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INTRODUCTION

Most ancient cratons typically include large
anorthositic plutons, which are classed with 

 

autono-
mous

 

 anorthosites (Bogatikov, 1979), also referred to as

 

massif-type

 

 anorthosites (Ashwal, 1993). These
anorthosites are commonly associated with A-granites,
most typically, rapakivi and charnockites. The studies
of such magmatic complexes in Nain and Grenville in
Canada and the United States resulted in the recogni-
tion of the anorthosite–mangerite–charnockite–granite
(AMCG) association, which is regarded as an associa-
tion of genetically related but not comagmatic igneous
rocks (Emslie and Hunt, 1990).

According to (Ashwal, 1993; Wiebe, 1992), massif-
type anorthosites occur as intrusive plutons amounting
to thousands of square kilometers in area and domi-
nated by massive or weakly layered rocks (anorthosites,
leuconorites, leucogabbro, and leucotroctolites), which
typically have no volcanic analogues. These rocks are
commonly rich in plagioclase (75–95%) of intermedi-
ate composition (

 

An

 

50

 

 ± 

 

10

 

), bear anhydrous mineral

assemblages, and contain megacrysts of high-Al high-
pressure pyroxene. The amount of mafic rocks in these
plutons rarely exceeds 10%, and the most differentiated
of them are unusual, Fe- and Ti-, and P-rich diorites and
jotunites (monzodiorites). The age of massif-type
anorthosites is mostly restricted to the Mesoproterozoic
(1.8–1.0 Ga).

The granitoids of the AMCG association include
rapakivi granites emplaced in hypabyssal and, occa-
sionally, subvolcanic environments, as well as deeper
seated mangerites and charnockites (Velikoslavinskii

 

et al.

 

, 1978). Frost and Frost (1997) recognized this
type as reduced rapakivi-type granites affiliating with
the ilmenite series of metaluminous granites. Com-
pared with other A-granites, they are richer in K, HFSE,
REE, and F, have the lowest  and  values and
the highest crystallization temperatures, while their
Mg–Fe minerals have extremely high Fe#.

The Aldan–Stanovoi Shield is known to include two
spatially separated regions with massif-type anorthosites:
Kalar in the west and Dzhugdzhur in the east (Fig. 1).
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Abstract

 

—The autonomous (massif-type) anorthosite massifs of the Kalar Complex (2623 

 

±

 

 23 Ma) intrude
high-grade metamorphic rocks of the Kurulta tectonic block at the junction of the Aldan and Dzhugdzhur–Stano-
voi fold area. These rocks belong to the most ancient anorthosite–mangerite–charnockite–granite (AMCG) mag-
matic association, whose origin was constrained to the Mesoproterozoic (1.8–1.1 Ga). The charnockites are typical
high-potassium reduced granites like rapakivi, which affiliate with the A type. The Nd and Pb isotopic composition
of these rocks suggests their predominantly crustal genesis, whereas the anorthosites were most probably pro-
duced by a mantle magma that was significantly contaminated by crustal material at various depth levels. The
intrusions of the Kalar Complex were emplaced in a postcollision environment, with the time gap between the col-
lisional event and the emplacement of these massifs no longer than 30 m.y. The southern Siberian Platform
includes two definitely distinguished and spatially separated AMCG associations, which have different ages and
tectonic settings: (i) the Late Archean (2.62 Ga) postcollision Kalar plutonic complex and (ii) the Early Proterozoic
(1.74–1.70 Ga) anorogenic Ulkan–Dzhugdzhur volcano-plutonic complex.
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Some authors (Lennikov, 1979; Moshkin and Dage-
laiskaya, 1964) combine them into a single East Asian
Anorthosite Belt of Archean age, which extends in a
sublatitudinal direction from the Sea of Okhotsk to
eastern Transbaikalia.

The studies of the Dzhugdzhur anorthosites have
revealed that these rocks are not Archean (as was thought
previously) but Early Proterozoic (

 

1736

 

 ± 

 

6

 

 Ma; Neymark

 

et al.

 

, 1992). Moreover, it was determined that the
rocks of the Ulkan volcanic complex, which accom-
pany the anorthosites are syngenetic with them, and

also belong to the AMCG association (1736–1705 Ma;
Larin 

 

et al.

 

, 1997).
The dates obtained over the past decades for the

Kalar Complex by a variety of geochronologic tech-
niques (U–Pb, Rb–Sr, and Sm–Nd) lie within the range
of 2.7–1.7 Ga (Vinogradov 

 

et al.

 

, 1983; Levchenkov

 

et al.

 

, 1987; Sukhanov and Zhuravlev, 2002). The con-
tradictory character of these data led the authors to
revise them with the use of U–Pb zircon dating. Our
research has revealed that the Kalar Complex has an
age of 

 

2623

 

 ± 

 

23

 

 Ma, and the age of the overprinted

 

Fig. 1.

 

 (a) Schematic geological map of the junction zone of the Chara–Olekma geoblock of the Aldan Shield and Dzhugdzhur–
Stanovoi foldbelt.
(1) Quaternary deposits; (2) sedimentary cover of the Siberian Platform; (3) Tass syenite massif (PZ); (4) granite of the Kodar Com-
plex (PR

 

1

 

); (5) metasedimentary rocks of the Udokan Group (PR

 

1

 

); (6) Stanovoi Complex of the Dzhugdzhur–Stanovoi foldbelt
(PR

 

1

 

 ?); (7, 8) Kalar Complex (AR

 

2

 

): (7) charnockites, (8) mafic rocks; (9) charnockites of the Altual’skii Complex (AR

 

2

 

);
(10) enderbites of the Dzheluiskii Complex (AR

 

2

 

); (11) metamorphic and magmatic rocks of the junction zone between the Chara–
Olekma geoblock of the Aldan Shield and Dzhugdzhur–Stanovoi foldbelt (Pristanovoi granulite belt); (12) metamorphic and mag-
matic complexes of the Chara–Olekma block of the Aldan Shield; (13) faults; (14) sampling site for geochronologic research. Mas-
sifs of the Kalar Complex: 

 

I

 

—Imangakit, 

 

K

 

—Kuronaakh.
(b) Schematic map showing the location of autonomous anorthosite massifs and related rocks of the Kalar (2.63 Ga) and Dzhugzhur
(1.74 Ga) associations in the southern part of the Siberian Platform.
(1) Sedimentary cover of the Siberian Platform; (2) Okhotsk–Chukot volcanic belt; (3) Mongolia–Okhotsk foldbelt; (4) junction
zone between the Aldan Shield and Dzhugdzhur–Stanovoi foldbelt (belt of high-pressure granulites); (5) Aldan and Batomgskii
geoblocks; (6) Dzhugdzhur–Stanovoi foldbelt; (7) Chara–Olekma geoblock of the Aldan Shield; (8) anorthosites (

 

1

 

—Kalar asso-
ciation, 

 

2

 

—Dzhugdzhur association); (9) anorogenic granites and bimodal volcanic rocks of the Ulkan Complex; (10) major faults
(

 

S

 

—Stanovoi suture zone).
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high-grade metamorphism is 

 

1849

 

 ± 

 

15

 

 Ma (Sal’nikova

 

et al.

 

, 2004a).
The affiliation of the Dzhugdzhur anorthosites to the

AMCG association is not doubted any more (Larin

 

et al.

 

, 1997). The anorogenic tectonic setting of the
Ulkan–Dzhugdzhur AMCG association is also quite
certain (Larin 

 

et al.

 

, 1997; Larin, 2004). At the same
time, it is still not fully clear whether the anorthosites
of the Kalar Complex and associated rocks do belong to
the AMCG association and what is their tectonic set-
ting. Moreover, the scope of the Kalar Complex is also
disputable. Some researchers (Priyatkina and Lavro-
vich, 1985; Levchenkov 

 

et al.

 

, 1987) believe (in our
opinion, without any sound grounds for it) that the
scope of the complex can be extended by including
genetically foreign rocks, for example, charnockites of
metamorphic genesis. Because of this, the principal
tasks of our research were as follows:

(1) to determine the U–Pb zircon age of the ender-
bites and charnockites of the Kurulta block (the affilia-
tion of these rocks with the Kalar Complex is ques-
tioned);

(2) to obtain geochemical and isotopic–geochemical
data (Nd, Pb) to elucidate the sources of the magmatic
rocks of the Kalar Complex;

(3) to determine whether the rocks of the Kalar
Complex do actually belong to the AMCG magmatic
association;

(4) to identify the tectonic setting of the Kalar Complex.

GEOLOGY OF THE KALAR COMPLEX

The Kalar Complex comprises two closely spaced
and sublatitudinal anorthosite massifs: Kuronaakh and
Imangakit, which are hosted by the Kurulta and Kalar
blocks in the junction zone of the Aldan Shield and the
Dzhugdzhur–Stanovoi Foldbelt (Fig. 1). The massifs
are gently sloping (northward) tabular bodies up to
3–4 km thick and 50–120 km long. The host rocks are
migmatized (charnockite-migmatites) garnet–biotite
(

 

±

 

sillimanite, 

 

±

 

hypersthene) plagiogneisses of the
Kurulta Formation, which contain occasional layers of
two-pyroxene crystalline schists, calc-silicate rocks,
quartzites, and magnetite quartzites. The contacts
between the anorthosites and their host rocks are usu-
ally tectonic, although eruptive relations were also
encountered and were marked by outer-contact horn-
fels zones (Priyatkina and Lavrovich, 1985).

The massif of the Kalar Complex are zonal and are
dominated by anorthosites, which grade into coarsely
layered melanocratic mafic rocks in the margins of the
massif. The anorthosites are associated with charnock-
ites of two types (Sukhanov and Vaganov, 1991). The
charnockites of the first type compositionally approxi-
mate quartz monzonites and quartz syenites and are
localized exclusively along the northern contacts of the
massif and compose elongated bodies conformable
with the anorthosites. The charnockites of the second

type correspond to granites in composition and mark
the outer contour of the massif or occur as small indi-
vidual bodies, nearly conformable with their host
rocks, not far from the massifs. The contacts between
the charnockites and their host rocks and anorthosites
are usually intrusive (Bazhenova, 1974), although
sometime the anorthosites and charnockites are related
through zones of gradual transitions (Sukhanov and
Vaganov, 1991). Most researchers ascribe these char-
nockites to the Kalar Complex (Bazhenova, 1974;

 

Magmatic Rocks

 

, 1985; Priyatkina and Lavrovich,
1985; Sukhanov and Vaganov, 1991).

The Kalar Complex is dominated by anorthosites,
whose primary magmatic textures remain preserved
only in the central parts of the massifs. Depending on
the metamorphic grade, the composition of the plagio-
clase varies form labradorite to oligoclase, and the most
common anorthosite varieties contain andesine
(Bazhenova, 1974; Sukhanov, 1984). Oligoclase
anorthosites, which were produced during the late
diaphthoresis (Bazhenova, 1974; Sukhanov, 1984;
Sukhanov and Vaganov, 1991), occur mostly within the
Stanovoi Fault zone. The predominant mafic mineral of
the anorthosites is hypersthene, which is of obviously
metamorphic genesis. Inverted pigeonite is more rare.
It is a relict mineral of the primary magmatic assem-
blage (Sukhanov, 1984). The pigeonite is sometimes
associated with clinopyroxene of the augite-pigeonite
solid solution. The anorthosites also contain secondary
hornblende and garnet porphyroblasts.

The rocks of the marginal complex are gabbro-
anorthosites, gabbro-norites, gabbro, jotunites, and
more rare ultramafic rocks. The mineralogical compo-
sition of the gabbroids is generally identical to that of
the anorthosites. The ultramafic rocks contain forster-
ite. The jotunites bear plagioclase of composition 

 

An

 

35–45

 

with an antiperthitic structure, orthopyroxene, augite,
and apatite. The intercumulus minerals are titanomag-
netite, ilmenite, mesoperthite, brown biotite, and,
sometimes, also quartz (

 

Magmatic Rocks

 

, 1985). The
melanocratic marginal complex is known to host
deposits of apatite–ilmenite–titanomagnetite ores.

The charnockites of the Kalar Complex consist of
augite, hypersthene, hastingsite, brown biotite, fayalite,
perthite, antiperthitic plagioclase (oligoclase), and
quartz. The Fe–Mg minerals typically have high Fe#.
Fayalite was found only in the type-I charnockites,
which crystallized at 

 

P

 

 = 7–8 kbar. All rocks of the
Kalar Complex were metamorphosed to the granulite
facies of moderate pressure (6–7 kbar) and suffered
diaphthoresis to the greenschist facies (

 

Magmatic
Rocks

 

, 1985).

Along with the charnockites, which are usually
thought to compose a single magmatic association with
the mafic rocks of the Kalar Complex, the Kurulta
block contains widespread enderbite and charnockite
massifs of the Dzheluiskii and Altual’skii complexes,
which were emplaced before the Kalar Complex was
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formed, apparently synchronously with the granulite-
facies metamorphism (Shemyakin and Kotov, 1985;
Kotov and Samorukova, 1990).

The Dzheluiskii Complex comprises a number of
relatively small massifs (Fig. 1) that consist of ender-
bites. These rocks are made up of hypersthene, biotite,
plagioclase, and quartz and sometimes contain signifi-
cant amounts of clinopyroxene and potassic feldspar.
Their composition varies from quartz diorite to granite.
Although the enderbites were affected by extensive
overprinted structural–metamorphic alterations, their
primary intrusive relations with the host rocks can be
discerned in places. At the same time, the enderbite of
the complex in question were protolithic rocks for the
charnockite migmatites, a fact that constrains the posi-
tion of these rocks in the structural–temporal chart.

The charnockites of the Altual’skii Complex com-
pose massifs up to 100–120 km

 

2

 

 in area (Fig. 1), which
typically have intrusive relations with the rocks of the
Kurulta Formation. The composition of the charnock-
ites varies from quartz monzonite to leucogranite, and
these rocks consist of hypersthene, diopside, high-Fe
amphibole (ferrohastingsite), biotite, plagioclase,
potassic feldspar, and quartz.

ANALYTICAL TECHNIQUES

Rocks were analyzed for major elements by XRF
and for trace elements by XRF (Rb, Sr, Y, Zr, Nb, Th,
Ba, Sr, Co, Ni, and V) or ICP-MS (REE, Zn, Y, Nb, Hf,
Ta, Th, and U) accurate to 5–10%.

Accessory zircon was extracted from rocks follow-
ing the conventional technique with the use of heavy
liquids. The U–Pb isotopic studies were conducted with
relatively large (0.4–1.0 mg) and small (10–50 zircon
grains) samples, as well as with single zircon grains
that had been preliminarily air-abraded (Krogh, 1982).
The inner structure of individual zircon grains was
examined under an optical microscope and with the use
of cathodoluminescence (CLC method; Poller 

 

et al.

 

,
1997). In the latter method, the U–Pb dating was
accomplished on one-half of a zircon grain that was
extracted from the sample for cathodoluminescence.
The selected zircon crystal was subjected to the step-
wise removal of its surface contamination in alcohol,
acetone, and 1M 

 

HNO

 

3

 

. After each stage, the zircon
grain or its fragment was washed in analytically pure
water. The decomposition of the material and the chem-
ical extraction of Pb and U were conducted by the mod-
ified method (Krogh, 1973). The blank during the
experiment did not exceed 50 pg for Pb and 5 pg for U.
The Pb and U isotopic compositions were determined
on a Finnigan MAT-261 mass spectrometer, in static
mode, with the use of an electronic multiplier (the dis-
crimination coefficient for Pb was 

 

0.32

 

 ± 

 

0.11

 

 a.m.u.).
The raw experimental data were processed with the
PbDAT (Ludwig, 1991) and ISOPLOT (Ludwig, 1999)
computer programs. In calculating the age values, we

used conventional decay constants for U (Steiger and
Jager, 1976). Corrections for common Pb were intro-
duced in compliance with the model values (Stacey and
Kramers, 1975). All errors are reported for a 

 

2

 

σ

 

 level.

The method of the Sm–Nd isotopic research was
described in (Neymark 

 

et al.

 

, 1993). The blanks were
0.03–0.2 ng for Sm and 0.1–0.5 ng for Nd. The mea-
sured 

 

143

 

Nd/

 

144

 

Nd

 

 ratios were normalized to

 

146

 

Nd/

 

144

 

Nd

 

 = 0.7219 and brought to the ratios of

 

143

 

Nd/

 

144

 

Nd

 

 = 0.511860 in the LaJolla Nd standard. The
accuracy of the analyses for Sm and Nd was 

 

±

 

0.5%

 

, and
the isotopic ratios were measured accurate to 

 

±

 

0.5%

 

 for

 

147

 

Sm/

 

144

 

Nd

 

 and to 0.005% for 

 

1

 

43

 

Nd/

 

144

 

Nd

 

 (

 

2

 

σ

 

). The
weighted mean values of the 

 

143

 

Nd/

 

144

 

Nd

 

 ratio in the
LaJolla Nd standard (average of eleven measurements)
was 

 

0.511874

 

 ± 

 

8 (2

 

σ

 

)

 

. In calculating the values of

 

ε

 

Nd

 

(0)

 

 and model ages 

 

T

 

Nd

 

(DM)

 

, we used the modern
values for CHUR 

 

143

 

Nd/

 

144

 

Nd = 0.512638

 

 and

 

147

 

Sm/

 

144

 

Nd

 

 = 0.1967 from (Jacobsen and Wasserburg,
1984) and for DM 

 

143

 

Nd/

 

144

 

Nd = 0.513151

 

 and

 

147

 

Sm/

 

144

 

Nd

 

 = 0.2136 (Goldstein and Jacobsen, 1988).
The two-stage model ages 

 

TNd(DM-2st) (Liew and Hof-
mann, 1988) were calculated using the value of
147Sm/144Nd = 0.12 (Taylor and McLennan, 1985).

The Pb–Pb isotopic study of feldspar was conducted
by the method described in (Neymark et al., 1993). The
plagioclase samples were preliminarily treated with
0.01 N HCl and then powdered. The powders were then
treated with 15 N HNO3 for 5–6 h at heating to remove
radiogenic Pb. Both the acid leachates and the leaching
residues were examined. The blank was 0.4 ng for Pb.
The Pb isotopic composition was measured on a Finnigan
MAT-261 mass spectrometer. The precision of the Pb iso-
topic analysis is controlled by mass fractionation. The
fractionation coefficient f = 0.0013 ± 0.0002 a.m.u.–1 was
determined by multiple measurements of the NBS-
SRM-982 isotopic standard. The model parameters
were calculated by the ISOPLOT computer program
(Ludwig, 1991a).

GEOCHEMISTRY

Both the mafic and acid rocks of the complex belong
to the subalkaline series. The former are characterized
by low concentrations of most incompatible elements
(except Sr and Ba) (Tables 1, 2, Fig. 2), even as com-
pared with the analogous rocks of other AMCG associ-
ations. The anorthosites additionally have very low
concentrations of compatible elements, contain very
small concentrations of REE, whose patterns are gener-
ally typical of massif-type anorthosites and principally
differ from those of the other anorthosite type: Archean
megacrystic anorthosites (Ashwal, 1993; Wiebe, 1992).
The REE patterns of the basic rocks of the Kalar Com-
plex are typically enriched in LREE and have pro-
nounced positive Eu anomalies (Table 2, Fig. 3). The
jotunites differ from other melanocratic rocks in having
higher concentrations of Fe, Ti, P, K, Ba, Zr, Hf, Ta, and
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Fig. 2. Fractionation of incompatible elements in rocks of the Kalar Complex.
(a) Charnockites, (b) mafic rocks. Primitive mantle is after (Sun and McDonough, 1989).

REE at lower contents of Cr, Ni, and Co (Sukhanov and
Vaganov, 1991).

The charnockites of the Kalar Complex affiliate
with the calc–alkaline series. The proportions of alkalis
in the charnockites of elevated alkalinity are roughly
similar, but the enrichment of these rocks in SiO2 is
associated with their predominant enrichment in K2O.
These rocks are usually highly ferrous, FeO*/(FeO* +
MgO) > 0.9. The occurrence of relics of primary mag-
matic fayalite and the virtual absence of magnetite tes-
tify that they belong to reduced rapakivi-type granites
(Frost and Frost, 1997). These charnockites are com-
monly high in HFSE, LREE, and Ba. The spidergrams
in Fig. 2 demonstrate that the type-I charnockites have
negative anomalies at Rb, Ta, Th, Sr, Ti, and P and pos-
itive anomalies at Ba, Zr, and Hf. The type-II charnoc-

kites are more differentiated that the analogous rocks of
type I. They also typically have high concentrations of
K, Rb, Th, and Th but are poorer in Ba, Sr, P, Zr, Hf, and
HREE. The REE patterns of the type-I charnockites
(Fig. 3) show an enrichment in LREE [(La)N = 302–163,
(Yb)N = 60–20, (La/Yb)N = 9.3–5.0), moderately frac-
tionated LREE and MREE [(La/Sm)N = 3.9–2.2], and
relatively strongly fractionated MREE and HREE
[(Gd/Yb)N = 1.8–1.3]. The least differentiated type-I
charnockites have positive Eu anomalies (Eu/Eu* =
1.2–2.3). These rocks are usually poor in K2O and have
the highest concentrations of Ba and Sr. These
geochemical features were most probably caused by
the presence of cumulus plagioclase. The most differ-
entiated charnockites of this type are noted for high
concentrations of K, REE, and HFSE and extremely
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La Ce Pr Nd Pm Eu Tb Yb
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Fig. 3. Chondrite-normalized (Taylor and McLennan, 1985) REE patterns for rocks from the Kalar Complex.
(a) Charnockites, (b) mafic rocks.
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Fig. 4. Geochemical discriminant diagrams for felsic rocks.
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(a) Fractionation of incompatible elements relative to the primitive mantle (Sun and McDonough, 1989); (b) chondrite-normalized
(Taylor and McLennan, 1985) REE patterns.

low contents of Ba and Sr. The REE patterns display
HREE enrichment [(La/Yb)N = 5.0, (Yb)N = 60] and
negative Eu anomalies (Eu/Eu* = 0.55). The REE pat-
terns of the type-II charnockites are generally similar to
the patterns of the type-I charnockites and differ from
them by stronger fractionation [(La/Yb)N = 11.2,
(La/Sm)N = 4.6].

In discriminant geochemical diagrams (Fig. 4), the
charnockites of the Kalar Complex plot within the field
of within-plate A-granites. The geochemistry of these
rocks is practically identical to that of Late Proterozoic
charnockites of the AMCG association in the Grenville

province and the Rogoland Complex in Norway (Hig-
gins and van Breemen, 1996; Bolle et al., 2003).

The andesites of the Dzheluiskii Complex and the
charnockites of the Altual’skii Complex are geochemi-
cally similar and principally differ from the charnock-
ites of the Kalar Complex (Tables 1, 2, Figs. 4, 5). They
are characterized by much broader compositional vari-
ations. In a (K2O + Na2O – CaO) vs. SiO2 diagram, the
compositions of these rocks vary from the calc–alkaline
to calc series. The rocks have moderate or relatively
low Fe#: 0.84 for the charnockites and 0.72 for the
enderbites. All of these rocks are notably depleted in
incompatible elements, particularly HFSE (Fig. 5)
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compared to the charnockites of the Kalar Complex.
The REE patterns (Fig. 5) are strongly fractionated
[(La/Yb)N = 12.7–42.5], particularly for LREE
[(La/Sm)N = 3.4–7.4, (Gd/Yb)N = 2.3–3.5]. The rocks
have insignificant positive or, sometimes, negative Eu
anomalies (Eu/Eu* = 1.58–0.48). In discriminant tec-
tono-magmatic and geochemical diagrams (Fig. 4),
these rocks plot within the fields of granites from mag-
matic arcs. The most primitive enderbite (sample 3706)
is geochemically close to the Archean rocks of the TTG
association (Condie, 1993; Martin, 1994).

U–Pb GEOCHRONOLOGY

The U–Pb geochronologic study was conducted on
enderbites (biotite–hypersthene granodiorite) of the
Dzheluiskii Complex (sample 3713) and charnockites
(biotite–hypersthene subalkaline granite) of the
Altual’skii Complex (sample 3796-1). The sampling
sites of these rocks are displayed in Fig. 1.

The sample of accessory zircon separated from the
Dzheluiskii enderbite consisted of subhedral transpar-
ent and semitransparent long- or short-prismatic crys-
tals (Figs. 6a–6c) of pale pink and pinkish cherry color.
The crystals show {100} and {110} prisms and {101},
{111}, {201}, and {011} dipyramids. In transmitted
light, these zircon grains exhibit traces of primary mag-
matic zoning and growth zones rich in mineral inclu-
sions. Their zoning is also visible in cathodolumines-

cence (CL) (Figs. 6g–6i). The crystals have patches
characterized by strong luminescence, which occur in
both crystal margins and cores. Moreover, some of the
crystals contain relict inherited cores (Fig. 6h). The zircon
grains range from 50 to 300 µm, and their Kelong = 1.9–6.0.

Initially, the isotopic research was conducted with
relatively large (0.6–1 mg) samples of the “purest” zir-
con grains of pinkish cherry color, which were sepa-
rated from the size fractions +70–80 µm and >150 µm
(Table 3, nos. 1, 2). This zircon appeared to have discor-
dant U/Pb ratios (Table 3, Fig. 7). In order to minimize
its discordance, we subjected the mineral to air abra-
sion and acid treatment (Mattinson, 1994). Upon air
abrasion, we selected single zircon grains for dating;
the selection was accomplished based on the results of
optical examination (Table 3, nos. 3 and 4) and cathod-
oluminescent monitoring (Table 3, no. 7) of the inner
structures of the grains (CLC method; Poller et al.,
1997). The data points of the zircon residue after its
acid treatment (Table 3, Fig. 7, nos. 5, 6) and the point
of untreated zircon from the >150 µm fraction define a
discordia (Fig. 7), whose upper intercept corresponds
to an age of 2627 ± 16 Ma, and the lower intercept cor-
responds to 1688 ± 75 Ma (MSWD = 0.74). The isoto-
pic composition points of zircon from the small fraction
and this mineral after air abrasion plot slightly away to
the right of the discordia, most probably because of the
presence of relict cores that sometimes cannot be dis-
cerned in transmitted light. The zircon grain selected

Fig. 6. SEM images of zircon grains [ABT scanning electron microscope, 20 kV accelerating voltage; (a–c) sample 3713;
(d−f) sample 3796-1] and SEM images of zircon grains [CamScan scanning electron microscope equipped with a cathodolumines-
cence detector, 15 kV accelerating voltage; (g–i) sample 3713; i—CLC no. 7 in Table 1; (j, k) sample 3796-1, type I, (l, m) type II,
(n–p) type I. CLC no. 15 in Table 1; (q–s) type III].

(a)

16 mm

(b) (c)

(d) (e) (f)

16 mm 23 mm

33mm 33 mm 33 mm
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using CLC (Table 3, Fig. 6i, no. 7) has, conversely, the
youngest 207Pb/206Pb age, and its isotopic composition
point plots to the left of the discordia, perhaps, because
of the incomplete removal of its recrystallized parts
(paler zones in the outer portion of the grain) during its
air abrasion. Obviously, the acid treatment of the zircon
at various exposures resulted in the removal of various
disturbed phases (relics of ancient cores, recrystallized
fragments of seemingly younger age, and grain por-
tions affected by the modern loss of radiogenic lead).
With regard for these considerations, the most accurate
estimate of the crystallization age of the Dzheluiskii
enderbite seems to be the date corresponding to the
upper intercept of the discordia: 2627 ± 16 Ma.

Accessory zircon from the charnockite from the
Altual’skii Complex comprises turbid and transparent
subhedral prismatic grains of brownish cherry and pale
pink color. The zircon crystals are faceted with {100}
and {110} prisms and {101}, {111}, and {201} dipyr-
amids, and their sizes range from 30 to 350 µm at Kelong =
2.2–6.0. The zircon sample was provisionally subdi-
vided into three types of zircon grains based on their
habits, which, in fact, differ from one another only by the
degrees of high-temperature recrystallization. Type I
(50%) comprises turbid, extensively fractured subhe-
dral zircon crystals of prismatic habit (Fig. 6d) and
brownish cherry color. They are characterized by thin
zoning and the presence of thin outer rims with strong
cathodoluminescence. The same grains possibly have

(g) (h) (i)

(j) (k) (l)

100 mm 200 mm 200 mm

100 mm100 mm 100 mm

100 mm

(m)

SEM MAG: 387×
HV: 15.0 kV

Det: cl det
Date: 10/16/02

SEM MAG: 178×
HV: 15.0 kV

Det: cl det
Date: 10/16/02

SEM MAG: 298×
HV: 15.0 kV

Det: cl det
Date: 12/03/02

SEM MAG: 472×
HV: 15.0 kV

Det: cl det
Date: 10/18/02

SEM MAG: 589×
HV: 15.0 kV

Det: cl det
Date: 10/18/02

SEM MAG: 475×
HV: 15.0 kV

Det: cl det
Date: 10/18/02

SEM MAG: 422×
HV: 15.0 kV

Det: cl det
Date: 10/18/02

Fig. 6. (Contd.).
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metamict cores (Figs. 6j, 6k). The type-II zircon (30%)
consists of semitransparent or, more rarely, transparent
subhedral crystals of brownish cherry color and long-
prismatic zircon habit (Fig. 6e). Similarly to the type-I
zircon, this modification of the mineral is zonal, but its
grains have more extensive recrystallized portions with
bright CL (Figs. 6l, 6m). Type III (20%) consists of
subhedral transparent zircon crystals of pale pink color
and prismatic or long-prismatic morphology (Fig. 6f).
As can be seen in Figs. 6q–6s, the type-III zircon differs
from the type-I and type-II zircons in having stronger
luminescence and virtually no primary magmatic zon-
ing, which is preserved only in the marginal parts of the
crystals. This is most probably explained by the high-
temperature recrystallization of this mineral.

The U–Pb isotopic study was initially conducted
with relatively large samples (up to 0.8 mg) of all of the
types recognized (Table 3, nos. 8–14), with some zircon
samples (Table 3, nos. 12–14) subjected to air abrasion.
Dates were then obtained for single zircon grains,
which have been preliminarily examined by CLC. This
enabled us to analyze zircon crystals that were least
weakly affected by secondary alterations. The isotopic
composition points of zircon of type I from the size
fraction +100–150 µm, of zircon of types I and III after
air abrasion, and the isotopic composition point of three
fragments of zircon grains with insignificant discor-
dance (2%) define a discordia whose upper intercept with
the concordia corresponds to an age of 2612 ± 6 Ma, and

the lower intercept corresponds to 757 ± 110 Ma
(MSWD = 1.4). The isotopic composition points of the
type-II zircon from the size fraction +100–150 µm
(Table 3, no. 9) and the untreated zircon of type III
(Table 3, nos. 10. 11) plot to the left of the discordia.
The type-III zircon has a much younger207Pb/206Pb age
(<2500 Ma). The type-II zircon after air abrasion (Table 3,
no. 12) has a slightly older age (2624 ± 0.6 Ma), per-
haps, because of the presence of a fraction containing
an ancient inherited component of radiogenic Pb.

With regard for the aforesaid, the most accurate dat-
ing of the charnockite age should be taken equal to
2612 ± 6 Ma, which was yielded by the upper intercept
of the discordia. The high-temperature recrystallization
of type-II and III zircons was likely related to the early
Proterozoic metamorphic event, which widely affected
the Aldan Shield and Dzhugdzhur–Stanovoi foldbelt.

ISOTOPIC GEOCHEMISTRY

Sm–Nd isotopic systematics. The results of the
Sm–Nd isotopic studies of the mafic rocks and charnoc-
kites of the Kalar Complex and their host enderbites of
the Dzheluiskii Complex, charnockites of the Altual’skii
Complex, and gneisses of the Kurulta Formation are sum-
marized in Table 4 and portrayed in Fig. 8.

The broadest variations in the values of εNd and the
Nd model ages are typical of the anorthosites [εNd(T)
from –5.4 to +0.5, TNd(DM) = 3.4–2.9 Ga], whereas the

(n)

50 mm

(o) (p)

(q) (r) (s)

50 mm 100 mm

100 mm 100 mm 100 mm

Fig. 6. (Contd.).
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charnockites of the Kalar Complex show much nar-
rower variations of these parameters [εNd(T) from –2.4
to –1.0, TNd(DM) = 3.1–3.0 Ga]. The enderbites of the
Dzheluiskii Complex and the charnockites of the
Altual’skii Complex have Nd isotopic characteristics
closely similar to those of the Kalar charnockites
[εNd(T) from –2.7 to –1.0, TNd(DM) = 3.1–3.0 Ga].

The εNd(T) age diagram in Fig. 8 displays the isoto-
pic data points of rocks of the Kalar Complex, ender-
bites of the Dzheluiskii Complex, charnockites of the
Altual’skii Complex, the isotopic evolution field of the
Archean continental crust of the Chara–Olekma geob-
lock in the Aldan Shield, and the isotopic evolution
lines of gneisses from the Kurulta block. As follows
from this diagram, the Kurulta gneisses bear slightly
more radiogenic Nd than that in the rocks of the Chara–
Olekma geoblock and have younger Nd model ages:
3.0–2.8 and 3.7–2.9 Ga, respectively. The Nd isotopic

composition points of the Kalar charnockites, the
Dzheluiskii enderbites, and the Altual’skii charnockites
define a fairly compact field in the upper part of the Nd
isotopic evolution field for the continental crust of the
Chara–Olekma geoblock (Olekma granite–greenstone
terrane).

Pb–Pb isotopic systematics. The most distinctive
feature of the isotopic data obtained on both the acid
leachates and residues after leaching plagioclase from
the Kalar anorthosites (Table 5, Fig. 9) is the significant
variations in the measured ratios and a notably more
radiogenic Pb isotopic composition than that of the
model common Pb of Late Archean rocks and ores (Sta-
cey and Kramers, 1975). Residues after feldspar acid
leaching usually have low U/Pb ratios, and their Pb iso-
topic composition can be used to evaluate the initial Pb
isotopic composition of the unmetamorphosed rocks
(Doe, 1970; Ludwig and Silver, 1977).

There can be two reasons for the significant devia-
tions of the measured isotopic ratios from the model
values of the samples: (i) the occurrence of syngenetic
coeval inclusions with a high U/Pb ratio in the feldspar
and (ii) Pb redistribution between this feldspar and a
rock with a high U/Pb ratio during a younger over-
printed process, which resulted in a “freezing” of the Pb
isotopic composition of the feldspar that was averaged
at the time of the overprinted process. The latter expla-
nation seems to be more plausible, because the feldspar
fractions were hand-picked very carefully. In this situa-
tion, the line defined by pairs of the leachate–residue
data points in a 206Pb/204Pb–207Pb/204Pb diagram should
have a slope corresponding to the apparent age values
that should be younger than the actual age of the rocks
(Neymark et al., 1998).

Our Pb isotopic data on plagioclase define three
leachate–residue trends (Fig. 9), whose slopes corre-
spond to ages of 2420 ± 120, 2158 ± 210, and
2105 ± 220 Ma. With regard for the aforesaid, these
estimates are likely some intermediate values between
the actual age of these rocks and the age of an over-
printed process. The Pb isotopic data on the plagioclase
residues after leaching define a single linear regression
(MSWD = 0.46), which is a so-called í1–í2 isochron.
The parameters of this isochron can be used to date the
overprinted process (í2) upon specifying the age of the
magmatic rock (í1). For í1 = 2.6 Ga (the U–Pb crystal-
lization age of anorthosites in the Kalar Complex), we
obtain í2 of about 1.9 Ga, which is generally consistent
with the U–Pb zircon age of the overprinted high-grade
metamorphic event (1.85 Ga; Sal’nikova et al., 2004a).
The value of µ2 (238U/204Pb) = 9.2–9.3 in the source of
the anorthosites [according to the model (Stacey and
Kramers, 1975)] and the location of the Pb isotopic
composition points of the anorthosites close to the evo-
lutionary trajectory of the Pb isotopic composition of
the lower continental crust in a 206Pb/204Pb–207Pb/204Pb
diagram (Fig. 9, plumbotectonics-2 model; Zartman
and Doe, 1981) suggest that the parental magma of the
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anorthosites was derived by the melting of a lower
crustal source, or the parental magma was of mantle
provenance but was significantly contaminated by the
material of the Archean lower crust.

DISCUSSION

The previously obtained U–Pb zircon ages of vari-
ous rocks that form the Kuronaakh Massif of the Kalar
Complex (augite–hypersthene charnockite, hypersthene–
hornblende metagabbro from the marginal melanocratic
complex, and hypersthene-bearing anorthosite) demon-
strate that all of them were formed within a fairly nar-
row time span, 2623 ± 23 Ma (Sal’nikova et al., 2004a),
which testifies to the syngenetic character of these
rocks, i.e., their affiliation with a single magmatic asso-
ciation. Geological, mineralogical, and geochemical
characteristics of the Kalar anorthosites are practically
identical to the aforementioned indicator features of
massif-type anorthosites (Ashwal, 1993; Wiebe, 1992).
The only difference of our rocks from classic
anorthosites of this type is their age. As was mentioned
above, the extensive formation of the latter rocks was

related mostly to the Mesoproterozoic geologic epoch,
whereas the Kalar anorthosites have a Late Archean age.

The charnockites of the Kalar Complex are typical
reduced rapakivi-type granitoids, which affiliate with
the ilmenite metaluminous series of A-granites (Frost
and Frost, 1997). There are good reasons to believe that
the Kalar Complex belongs to the AMCG association
and is the oldest of all of its known examples. The com-
position and geologic setting of this complex are the
closest to those of Neoproterozoic anorthosite–char-
nockite plutons of the Grenville Province and the Rogo-
land Massif in Norway.

The Altual’skii charnockites, which are ascribed to
the Kalar Complex by several geologists (Priyatkina
and Lavrovich, 1985; Levchenkov et al., 1987) princi-
pally differ from the charnockites of this complex. The
geologic features of the Altual’skii charnockites make
them similar to the Dzheluiskii enderbites, which are
typical synmetamorphic granitoids (Shemyakin and
Kotov, 1985; Kotov and Samorukova, 1990) and some-
times show geochemical characteristics of Archean
rocks belonging to the TTG association.

Table 4.  Sm–Nd isotopic data on magmatic rocks from the Kalar Complex and the host granitoids and gneisses

Sample Rock Age,
Ma

Sm,
ppm

Nd,
ppm

147Sm/144Nd
143Nd/144Nd

±2σ εNd(T) TNd(DM)-1st,
Ma

TNd(DM)-2st,
Ma

Imangakit Massif

A-80-1* anorthosite 2620 1.118 5.48 0.1233 0.511336 ± 24 –0.6 3026

K-81-4* gabbroanorthosite 2620 0.334 1.832 0.1103 0.511172 ± 22 0.5 2890

T-3* anorthosite 2620 0.1661 0.924 0.1087 0.510843 ± 22 –5.4 3314

1279* charnockite 2620 5.83 31.2 0.1132 0.511073 ± 23 –2.4 3117 3153

Kuronaakh Massif

T-1* gabbroanorthosite 2620 13.06 68.8 0.1148 0.511167 ± 23 –1.1 3026

KA-12 anorthosite 2620 0.310 1.98 0.0962 0.510867 ± 22 –0.7 2935

KA-13 anorthosite 2620 0.74 4.18 0.1075 0.511118 ± 8 0.5 2890

KA-4 metagabbro 2620 1.070 5.37 0.1205 0.511266 ± 7 –1.1 3050

1267* charnockite 2620 14.78 77.6 0.1152 0.511177 ± 23 –1.0 3024 3044

Dzheluiskii Massif

3706 enderbite 2630 2.37 17.38 0.0823 0.510542 ± 6 –2.2 3009 3161

3713 enderbite 2630 7.37 42.5 0.1047 0.510989 ± 5 –1.0 3006 3067

Altual’skii Massif

3905 charnockite 2630 7.17 46.9 0.0924 0.510709 ± 5 –2.3 3050 3174

3796-1 charnockite 2630 12.82 73.2 0.1058 0.510921 ± 5 –2.8 3132 3208

Kurulta Formation

3-87 gneiss 4.00 24.4 0.0990 0.510903 ± 23 –0.9 2959

7-87 gneiss 3.70 19.65 0.1140 0.511154 ± 22 –1.0 3020

16-87 gneiss 1.232 10.48 0.0711 0.510480 ± 22 0.3 2830

19-87 gneiss 1.839 12.86 0.0864 0.510692 ± 23 –0.8 2918

Note: The values of εNd for the gneisses of the Kurulta Formation are recalculated for the age of the Kalar Complex (2620 Ma).
* Analytical data are from (Sukhanov and Zhuravlev, 2002).
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The aforementioned U–Pb zircon dates of the Dzhelu-
iskii enderbites and Altual’skii charnockites indicate that
their ages are closely similar: 2627 ± 16 and 2612 ± 6 Ma,
respectively. The emplacement of these massifs was
related to the third episode of granulite metamorphism
in the Kurulta block (Sal’nikova et al., 2004b).

The age of granitoids from the Dzheluiskii and
Altual’skii complexes corresponds, within the errors, to
the age of the rocks from the Kalar Complex. At the
same time, geological evidence indicates that the age of
the former rocks should be older. This implies that the
massifs of the Kalar Complex were emplaced immedi-
ately before the granulite metamorphism that was asso-
ciated with the origin of the charnockite–enderbite plu-
tons.

Judging from Nd isotopic data (Table 4, Fig. 8), the
Dzheluiskii enderbites and Altual’skii charnockites
were produced by the melting of the continental crust,
predominantly that of the Chara–Olekma geoblock.

The enderbites are geochemically close to the TTG
association and differ from the charnockites in having a
slightly more radiogenic Nd isotopic composition.
Enderbites of this type can be formed by the following
magma-generating processes: (i) the partial melting of
eclogite or garnet-bearing mafic granulite (Arth and
Hanson, 1972; Compton, 1978) or (ii) the partial melt-
ing of basaltic rocks that had been metamorphosed to
the amphibolite facies (Condie, 1986; Martin, 1994).
The fairly wide occurrence of mafic garnet-bearing
crystalline schists among the rocks of the Kurulta block
indicates that these rocks can highly probably be pro-
duced by the partial melting of mafic garnet-bearing
rocks. The extremely strongly fractionated character of
the REE patterns of the enderbite [(La/Yb)N = 42.5),
their low HREE concentrations [(Yb)N = 1.48], and the
concave configuration of the REE patterns over HREE
(Fig. 7) were most probably caused by the presence of
hornblende and garnet in the residue (Martin, 1994).
The clearly pronounced Ta–Nb anomaly also testifies
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Fig. 8. Diagram εNd(T) –age for rocks of the Kalar Complex
and host rocks.
(1–4) Kalar Complex: (1, 2) Imangakit Massif: (1) mafic
rocks, (2) charnockites; (3, 4) Kuronaakh Massif: (3) mafic
rocks, (4) charnockites; (5, 6) synmetamorphic granitoids:
(5) enderbites of the Dzheluiskii Complex, (6) charnockites
of the Altual’skii Complex; (7) evolutionary trajectory for
the Nd isotopic composition of gneisses of the Kurulta For-
mation. The diagram shows the evolutionary lines of the
undifferentiated Earth (CHUR) and depleted mantle (DM)
(Goldstein and Jacobsen, 1988) and the evolutionary field
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(Sal’nikova et al., 1996).
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that the residue contained hornblende (Drummond and
Defant, 1990). The somewhat less radiogenic Nd isoto-
pic composition of the charnockites suggests that these
rocks were derived by the melting of a source with a
higher proportion of the material of the ancient sialic
crust.

The similarities between the isotopic compositions
of the charnockites from the Kalar Complex, the ender-
bites from the Dzheluiskii Complex, and the charnock-
ites from the Altual’skii Complex provide evidence that
all of these rocks were derived from the same sources,
and the Kalar charnockites are of predominantly crustal
nature. The geochemical differences between these
rocks were most probably caused by the different
depths and conditions of magma-generation and also
by the further evolution of the parental magmas. Gran-
ulite metamorphism is known to be associated with
ultrametamorphic processes, during which large vol-
umes of granite material are mobilized, and this results
in the origin of residual granulites. Some researchers
(Collins et al., 1982; Clemens et al., 1986) believe that
these granulites could be the possible source material of
granites of type A, to which the Kalar charnockites also
affiliate. The low degrees of the partial anhydrous melt-
ing of such a source within the lower crust produces the
parental magmas of granites of this type. In the absence
of water, melting under the effect of a mantle thermal
source is initiated by the decomposition of F-rich H2O-
bearing mafic silicates (Clemens et al., 1986).

The significantly less radiogenic Nd compositions
of the enderbites and charnockites of the Dzheluiskii
and Altual’skii complexes compared with those of the
host gneisses of the Kurulta Formation suggest that the
latter could not serve as the crustal source material of
the former. This means that the Kurulta block is most
probably a tectonic slab of relatively low thickness,
which was thrust over the southern flank of the Chara–
Olekma geoblock during the Late Archean collisional
event.

The broad variations in the initial εNd values of the
Kalar mafic rocks (Table 4, Fig. 8) testify that their
source was enriched, perhaps, because of the assimila-
tion of the host rocks in the chamber, contamination
before the emplacement of the melt, the derivation of
the magma from an enriched mantle source, or a com-
bination of these mechanisms. Isotopic and geochemi-
cal data on the anorthosites, typical Proterozoic mem-
bers of the AMCG association (Piercey and Wilton,
1999; Emslie et al., 1994; Stein et al., 1998; Larin
et al., 2002) indicate that their parental mantle magma
could dissolve up to 75% continental crustal material.
Because of this, the Nd isotopic characteristics of the
anorthosites often reflect not the composition of the
mantle source but the compositions of the crustal con-
taminants or are intermediate between the characteris-
tics of the sources and crustal contaminants (Larin
et al., 2002). The parental magma of the anorthosites,
whose Nd concentration was more than one order of

magnitude lower than that in the associated charnock-
ites (Table 4), was isotopically much more sensitive to
crustal contamination. Because of this, the variations in
the εNd(í) of the anorthosites likely provide evidence of
such processes. However, the absence of correlations
between the Nd isotopic composition and some
geochemical parameters indicative of crustal contami-
nation (Mg#, Cr, Rb, and Zr) points out that the varia-
tions in the εNd(í) were caused not so much by the
degree of contamination as by the heterogeneity of the
crustal contaminant. With regard for the complicated
polybaric character of the crystallization of massif-type
anorthosites (Emslie, 1985; Emslie et al., 1994; Ash-
wal, 1993), the possibility of crustal contamination
with rocks of various compositions and ages at different
depths seems to be plausible enough (Larin et al.,
2002). Pb isotopic data indicate that the contaminant
was dominated by lower crustal material. The charnoc-
kite magma, whose Nd concentration was much higher
than that of the host rocks and, particularly, of the
anorthosites, was “isotopically” less sensitive to crustal
contamination, and its isotopic signatures reflect
mostly the composition of the deep crustal source of
these rocks.

An important problem is the tectonic setting of the
AMCG association. Until recently it was traditionally
thought to be anorogenic (Anderson, 1983; Rämö and
Haapala, 1995). However, newly obtained data indicate
that many magmatic complexes of this association have
a within-plate setting but are not anorogenic (Larin,
2004; Karlstrom et al., 2001). Modern geologic, geo-
chronologic, geochemical, and isotopic data indicate
that the AMCG association can be subdivided into two
groups with different tectonic settings (Larin, 2004):
(i) anorogenic and (ii) related to orogenic processes.
The AMCG association of the latter group can be, in
turn, subdivided into two types: (a) related to collisional
orogens and (b) related to long-lived (~2.0–1.0 g.y.)
peripheral accretionary orogens. The Kalar AMCG
association affiliates with the first type of the second
group. The metamorphic event at 2.63 Ga, which was

Table 5.  Pb–Pb isotopic data on plagioclase from
anorthosites of the Kalar Complex

Sample Leachate/resi-
due

Pb isotopic composition
206Pb/204Pb 207Pb/204Pb 208Pb/204Pb

3 Residue 14.799 15.019 34.701

Leachate 16.569 15.250 36.495

K-158 Residue 14.824 15.035 34.840

Leachate 17.471 15.449 37.503

KA-17 Residue 14.121 14.837 33.905

Leachate 15.897 15.076 35.498

Note: Analyses were conducted by B.M. Grokhovskii and I.M. Va-
sil’eva at the Institute of Precambrian Geology and Geo-
chronology (IGGD), Russian Academy of Sciences.
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recognized by the authors of this publication (Larin
et al., 2004; Sal’nikova et al., 2004b) in the geologic
evolution of the Dzhugdzhur–Stanovoi foldbelt and its
junction zone with the Aldan Shield, had been report-
edly related to the amalgamation and subsequent colli-
sion of terranes that now compose the granulite base-
ment of the Dzhugdzhur–Stanovoi foldbelt with the
Olekma–Aldan continental plate (Kotov, 2003; Larin
et al., 2004). The time gap between this collision event
and the emplacement of the massifs of the Kalar Com-
plex did not exceed 30 m.y. In other words, there are
good reasons to believe that the Kalar AMCG associa-
tion was produced in a postcollisional setting. It is also
important to mention that the adjacent southwestern
part of the Aldan Shield shows traces of a number of
roughly coeval pulses of syn- and postcollisional gran-
itoid magmatism (2.68–2.60 Ga; Kotov, 2003).

Possible tectonic analogues of the Kalar Complex
are the plutons of the AMCG association (1.16–1.13
and 1.09–1.05 Ga) in the Grenville orogen and the
Rogoland Massif (0.93–0.92 Ga) in the Sveconorwe-
gian fold area. These plutons were also emplaced in
postcollilsional environments (Corrigan and Hanmer,
1997; Bolle et al., 2003). The genesis of these plutons
can be explained within the scope of the model of litho-
spheric delamination, the collapse and extension of a
collisional orogen, and the subsequent emplacement of
high-temperature mafic magmas related to a lithos-
pheric source.

The high-grade metamorphic event (~1.9 Ga) that
affected the rocks of the Kalar Complex, was related to
the docking of the Dzhugdzhur–Stanovoi continental
microplate to the Siberian craton (Larin et al., 2002,
2004; Sal’nikova et al., 2004a) as a result of the closure
of an oceanic structure in the Early Proterozoic. A prob-
able trace of this structure is the Stanovoi suture zone,
which separates the Dzhugdzhur–Stanovoi fold area
and Aldan Shield (Gusev and Khain, 1995).

Hence, the Aldan–Stanovoi Shield includes two spa-
tially separated AMCG associations, which have differ-
ent ages and tectonic settings. The Late Archean post-
collisional plutons of the Kalar Complex are localized
exclusively within the junction zone of the Aldan
Shield and Dzhugdzhur–Stanovoi folded area. The
Dzhugdzhur anorthosites and the rocks of the Ulkan
Complex compose an Early Proterozoic (1.74–1.70 Ga)
AMCG association, which is a component of the Bilyak-
chan–Ulkan volcano-plutonic belt. The latter extends
for more than 750 km from the Mongolia–Okhotsk lin-
eament to the Okhotsk Massif and “glues” the Early
Precambrian tectonic structures to the southeastern part
of the Siberian Platform (Larin et al., 1997).

CONCLUSIONS

1. The rocks of the Kalar Complex belong to an
AMCG magmatic association and are its oldest mem-
bers. The massifs of the Kalar Complex were produced

in a postcollisional environment. The time gap between
the collisional event and the emplacement of the mas-
sifs of the Kalar Complex was no longer than 30 m.y.

2. The charnockites and anorthosites of the Kalar
Complex are a single syngenetic magmatic association.
The charnockites have a predominantly crustal nature,
whereas the anorthosites were most probably formed
by a mantle magma that was significantly crustally con-
taminated at various depth levels.

3. The southern part of the Siberian Platform includes
two reliably identified AMCG associations, which are
spatially separated and have distinct ages, compositions,
and tectonic settings: (i) the Late Archean (2.62 Ga) post-
collisional Kalar plutonic complex and (ii) the Early Prot-
erozoic (1.74–1.70 Ga) anorogenic Ulkan–Dzhugdzhur
volcano-plutonic complexes.
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