalized REE distribution [45] (Fig. 7).
It is characterized by the enrichment with light lanth�
anoids and the depletion of its heavy varieties
((La/Yb)cn = 6–19) with a distinct Eu anomaly
((Eu/Eu*) = 0.71–0.68).

The ore�bearing metasomatites of the Berezitovoe
deposit are composed of peculiar tourmaline–garnet�
bearing muscovite–quartz rocks. The following main
types of altered rocks are definable from the host gran�
ites toward the central part of the ore lode: slightly
altered granite—intensely altered granite—“dark
gray” fine�grained garnet–biotite–anorthite–musco�
vite–quartz metasomatites—“light gray” metasoma�
tites largely of tourmaline–garnet–quartz composi�
tion. Tables 1 and 2 illustrate the chemical composi�
tions of the main metasomatic rocks of the deposit and
the concentrations of the main trace elements, respec�
tively. The analysis of these data reveals that the meta�
somatites are characterized by lower Na, Ca, Ba, and
Sr and higher K, Mn, and Rb concentrations as com�
pared with the host granites.

The metasomatites from the marginal parts of the
ore zone are characterized by higher REE concentra�
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4

Fig. 7. REE distribution in the granites and ore�bearing
metasomatites of the Berezitovoe ore field.
(1, 2) granitoids of the Khaikta–Orogzhon massif: (1) por�
phyroid biotite–hornblende granites (average of three
analyses), (2) leucocratic biotite granites (average of two
analyses); (3, 4) ore�bearing metasomatites of the Berezi�
tovoe deposit: (3) “light” tourmaline–garnet–muscovite–
quartz variety with gold–polymetallic mineralization
(average of three analyses), (4) “dark gray” tourmaline–
garnet–muscovite–biotite–orthoclase–anorthite–quartz
variety from marginal parts of the ore�bearing zone (aver�
age of four analyses). The gray field corresponds to the
REE variation limits in the examined samples. Normal�
ized after [45].

tions as compared with the host granites, whereas the
tourmaline–garnet–muscovite–quartz metasoma�
tites from the main body of the ore zone exhibit their
lower contents. The REE distribution in the chon�
drite�normalized [45] metasomatites is similar to that
in the granites (Fig. 7).

RESULTS OF THE GEOCHRONOLOGIC 
INVESTIGATIONS OF THE ZIRCONS

By their morphology and coloration, the zircon
garins from the granites and metasomatites are identi�
cal and demonstrate significant similarity between
each other. They are largely represented by well fac�
eted uniform euhedral transparent colorless to pinkish
aggregates of short�prismatic to, less commonly, acic�
ular crystals 20 to 300 μm across. The study of zircons
using the JXAS8100 microprobe (DVGI DVO RAN)
revealed that they contain only HfO2 (0–1.56 %) in
addition to zirconium. No other mineral inclusions
are detected in the zircon grains.

The cathode luminescence images of the zircons
from the granites and metasomatites show that they
include well�developed cores with an unzoned or
slightly zoned structure and marginal rims with fine
rhythmical zoning patterns (Fig. 8).

Tables 3 and 4 present the results of the isotopic
geochronologic investigations of the zircons. The

weighted average age calculated from eight data points
obtained by the SHRIMP�II method for the marginal
rims of the zircon grains from the Khaikta–Orogzhon
massif is 344.8 ± 3.3 Mq and that calculated from nine
data points obtained by the LA�ICP�MS method is
344.9 ± 7.8 Ma (Fig. 9). The weighted average concor�
dant age value calculated from 22 data points obtained
for cores of zircon grains by the LA�ICP�MS method
is as old as 354.8 ± 2.0 Ma. At the same time, it should
be noted that the cores of the zircons also yielded older
values: a weighted average concordant age of 1828 ±
42 Ma and a weighted average discordant age of
1477 ± 38 Ma. Thus, taking into consideration the
data obtained by these two methods, it may be
assumed that the granites of the Khaikta–Orogzhon
massif are 344–355 Ma old.

According to the SHRIMP�II data, the weighted
average age value for the marginal parts of the zircon
grains from the ore�bearing metasomatites of the
Berezitovoe deposit calculated for nine data points is
335.9 ± 4.8 Ma (Fig. 10). The weighted average age
value obtained for these rocks by the LA�ICP�MS
method is estimated to be 323.1 ± 7.0 Ma (based on six
data points). At the same time, the zircons also yielded
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Fig. 8. Cathode luminescence images of the zircons from
the porphyroid granites of the Khaikta–Orogzhon massif
(A) and the ore�bearing metasomatites (B) of the Beresito�
voe deposit. The circles show the measurement points. The
numbers of the measurements correspond to the analysis
numbers in Table 3 and 4.
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Fig. 9. Diagrams with concordias for the marginal zones (A, B) and cores (C) of the zircon grains from the granites of the
Khaikta–Orogzhon massif measured by the SIMS (A) and LA�ICP�MS methods (B and C).
The inset in diagram C illustrates the fragment of the concordia in the age interval of 320–360 Ma. The age values for the indi�
vidual isolated points are given in Tables 3 and 4.
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Table 2. Composition of the trace elements (ppm) in the granites of the Khaikta–Orogzhon massif and the metasomatites
of the Berezitovoe deposit

Sample @Вх�1 @Âõ�2 309 @Вх�3 356 4�A 8�1 65 8�2 16 1103 1267 1275

Ordered 
number 1 2 3 4 5 6 7 8 9 10 11 12 13

Be 1.6 2.1 2.2 1.5 1.4 2.4 2.7 2.2 2.1 1.1 1.6 0.7 1.7

Ba 1122.8 1156.8 923.8 1159.0 2123.0 447.6 346.2 315.3 189.1 111.1 144.8 69.1 564.3

Cs 0.8 1.4 0.5 1.9 1.0 3.4 1.9 3.0 1.3 1.3 0.8 0.8 1.2

Rb 58.1 119.3 89.8 156.3 132.8 203.7 242.5 200.6 276.6 179.2 218.6 118.76 206.5

Sr 883.1 474.0 568.1 326.7 296.6 84.3 126.0 100.6 37.3 14.5 13.7 5.1 46.9

Ga 19.7 17.9 18.0 17.6 14.8 17.4 20.3 18.1 20.7 17.4 19.5 11.3 26.1

Ta 1.1 0.7 0.8 0.8 0.6 0.9 1.0 0.8 1.2 0.6 0.8 0.4 1.7

Nb 14.7 10.0 13.2 9.7 8.2 10.3 14.1 10.5 17.8 9.2 13.6 5.0 27.9

Hf 6.8 4.9 4.3 4.9 2.1 4.3 5.8 4.6 6.6 4.2 7.0 2.0 12.6

Zr 264.2 173.7 162.9 173.4 72.9 153.9 217.9 167.5 238.7 157.2 263.6 87.8 508.7

Y 24.9 17.1 16.5 18.3 16.1 19.2 26.0 15.6 7.9 14.6 18.9 11.6 54.8

Th 15.3 10.0 7.5 10.6 5.4 11.8 25.2 13.2 21.8 9.8 23.2 5.8 28.4

U 2.9 2.4 2.1 5.7 1.1 3.8 6.5 4.4 4.7 2.5 3.3 1.3 6.6

Cr 21.5 12.4 14.2 12.3 11.9 10.8 9.2 6.6 6.0 35.0 17.9 10.6 197.6

Ni 12.4 8.8 11.2 12.4 10.7 8.9 8.3 6.3 3.0 5.4 14.5 9.3 12.6

Co 8.2 4.1 5.1 24.2 2.1 5.3 7.2 4.5 1.2 2.4 1.9 20.7 11.0

V 46.6 28.3 27.2 29.8 7.8 27.3 33.8 23.8 29.0 25.8 26.3 17.7 32.8

Pb 208.0 16.7 20.4 16.5 28.9 1396 259 62.3 38.0 2328.0 2713 810 230

Zn 65.3 341.5 42.5 460.9 28.5 975 1460 98.1 63.0 10106 5351 6086 443

Cd 0.00 0.00 0.00 0.00 0.00 2.47 4.25 0.25 0.50 45.14 24.35 24.12 5.10

Mo 1.66 1.28 0.87 3.37 0.94 1.70 3.40 1.35 0.76 3.71 1.05 0.87 29.73

Sn 18.03 3.30 1.73 1.86 1.64 7.03 1.45 1.51 1.59 5.37 6.76 3.05 3.40

W 1.50 5.06 2.70 32.18 1.90 7.90 10.65 9.37 17.42 9.73 13.20 21.03 25.78

La 50.34 34.66 22.35 42.06 15.39 50.69 63.99 31.53 23.10 28.28 52.24 15.58 77.19

Ce 100.3 67.89 48.22 77.24 24.64 94.54 130.24 61.19 40.40 52.44 97.04 30.23 157.29

Pr 10.88 7.62 6.07 8.17 2.75 10.43 14.10 6.78 4.02 5.56 9.80 3.18 17.81

Nd 41.57 27.55 20.82 29.37 10.93 37.66 51.68 24.11 13.56 19.05 33.17 11.44 66.88

Sm 7.40 4.65 3.95 5.03 2.31 6.54 8.48 4.05 2.02 3.26 5.05 1.84 12.03

Eu 1.66 1.19 0.95 1.17 0.60 1.49 1.78 0.95 0.57 0.76 0.89 0.28 2.25

Gd 6.72 4.50 3.37 4.69 2.70 5.99 8.23 3.96 1.71 3.32 4.93 2.04 12.09

Tb 0.90 0.59 0.48 0.66 0.47 0.77 1.05 0.51 0.26 0.50 0.59 0.32 1.75

Dy 5.12 3.57 2.92 3.43 2.68 3.94 5.39 2.93 1.25 2.80 3.41 1.93 10.57

Ho 1.00 0.65 0.55 0.67 0.63 0.79 1.08 0.57 0.34 0.57 0.75 0.43 2.19

Er 2.75 1.78 1.57 1.89 1.76 2.02 2.72 1.63 1.12 1.53 2.10 1.30 6.06

Tm 0.41 0.28 0.28 0.32 0.30 0.35 0.46 0.22 0.21 0.24 0.32 0.20 0.91

Yb 2.37 1.78 1.73 1.63 1.65 1.96 2.47 1.70 1.63 1.55 2.60 1.65 5.40

Lu 0.42 0.30 0.30 0.26 0.30 0.35 0.37 0.26 0.27 0.19 0.41 0.22 0.88

(La/Yb)n 15.24 13.97 9.27 18.51 6.69 18.55 18.58 13.30 10.17 13.09 14.41 6.77 10.25

Eu/Eu* 0.71 0.78 0.78 0.72 0.73 0.71 0.64 0.72 0.91 0.70 0.54 0.44 0.56

(1–5) igneous rocks of the Khaikta–Orogzhon massif: (1–3) porphyroid granites, (4, 5) leucocratic granites; (6–13) metasomatites
of the Berezitovoe deposit: (6–8) garnet�bearing metasomatites from marginal parts of the ore zone, (9–13) garnet�bearing muscovite–
quartz  metasomatites with sulfide mineralization. The bold font designates the samples used for the  U–Pb   isotopic investigations.
Eu/Eu* = 2(Eun)/(Smn + Cdn). The rocks were analyzed by the ICP�MS method using the Agilent 7500 spectrometer at the DVGI
DVO RAN (analysts M.G. Blokhin and E.V. Elovskii).



396

RUSSIAN JOURNAL OF PACIFIC GEOLOGY  Vol. 7  No. 6  2013

VAKH et al.

Ta
bl

e 
3.

R
es

ul
ts

 o
f t

h
e 

U
–

P
b 

is
ot

op
ic

 in
ve

st
ig

at
io

n
s 

of
 t

h
e 

zi
rc

on
s 

fr
om

 t
h

e 
gr

an
it

es
 a

n
d 

or
e�

be
ar

in
g 

m
et

as
om

at
it

es
 o

f t
h

e 
B

er
ez

it
ov

oe
 d

ep
os

it
 (

S
H

R
IM

P
�I

I)

A
n

al
yz

ed
 

po
in

ts
20

6 P
b c

, 
%

U
,p

pm
T

h
, p

pm
20

6 P
b*

, 
pp

m

Is
ot

op
ic

 r
at

io
s

A
ge

, 
M

a

D
,%

P
or

ph
yr

oi
d 

bi
ot

it
e–

h
or

n
bl

en
de

 g
ra

n
it

e

1.
1

0.
45

28
8

17
3

13
.8

17
.9

6 
±

 1
.5

0.
05

84
 ±

 4
.8

0.
42

0 
±

 5
.0

0.
05

56
7 

±
 1

.5
34

9.
2 

±
 5

.1
35

6.
1 

±
 1

8
–

2

1.
2

0.
31

44
8

32
3

21
.0

18
.3

9 
±

 1
.4

0.
05

72
 ±

 3
.9

0.
41

0 
±

 4
.1

0.
05

43
6 

±
 1

.4
34

1.
3 

±
 4

.6
34

8.
9 

±
 1

4
–

2

1.
3

–
79

7
55

8
35

.2
19

.4
2 

±
 1

.3
0.

05
42

 ±
 2

.5
0.

39
2 

±
 2

.8
0.

05
15

1 
±

 1
.3

32
3.

8 
±

 4
.0

33
5.

8 
±

 9
–

4

1.
4

0.
32

68
7

42
9

32
.2

18
.3

9 
±

 1
.3

0.
05

69
 ±

 3
.1

0.
40

8 
±

 3
.4

0.
05

43
6 

±
 1

.3
34

1.
2 

±
 4

.3
34

7.
4 

±
 1

2
–

2

1.
5

0.
18

71
8

42
0

33
.6

18
.3

9 
±

 1
.3

0.
05

53
 ±

 2
.5

0.
40

4 
±

 2
.8

0.
05

43
8 

±
 1

.3
34

1.
4 

±
 4

.3
34

4.
5 

±
 1

0
–

1

1.
6

0.
24

79
7

50
6

38
.1

18
.0

2 
±

 1
.3

0.
05

63
 ±

 2
.8

0.
41

6 
±

 3
.1

0.
05

55
0 

±
 1

.3
34

8.
2 

±
 4

.3
35

3.
2 

±
 1

1
–

2

1.
7

0.
22

48
7

32
1

22
.9

18
.3

3 
±

 1
.4

0.
05

32
 ±

 3
.4

0.
38

7 
±

 3
.6

0.
05

45
5 

±
 1

.4
34

2.
4 

±
 4

.5
33

2.
2 

±
 1

2
3

1.
8

0.
00

14
64

83
8

90
.0

13
.9

8 
±

 1
.2

0.
05

73
 ±

 2
.6

0.
56

5 
±

 2
.9

0.
07

15
5 

±
 1

.2
44

5.
5 

±
 5

.2
45

4.
8 

±
 1

3
–

2

1.
9

0.
17

37
7

34
5

18
.8

17
.3

2 
±

 1
.7

0.
05

37
 ±

 3
.1

0.
41

6 
±

 3
.5

0.
05

77
4 

±
 1

.7
36

1.
9 

±
 5

.8
35

3.
2 

±
 1

2
3

1.
10

0.
15

43
8

31
2

20
.5

18
.4

4 
±

 1
.4

0.
05

56
 ±

 2
.8

0.
40

6 
±

 3
.2

0.
05

42
3 

±
 1

.4
34

0.
4 

±
 4

.7
34

6.
0 

±
 1

1
–

2

To
ur

m
al

in
e–

ga
rn

et
–

m
us

co
vi

te
–

qu
ar

tz
 m

et
as

om
at

it
e

3.
1

–
93

9
72

5
46

.8
17

.2
0 

±
 1

.3
0.

05
40

 ±
 2

.2
0.

43
3 

±
 2

.5
0.

05
81

3 
±

 1
.3

36
4.

2 
±

 4
.4

36
5.

3 
±

 9
0

3.
2

0.
21

73
8

74
0

34
.7

18
.3

2 
±

 1
.3

0.
05

52
 ±

 2
.4

0.
41

6 
±

 2
.8

0.
05

45
8 

±
 1

.3
34

2.
6 

±
 4

.3
35

3.
2 

±
 1

0
–

3

3.
3

0.
14

11
85

94
5

51
.9

19
.6

3 
±

 1
.2

0.
05

32
 ±

 1
.9

0.
37

4 
±

 2
.3

0.
05

09
5 

±
 1

.2
32

0.
4 

±
 3

.8
32

2.
6 

±
 7

–
1

3.
4

0.
43

34
7

17
9

16
.5

18
.1

1 
±

 1
.5

0.
05

67
 ±

 4
.2

0.
43

1 
±

 4
.4

0.
05

52
0 

±
 1

.5
34

6.
4 

±
 4

.9
36

3.
9 

±
 1

6
–

5

3.
5

0.
91

31
0

17
8

14
.2

18
.8

9 
±

 1
.6

0.
05

67
 ±

 7
.2

0.
41

4 
±

 7
.4

0.
05

29
3 

±
 1

.6
33

2.
5 

±
 5

.1
35

1.
8 

±
 2

6
–

6

3.
6

0.
12

59
4

49
3

28
.1

18
.1

6 
±

 1
.3

0.
05

17
 ±

 2
.8

0.
39

3 
±

 3
.1

0.
05

50
7 

±
 1

.3
34

5.
0 

±
 4

.5
33

6.
6 

±
 1

0
3

3.
7

0.
33

75
9

77
7

34
.5

18
.9

8 
±

 1
.3

0.
05

43
 ±

 3
.3

0.
39

5 
±

 3
.6

0.
05

27
0 

±
 1

.3
33

1.
0 

±
 4

.2
33

8.
0 

±
 1

2
–

2

3.
8

0.
62

47
2

22
0

22
.3

18
.2

9 
±

 1
.4

0.
05

43
 ±

 4
.9

0.
40

9 
±

 5
.1

0.
05

46
7 

±
 1

.4
34

3.
1 

±
 4

.7
34

8.
2 

±
 1

8
–

2

3.
9

0.
15

95
1

20
6

43
.6

18
.7

6 
±

 1
.3

0.
05

35
 ±

 2
.1

0.
39

3 
±

 2
.5

0.
05

33
0 

±
 1

.3
33

4.
8 

±
 4

.1
33

6.
6 

±
 8

–
1

3.
10

0.
32

44
7

38
6

20
.5

18
.8

4 
±

 1
.6

0.
05

15
 ±

 4
.1

0.
37

7 
±

 4
.4

0.
05

30
8 

±
 1

.6
33

3.
4 

±
 5

.2
32

4.
8 

±
 1

4
3

T
h

e 
zi

rc
on

s 
w

er
e 

an
al

yz
ed

 u
si

n
g 

th
e 

S
H

IM
P

�I
I 

h
ig

h
�r

es
ol

ut
io

n
 p

re
ci

si
on

 io
n

 m
ic

ro
pr

ob
e 

at
 th

e 
C

en
te

r 
of

 I
so

to
pi

c 
In

ve
st

ig
at

io
n

s 
(V

S
E

G
E

I)
. (

P
b c

, P
b*

) 
th

e 
co

m
m

on
 a

n
d 

ra
di

og
en

ic
co

n
st

it
ue

n
ts

 o
f 

th
e 

le
ad

, 
re

sp
ec

ti
ve

ly
. 

T
h

e 
er

ro
rs

 (
%

) 
ar

e 
gi

ve
n

 f
or

 t
h

e 
in

te
rv

al
 o

f 
1σ

. 
T

h
e 

er
ro

r 
of

 t
h

e 
st

an
da

rd
 c

al
ib

ra
ti

on
 i

s 
0.

66
%

. 
T

h
e 

co
rr

ec
ti

on
 f

or
 c

om
m

on
 l

ea
d 

is
 g

iv
en

ac
co

rd
in

g 
to

 t
h

e 
m

ea
su

re
d 

20
4 P

b.
 (

D
) 

is
 t

h
e 

di
sc

or
da

n
ce

 (
w

t 
%

) 
=

 (
1 

–
20

7 P
b/

23
5 U

 : 
20

6 P
b/

23
8 U

) 
×

 1
00

.

U
23

8 P
b

20
6

���
���

����
P

b
20

7 P
b

20
6

���
���

����
P

b
20

7

U
23

5
���

���
����

P
b

20
6

U
23

8
���

���
����

P
b

20
6

U
23

8
���

���
����

P
b

20
7

U
23

5
���

���
����



RUSSIAN JOURNAL OF PACIFIC GEOLOGY  Vol. 7  No. 6  2013

U–PB ISOTOPIC GEOCHRONOLOGIC INVESTIGATIONS OF ZIRCONS 397

Table 4. Results of the U–Pb isotopic investigations of the zircons from the granites and ore�bearing metasomatites of the
Berezitovoe deposit (LA�ICP�MS)

Analyzed
 points

Isotopic ratios (± %) Age, Ma

D, %

Porphyroid biotite–hornblende granite
2.1.r 0.06075 ± 8.71 0.48034 ± 6.59 0.06404 ± 2.26 398.3 ± 22 400.2 ± 8.8 0.5
2.2.r 0.06131 ± 13.51 0.38342 ± 8.22 0.05066 ± 2.78 329.6 ± 23 318.6 ± 8.7 –1
2.3.r 0.05960 ± 6.85 0.38031 ± 13.24 0.05169 ± 4.41 327.3 ± 37 324.9 ± 14 –1
2.4.r 0.05961 ± 7.36 0.38871 ± 6.52 0.05282 ± 2.23 333.4 ± 19 331.8 ± 7.2 –0.5
2.5.r 0.06013 ± 6.75 0.42178 ± 6.94 0.05682 ± 2.45 357.3 ± 21 356.3 ± 8.5 0
2.6.r 0.05927 ± 7.36 0.41601 ± 6.52 0.05685 ± 2.23 353.2 ± 19 356.5 ± 7.7 1
2.7.r 0.05568 ± 7.51 0.38035 ± 7.42 0.05533 ± 2.66 327.3 ± 21 347.2 ± 9.0 6
2.8.r 0.06038 ± 8.00 0.43531 ± 6.58 0.05840 ± 2.26 366.9 ± 20 365.9 ± 8.1 0
2.9.r 0.06029 ± 6.78 0.42153 ± 7.58 0.05663 ± 2.75 357.1 ± 23 355.1 ± 9.5 –0.5

2.10.r 0.05813 ± 7.04 0.38748 ± 6.70 0.05400 ± 2.31 332.5 ± 19 339.0 ± 7.6 2
2.11.z 0.06323 ± 5.3 0.44598 ± 5.0 0.05713 ± 2.0 374.5 ± 15.6 358.1 ± 6.9 –4
2.12.z 0.05834 ± 4.4 0.41209 ± 4.1 0.05722 ± 1.6 350.4 ± 12.1 358.7 ± 5.8 2
2.13.z 0.06095 ± 5.4 0.42497 ± 5.1 0.05648 ± 2.0 359.6 ± 15.4 354.2 ± 7.0 –2
2.14.z 0.06005 ± 5.3 0.41762 ± 5.0 0.05633 ± 2.0 354.3 ± 14.8 353.3 ± 6.8 0
2.15.z 0.05822 ± 4.4 0.41136 ± 4.1 0.05724 ± 1.7 349.9 ± 12.1 358.8 ± 5.8 2
2.16.z 0.06033 ± 5.8 0.40571 ± 5.4 0.05447 ± 2.1 345.8 ± 15.8 341.9 ± 7.2 –1
2.17.z 0.05992 ± 5.4 0.41387 ± 5.1 0.05595 ± 2.0 351.7 ± 15.1 350.9 ± 6.9 0
2.18.z 0.06036 ± 5.6 0.42255 ± 5.3 0.05671 ± 2.1 357.9 ± 16.0 355.6 ± 7.3 –0.5
2.19.z 0.05992 ± 5.7 0.41931 ± 5.3 0.05668 ± 2.1 355.6 ± 15.9 355.4 ± 7.3 0
2.20.z 0.05854 ± 4.4 0.41302 ± 4.1 0.05715 ± 1.6 351.0 ± 12.1 358.3 ± 5.7 2
2.21.z 0.11756 ± 5.3 3.28145 ± 4.9 0.22611 ± 2.0 1476.7 ± 38.3 1314.1 ± 23.4 –12
2.22.z 0.06011 ± 5.7 0.41455 ± 5.4 0.05586 ± 2.1 352.1 ± 16.0 350.4 ± 7.3 –1
2.24.z 0.12470 ± 5.4 5.05029 ± 5.0 0.32807 ± 2.1 1827.8 ± 42.5 1829.0 ± 32.9 0

 Tourmaline–garnet–muscovite–quartz metasomatite
4.1.r 0.05726 ± 3.4 0.37991 ± 3.2 0.05375 ± 1.7 327.0 ± 8.9 337.5 ± 5.55 3
4.2.r 0.05906 ± 3.9 0.37412 ± 3.6 0.05132 ± 1.9 322.7 ± 10.1 322.6 ± 5.85 0
4.3.r 0.06204 ± 3.5 0.38452 ± 3.3 0.05022 ± 1.7 330.4 ± 9.4 315.9 ± 5.33 4
4.4.r 0.07370 ± 4.5 0.28758 ± 4.2 0.03162 ± 2.0 256.7 ± 9.5 200.7 ± 3.94 –28
4.5.r 0.05817 ± 3.7 0.36203 ± 3.5 0.05044 ± 1.8 313.7 ± 9.5 317.2 ± 5.47 1
4.6.r 0.05861 ± 4.4 0.37683 ± 4.1 0.05210 ± 2.0 324.7 ± 11.5 327.4 ± 6.27 1
4.7.r 0.13769 ± 4.6 0.29976 ± 4.4 0.01764 ± 2.0 266.2 ± 10.2 112.7 ± 2.23 –135
4.8.r 0.05262 ± 4.7 0.34934 ± 4.5 0.05380 ± 2.0 304.2 ± 11.7 337.8 ± 6.73 10
4.9.r 0.07039 ± 4.9 0.48113 ± 4.7 0.05539 ± 2.2 398.8 ± 15.5 347.5 ± 7.33 –14

4.10.r 0.07577 ± 5.3 0.26361 ± 5.0 0.02819 ± 2.2 237.6 ± 10.6 179.2 ± 3.91 –33
4.11.z 0.05511 ± 1.11 0.43654 ± 1.03 0.05880 ± 0.41 368.5 ± 3.2 360.9 ± 1.5 –2
4.12.z 0.05340 ± 1.87 0.42611 ± 1.75 0.05787 ± 0.71 360.4 ± 5.3 362.6 ± 2.5 1
4.13.z 0.05274 ± 2.05 0.41673 ± 1.91 0.05730 ± 0.77 353.7 ± 5.7 359.2 ± 2.7 1
4.14.z 0.05412 ± 1.87 0.43611 ± 1.73 0.05845 ± 0.72 367.5 ± 5.3 366.2 ± 2.5 0
4.15.z 0.05381 ± 2.12 0.43437 ± 1.98 0.05855 ± 0.82 366.3 ± 6.1 366.8 ± 2.9 0
4.16.z 0.05377 ± 2.21 0.43311 ± 2.07 0.05842 ± 0.86 365.4 ± 6.4 366.0 ± 3.1 0
4.17.z 0.05657 ± 1.22 0.45656 ± 1.13 0.05853 ± 0.48 381.9 ± 3.6 366.7 ± 1.7 –4
418.z 0.05466 ± 1.92 0.43664 ± 1.79 0.05794 ± 0.74 367.9 ± 5.5 363.1 ± 2.6 –1
4.19.z 0.11460 ± 0.47 4.77802 ± 0.42 0.30240 ± 0.27 1781.0 ± 3.6 1703.2 ± 4.1 –5
4.20.z 0.11444 ± 0.75 4.19742 ± 0.68 0.26601 ± 0.43 1673.5 ± 5.6 1520.5 ± 5.8 –10
4.21.z 0.11290 ± 0.83 4.48620 ± 0.76 0.28820 ± 0.48 1728.4 ± 6.3 1632.5 ± 6.9 –6
4.22.z 0.11354 ± 1.06 5.18312 ± 0.96 0.33108 ± 0.61 1849.8 ± 8.2 1843.6 ± 9.9 0

(r) marginal parts of zircon grains; (z) cores of zircon grains. The errors of the individual analyses are 1σ. The errors of the standard
calibration: TEMORA, 1.75%; 91500, 1.44%. (D) the discordance (wt %) = (1 – 207Pb/235U : 206Pb/238U)  × 100. The zircon grains
were analyzed at the Laboratory of Analytical Chemistry (DVGI DVO RAN) using an Agilent 7500a mass spectrometer with inductively
coupled plasma combined with a UP�213 laser ablation system (analyst V.I. Kiselev).
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single younger age estimates for the marginal parts of
their grains: 276 ± 7, 208 ± 6, and 189 ± 7 Ma.
According to the data obtained by the LA�ICP�MS
method, the weighted average concordant age value
calculated for eight data points is as old as 366 ± 2 Ma.
The core areas of some zircon aggregates also yielded
older dates: a concordant age of 1846.8 ± 9 Ma
and discordant ages of 1742 ± 4, 1680 ± 7, and 1602 ±
5 Ma.

DISCUSSION

Before going to the geological interpretation of the
obtained additional geochronnologic data, it is neces�
sary to pay attention to the methodical aspects of this
work since two different methods were used for the
local measurements of the U–Pb isotopic ratios in the
same zircon grains. In this connection, of particular
interest is the comparison between the results obtained
by these methods, since the SIMS method is widely
used in Russia, while the LA�ICP�MS method is
rarely applied for solving such gechronologic prob�
lems.

The comparison between the analytical potentials
of the SIMS and the LA�ICP�MS methods reveals
that the efficiency (the ratio between the detected ions
and the total number of atoms received by the mass
analyzer [41]) of the quadrupole mass spectrometer
with laser ablation is lower as compared with that of
the high�resolution secondary ion microprobe. The
efficiency of the analytical system using the LA�ICP�
MS method for measuring heavy masses is at the level
of 0.04%, while this parameter for the SHRIMP�II
method is equal to approximately 1% [40]. At the same
time, the lower efficiency of the LA�ICP�MS method
is partly compensated for by the higher level of the
laser ablation of the material as compared with the ion
microprobe, which results eventually in the higher
sensitivity (the ratio between the counts per second
(cps) and the concentration unit, i.e., usually ppm) of
the plasma mass spectrometer with the laser ablation.
The sensitivity of the LA�ICP�MS method with

regard to 206Pb is approximately 600 cps/ppm
1 with

the ablation crater’s diameter being 0.5–1.0 mm and
1800 cps/ppm with the ablation crater being 50 mm
across, whereas the SHRIMP�II method is character�
ized by sensitivity of 0.8 cps/ppm for measuring a spot
25 mm across [40].

For measuring the U–Pb isotopic ratios by the LA�
ICP�MS method, a material ablation rate of 0.5–
1.0 μm/s is applied (with the repeated pulse frequency
of 10 Hz), and the measurement duration is 100–
120 sec, while, in the SHRIMP�II analysis, the abla�
tion level is approximately 1 nm/s and the measure�
ment usually lasts 15 min. Thus, the material dis�

1 The cps/ppm is the intensity of the signal (imp/s) generated by
the detector during the analysis of a sample with the analyzed
component content of 1 ppm (mg/l).

charged during the laser ablation is substantially
higher as compared with that during the SHRIMP�II
measurements (0.1–10.0 ppm vs. 2 ng, respectively),
and the measurement itself is shorter.

The above�mentioned data (Figs. 9, 10) illustrate
good consistency between the U–Pb ages obtained by
the LA�ICP�MS and SIMS methods for the corre�
sponding zones of the same zircon grains. Only two of
ten grains extracted from the granite samples and ana�
lyzed by both dating methods yielded ages that sub�
stantially exceed the concordant values. This is
explained by the capture of material from the zircon
cores, which are characterized by relatively older age
values (Figs. 9 C, 10 C; Tables 3, 4). The zircons from
the ore�bearing metasomatites yielded concordant
SHRIMP�II ages (Fig. 10 A, Table 3). At the same
time, four crystals among these zircons provided
inconsistent ages obtained by the analysis with laser
ablation (Fig. 10 B, Table 4), which is probably deter�
mined by the lead loss or the material mixing from dif�
ferent growth zones.

Thus, the performed studies revealed that, despite
the substantial differences between the SIMS and LA�
ICP�MS methods, the last of them allows the U–Pb
age to be estimated with accuracy comparable with
that measured by the SHRIMP�II dating method. In
this connection, it may be accepted that the dates
obtained for the cores in the zircon grains by the LA�
ICP�MS method are sufficiently reliable, which is
important for the geological interpretation of the
obtained isotopic data.

The results of the geochronologic investigations
show that the igneous rocks of the Khaikta–Orogzhon
massif most likely represent an autonomous complex
of Late Paleozoic granitoids (more exactly, Early Car�
boniferous), not a constituent of the Early Proterozoic
Late Stanovoi Complex. They provide the first reliable
evidence indicating the Late Paleozoic magmatism in
the eastern terminal part of the Selenga–Stanovoi
orogenic belt.

In the opinion of some researchers, the earth’s
crust in the southeastern Siberian craton suffered con�
siderable transformations in response to the widely
developed tectono�metamorphic processes 1.9 Ga ago
[5, 7], which determined the formation of the grani�
toid massifs of the Late Stanovoi and Tukuringra com�
plexes. The Tukuringra granitoids were formed within
the zones of the long�living faults of the Aldan–Stano�
voi shield 1.88–1.86 Ga ago [21], which is confirmed
by the U–Pb zircon ages of 1866 ± 95 [25] and 1840 ±
9 [10) Ma. The rocks of the Kengurak–Sergachi gab�
bro–anorthosite massif, fragments of which are wide�
spread in the form of xenoliths among the granitoids of
the Khaikta–Orogzhon massif, are 1866 ± 6 Ma old
[2]. Our data show that the oldest ages determined for
the cores of zircon grains from the granites of
the Khaikta–Orogzhon massif (1828 ± 42 and 1846 ±
9 Ma) are consistent with the above�mentioned data
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on the age of the granitization of the ancient granite–
metamorphic complexes of the region under consider�
ation obtained by other researchers. They are consis�
tent with the general geological evolution of the region
and reflect the Early Proterozoic stage of the regional
metamorphism recorded in the rocks of the ancient
crystalline basement.

Our additional geochronologic data indicate, along
with the petrochemical and geochemical properties of
the analyzed rocks, that the formation of the grani�
toids constituting the eastern terminal part of the
Selenga–Stanovoi orogenic belt reflects the Hercyn�
ian tectono�magmatic cycle that was accompanied by
the melting of the Precambrian crust and stimulated
the formation of the palingenic granite massifs. The
palingenic origin of the granites constituting the
Khaikta–Orogzhon massif is confirmed by the hybrid�
ism and assimilation of the host metamorphic rocs of
the Mogocha Group at the contact with the granites
and by the rare older dates obtained for the zircon
grain cores. This implies their formation on account of
melted intensely metamorphosed rocks of the base�
ment, which is in principle consistent with the tradi�
tional views on the nature of old magmatic complexes
in the region.

In the Upper Amur region, manifestations of Pale�
ozoic intrusive magmatism are documented in the
eastern margin of the Argun superterrane. This area
hosts small blocks of Early Paleozoic subalkaline leu�
cocratic granites dated by the U–Pb method back to
467–472 Ma [28] and a system of small Late Paleozoic
gabbro–diorite–granodiorite–granite massifs of the
Urusha Complex, which are dated by the same
method at 274–278 Ma [29]. According to the isoto�
pic–geochemical properties, the rocks of the Urusha
Complex correspond to I�type granites, which were
formed in active continental crust settings. In the
opinion of some researchers [1], the Late Paleozoic
magmatism was responsible for the formation of a sys�
tem of small gold ore occurrences represented by
polysulfide–quartz and substantially quartz forma�
tions.

The paleozoic granitoids of the Olekma granite–
leucogranite complex, which are widespread in the
adjacent areas of the eastern Transbaikal region along
the southeastern margin of the Selenga–Stanovoi belt
spatially confined to the Mongol–Okhotsk suture
zone are most probable analogs of the granites of the
Khaikta–Orogzhon massif. The Olekma Complex
includes massifs of porphyroid granodiorites, moder�
ately acid granites, and leucogranites [3]. The calc�
alkaline granitoids of this complex enclose abundant
xenoliths of ancient gabbroids. The granites are palin�
genic in origin; they were formed on account of melted
Precambrian metamorphic sequences that experi�
enced ultrametamorphism. The age limits of the Ole�
kma Complex are still ambiguous and debatable. At
the same time, two periods are definable in the forma�

tion of the Paleozoic granitoids of the eastern Trans�
baikal region including the igneous rocks attributable
to the Olekma Complex: the Early Paleozoic (476–
431 Ma ago) and the Late Paleozoic (343–318 Ma
ago) [16]. The terminal stage of the magamtism in the
region is reflected in the formation of the intrusive
granite–leucogranite massifs. The Zharcha massif
located in the northern part of the Darasun gold ore
deposit, which is dated by the Rb–Sr method back to
343 ± 7.6 Ma [15], is one of the typical representatives
of the Olekma granite–leucogranite complex.

The Late Paleozoic igneous rocks of the western
Transbaikal region represented by widespread calc�
alkaline and alkaline granitoids constituting the Mon�
gol–Transbaikal belt are investigated in more detail. It
is assumed that the Late Paleozoic magmatism in this
region occurred at the postcollisional (330–310 Ma
ag) and intraplate (285–275 Ma ago) stages of the
Hercynian cycle [35, 36]. The early stage of the Late
Paleozoic magmatism was marked by the formation of
the Barguzin Complex represented by high�K calc�
alkaline granites that constitute the large Angara–
Vitim batholith [26, 36]. A particular feature of the
granitoids characteristic of this stage is their autochth�
onous formation from the melted host granite
gneisses.

The presented data show that the dates obtained for
the Khaikta–Orogzhon massif of the Upper Amur
region correspond to the ages obtained for the Paleo�
zoic granitoids from the western part of the Selenga–
Stanovoi orogenic belt. Noteworthy is some similarity
between the obtained dates and the age of the known
Angara–Vitim batholith. Our data allow the assump�
tion that the granitoids of the Khaikta–Orogzhon
massif represent one of the eastern fragments of a sin�
gle belt of Late Paleozoic magmatism within the
Selenga–Stanovoi orogenic belt. The late Paleozoic
magmatism marked the collisional stage of the
region’s development at the beginning of the Mon�
gol–Okhotsk ocean’s closure [13, 14, 27] or reflected
the interaction between the continental crust and the
large mantle plumes of the North Asian thermal field
[38].

By their U–Pb ratios, the zircons from the metaso�
matites of the ore zone are relatively close to their
counterparts from the host granites. Moreover, it is
revealed that the core parts of the zircon grains from
the igneous rocks and the metasomatites contain relict
protozircons with close concordant ages of 1828 Ma
(for the granites) and 1846 Ma (for the metasoma�
tites). At the same time, the zircon grains from the
ore�bearing metasomatites are characterized by the
more significant difference between the ages obtained
for their cores and marginal parts (366–323 Ma) and
the single dates corresponding to younger model ages.

The close ages established for the zircons from the
porphyroid granites (344–355 Ma) and the metaso�
matites of the Berezitovoe deposit (323–366 Ma)
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unambiguously indicate that the host porphyroid
granites of the Khaikta–Orogzhon massif served as a
source for the ore�bearing metasomatic rocks of the
deposit. It should be emphasized that no substantial
changes in the isotopic composition of the zircons at
the stage of the metasomatic transformations and the
subsequent ore formation are documented.

CONCLUSIONS

(1) The results of the U–Pb investigations of the
same single zircon grains by the SIMS (Center of Iso�
topic Investigations, VSEGEI) and LA�ICP�MS
(DVGI DVO RAN) methods are compared. It is
shown that the method of the mass spectrometry com�
bined with laser ablation, which is rarely used in Rus�
sia, offers the opportunity to reliable estimate the
U⎯Pb ages of the rocks, and the accuracy is compara�
ble with that of the SHRIMP�II data.

(2) According to the U–Pb isotopic zircon dating
by the SIMS and LA�ICP�MS methods, the porphy�
roid granitoids of the Khaikta–Orogzhon massif that
host the ore body of the Berezitovoe deposit were
formed 344–355 Ma ago. These data represent the
first evidence in favor of the Hercynian magmatism’s
manifestation in the eastern part of the Selenga–
Stanovoi orogenic belt.

(3) The single older dates obtained for cores of zir�
con grains with concordant ages of 1828–1846 Ma
indicate, along with the available geological and
geochemical data, the palingenic origin of the grani�
toids of the Khaikta–Orogzhon massif and their for�
mation on account of the melted host metamorphic
rocks of the Mogocha Group during the Hercynian
tectonomagmatic cycle in the development of the
Selenga–Stanovoi belt.

(4) The Late Paleozoic granitoids of the Olekma
and Barguzin complexes of the eastern and western
Transbaikal region are probable close�age analogs of
the granites in the Khaikta–Orogzhon massif of the
Upper Amur region. This allows the granitoids of the
Khaikta–Orogzhon massif to be considered as consti�
tuting the eastern fragment of the belt characterized by
the development of the Late Paleozoic magmatism
along the southeastern margin of the North Asian cra�
ton.

(5) The Paleozoic age of the granitoids in the
Khaikta–Orogzhon massif makes it possible to outline
some similarity between the geological structures of
the Berezitovoe gold–polymetallic deposit of the
Upper Amur region and the Darasun gold ore deposit
of the eastern Transbaikal region, where the coeval
structurally and compositionally close igneous rocks
of the Krestovskii and Olekma complexes constitute
the largest part of the ore field.

(6) The occurrence of zircon grains with ages of
323–366 Ma in the ore�bearing tourmaline–garnet–
muscovite–quartz rocks of the Berezitovoe deposit

unambiguously indicates that the granites of the
Khaikta–Orogzhon massif served as the primary pro�
tolith for the formation of the metasomatites of this
ore object.
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