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The origin and growth of the continental crust is one
of the main problems in the study of the Earth’s history.
At present, the composition of the continental crust is
sufficiently well known for the Archean shields, where
the crust is exposed. Study of the Early Proterozoic
sialic crust encounters serious difficulties because its
fields are usually less eroded as compared with Archean
shields and are overlain by Upper Proterozoic—Phaner-
ozoic formations. Researchers of Lower Proterozoic
rocks on Archean cratons usually deal with either Early
Proterozoic volcanosedimentary formations of green-
stone belts related to intracratonic rifting or sedimen-
tary fold—thrust complexes. The Early Proterozoic crust
developed between Archean cratons is observable only
in some tectonic windows. Of greatest interest among
them are deep-rooted blocks of metamorphic rocks
with exposed lower layers of the Early Proterozoic
crust, the igneous protoliths of which provide informa-
tion on the early stages of its formation. Deep metamor-
phism settings of rocks in these blocks are confirmed by
geothermobarometric data.

We present the first data on the composition of the
Early Proterozoic lower crust obtained for the
Dzhugdzhur deep-seated block that was formerly con-
sidered an element of the Aldan Shield. In available tec-
tonic maps, the Dzhugdzhur block is located in the
southeastern part of the Aldan Shield in the Kun-
Man’e, Ayumkan, and Maya river basins (Fig. 1).
Based on published data and original field observa-
tions, we subdivided the stratified granulite complex of
the Dzhugdzhur block into two sequences. The lower
sequence is composed of hypersthene plagiogneiss—
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enderbites intercalated with two-pyroxene crystalline
schists. The upper sequence consists largely of biotite—
garnet, biotite, and biotite—graphite gneisses with inter-
beds of marbles and subordinate enderbites and two-
pyroxene schists. Figure 1 demonstrates the distribu-
tion of these sequences. We define the lower sequence
as the metabasite—enderbite association. This paper is
dedicated to description of this association.

According to geothermobarometric data, rocks of
the Dzhugdzhur block were metamorphosed under con-
ditions of granulite facies at 7= 800°C and P = 9 kbar
[1]. The Dzhugdzhur Complex was previously assigned
to the Archean, although isotopic dating was not carried
out. We obtained the first data on Sm—Nd systematics of
metabasite—enderbite rocks of the complex, which indi-
cate its Early Proterozoic age.

Using the technique described in [2], we revealed pet-
rochemical properties and regularities in the distribution
of trace elements in granulites of the Dzhugdzhur Com-
plex and, thus, the geological nature of their protoliths.
The data obtained imply that the lower and upper
sequences were composed primarily of volcanogenic
and volcanosedimentary rocks, respectively. Primary
volcanics of the lower sequence are attributed to three
petrochemical series: calc-alkaline, komatiite—tholeiitic,
and picritic. The primary volcanic association of the
calc-alkaline petrochemical series includes basalts,
basaltic andesites (two-pyroxene crystalline schists), and
andesites (enderbites). Basaltic andesites and andesites
are dominant. The komatiite—tholeiitic series is repre-
sented by the association of tholeiitic and komatiite—
tholeiitic basalts and komatiites (two-pyroxene, two-
pyroxene—amphibole, and olivine-two-pyroxene crys-
talline schists). Tholeiitic basalts are dominant among
volcanics of the primary association. The picritic associ-
ation consists only of picritic basalts (two-pyroxene
crystalline schists) that have limited distribution.
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Fig. 1. Schematic geological map of the study area (based on published data and original field observations by A.M. Lennikov,
M.A. Mishkin, and R.A. Oktyabr’skii). (/, 2) Dzhugdzhur granulite complex: (/) granulites of the lower sequence (enderbites,
metabasites), (2) granulites of the upper sequence (alumina gneisses, enderbites, metabasites, calciphyres); (3—-5) Lower Proterozoic
metamorphic intrusive rocks: (3) metamorphic ultramafics and basites, (4) anorthosites, (5) granites; (6) platform cover; (7) Creta-

ceous granitoids; (8) tectonic dislocations.

The Al-(Fe + Ti)-Mg classification diagram (Fig. 2)
demonstrates the chemical compositions of the main
varieties of granulite rocks belonging to the metaba-
site—enderbite association. Table 1 presents their aver-
age values.

Basaltic andesites and andesites of the calc-alkaline
series are present in approximately equal proportions.
They are sharply dominant among primary volcanics of
the lower sequence. The igneous protolith of the upper
volcanosedimentary sequence includes basalts, basaltic

andesites (two-pyroxene crystalline schists), and
andesites (enderbites) of the calc-alkaline series.
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Fig. 2. Al-(Fe + Ti)-Mg classification diagram (at %). Dots
show compositions of granulites from the metabasite—
enderbite association of the Dzhugdzhur Complex. Rock
fields: (/) komatiites, (/I) komatiitic and high-magnesian
basalts, (II1, IV) volcanics of tholeiitic (/II) and calc-alka-
line (IV) series. Rock types: (R) rhyolites; (D) dacites;
(A) andesites; (B) basalts: (Fe-B) high-ferrous, (Mg-B) high-
magnesian.

In the multielement diagram (Fig. 3), metaandesites
(enderbites) of the calc-alkaline series from the
Dzhugdzhur Complex are generally similar (in terms of
the content of rare elements) to “gray gneisses” consti-
tuting the basement of Archean shields [3]. However,
the Th and Zr concentrations are lower.

Two-pyroxene schists and enderbites from the
metabasite—enderbite association, which correspond in
their primary composition to basaltic andesites and
andesites, respectively, were studied by the Sm—Nd iso-
topic method (Table 2). The Ty, values obtained for the
analyzed rocks suggest the formation of their protoliths
in the Early Proterozoic. Positive €yy(7) values indicate
the juvenile origin of primary volcanics from the basalt—
andesite association of the Dzhugdzhur Complex.

Many researchers attribute the origin of primary
melts of the “gray gneissic” sialic crust to partial melt-
ing of the mafic source, which is confirmed by numer-
ous experimental data. At present, the majority of geol-
ogists believe that the sialic crust of the tonalite—
trondhjemite—granodiorite composition (TTG “gray
gneisses”) is a product of melting of the primary basal-
tic crust by the heat of ascending mantle plumes. In [2],
we studied the deep-seated metabasite—enderbite com-
plex of the Sutam block (Aldan Shield) and demon-
strated that the plume model of the early sialic crust for-
mation may also be valid for the Late Archean.

Based on available published isotopic dates, we can
identify three Archean (Siberian, China, and Omolon—
Okhotsk) cratons in eastern Asia (Fig. 4). The Omolon—
Okhotsk Craton comprises the Okhotsk and Omolon
massifs, which represent, in our opinion, a single struc-
ture.

In the Early Proterozoic (2.5-1.65 Ga), the sialic
crust continued to form around Archean cratons of the
future Asian continent owing to the amalgamation of
the primary basaltic crust.
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Table 1. Average chemical compositions of metavolcanic rocks from the metabasite—enderbite association of the
Dzhugdzhur granulite complex

1 2 3 4 5 6 7
S enomane]| Komatite | Totte | Prte | yeaasan | B, reaandesi
Si0, 47.06 44.64 50.10 48.39 49.30 54.80 58.4
TiO, 0.52 0.86 1.16 1.62 0.77 0.67 0.67
AL, Oy 3.61 12.67 14.11 11.92 18.26 17.93 16.07
Fe, 05 2.83 4.64 33 3.97 3.59 3.90 2.79
FeO 8.66 9.68 9.20 10.21 6.72 4.71 5.21
MnO 0.22 0.17 0.30 0.19 0.12 0.14 0.14
MgO 24.68 11.61 7.08 9.14 6.72 4.18 3.72
€a0 6.73 10.29 10.02 10.21 9.42 7.46 6.42
Na,O 0.93 1.65 2.83 2.43 291 4.12 3.73
K,O 0.42 1.01 0.64 0.90 0.89 1.26 1.44
P,0O4 0.06 0.68 0.35 0.59 0.29 0.36 0.31
L.O.L 1.19 2.10 0.92 0.69 1 0.47 0.62
U 0.22 0.07 0.11 0.10 0.16 0.03 0.20
Th 0.38 0.28 0.49 0.61 0.57 0.15 0.90
Ba 10.00 236.87 206.87 522.33 315.72 604.90 502.88
Sr 38.375 546.93 34541 450.75 563.56 806.63 644.55
La 2.33 15.72 19.25 34.86 15.13 22.59 20.72
Ce 6.34 38.36 46.93 79.82 33.57 49.98 4491
Pr 0.96 5.66 6.57 10.98 4.55 6.67 5.95
Nd 4.62 24.82 26.99 46.48 18.34 27.82 24.21
Sm 1.38 5.41 5.70 9.63 3.77 5.47 4.71
Eu 0.54 1.60 1.66 2.31 1.22 1.88 1.20
Gd 1.77 5.30 5.38 9.40 3.7 4.82 4.33
Tb 0.29 0.78 0.86 1.45 0.58 0.77 0.71
Dy 1.71 3.96 4.45 6.84 2.98 3.66 3.49
Ho 0.36 0.80 0.91 1.36 0.60 0.74 0.71
Er 1.04 2.32 2.77 4.01 1.76 2.17 2.06
Tm 0.14 0.30 0.38 0.52 0.23 0.30 0.29
Yb 0.92 1.93 2.47 3.25 1.52 1.91 1.89
Lu 0.14 0.28 0.37 0.46 0.22 0.29 0.29
Zr 23.77 41.36 47.58 63.13 38.73 28.88 30.94
Hf 0.73 1.27 1.42 2.22 1.13 0.99 0.74
Ta 0.10 0.34 0.43 0.65 0.46 0.41 0.53
Nb 0.82 4.23 6.95 13.93 4.57 6.21 8.64
Y 8.485 19.60 22.92 34.97 14.62 17.74 16.82
Sc 31.10 40.20 38.92 41.41 24.27 21.78 19.25
Ni 745.385 141.19 112.74 87.91 41.71 32.94 35.51
Co 94.59 64.65 47.94 55.62 42.31 26.20 21.88
v 145.90 265.97 220.42 286.01 216.27 155.80 141.15

Note: Oxides are given in wt %; trace elements, in ppm. All analyses are adjusted to the sum of main petrogenic oxides equal to 100%.
(1-3) Metavolcanics of the komatiite—tholeiitic series; (4) metabasalts of the picritic series; (5-7) metavolcanics of the calc-alkaline series.
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Fig. 3. Multielement diagram for metaandesites from the
metabasite—enderbite association of the Dzhugdzhur Com-
plex. (/) Metaandesites of the Dzhugdzhur Complex;
(2) Archean “gray gneisses” [3]. Normalized to the primi-
tive mantle (PM) composition.

As was shown in [2], study of the lower sialic crust
in natural sections is important for substantiating the
formation model of “gray gneissic” primary melts. On
all continents, these sections are characterized by inter-
calation of primary volcanics of the komatiite—tholei-
itic and calc-alkaline series in granulite complexes. The
upper parts of the sections lack komatiites and usually
consist of volcanics of the calc-alkaline series (andes-
ite—dacite association) [2]. Such a relationship of pri-
mary volcanics in the lower crustal sialic sections may
be explained only in terms of the mantle plume model.
According to [2], formation of the matabasite—ender-
bite association protolith includes two stages. The first
stage is marked by the formation of volcanics of the
komatiite—basaltic association owing to the partial
decompression melting of material of the ascending
mantle plume. During the second stage, volcanics of
the andesite—dacite association are formed as the result
of partial melting of the primary basaltic crust by the
heat of the ascending mantle plume and its magmatic
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Fig. 4. Schematic distribution of the Early Proterozoic crust
in eastern Asia. (/) Archean sialic crust; (2) Early Protero-
zoic sialic crust; (3) assumed distribution of the Riphean
and Early Proterozoic newly formed sialic crust; (4) sam-
pling points of Lower Proterozoic rocks for isotopic dating.
(I-1II) Archean cratons: (I) Siberian, (/I) China, ({II) Omolon—
Okhotsk. Fold belts: (CA) Central Asian, (VCH) Verkhoy-
ansk—Chukotka, (C) Catasian.

offshoots. The principle similarity between the primary
section of the Dzhugdzhur Complex and the section of
the Upper Archean Sutam Complex described in [2]
allows us to accept the plume model for the formation
of the volcanics of the Dzhugdzhur Complex. The
depleted upper mantle served as a source for the plume.

The isotope data available now for metamorphic and
igneous complexes of eastern Asia make it possible to
outline the inferred domain of the Early Proterozoic
continental crust (Fig. 4).

In the western part of the Central Asian foldbelt,
Lower Precambrian rocks are defined in the Dzabkhan
microcontinent, Gargan block, and Tuva—Mongol Mas-
sif. The Archean age of metamorphic rocks from the
Baidarik block of the Dzabkhan microcontinent and

Table 2. Results of the Sm—Nd study of two-pyroxene schists and enderbites of the Dzhugdhur Complex

Sample Nd (ppm) Sm (ppm) 143N d/144Nd 1479 m/144Nd Tom ena(D)
E-17/158 26.38 5.45 0.511772 0.1248 2356 5.30
E-17/159 43.13 7.77 0.511566 0.1089 2298 6.18
E-35/296 16.96 3.28 0.511435 0.1169 2689 1.15
E-41/339 16.70 1.93 0.511452 0.0997 2264 6.80

Note: Sm and Nd isotopic measurements were carried out by G.M. Vovna under the supervision of Prof. D. Maeda at the University of Hok-
kaido using a Finnigan MAT-262 multichannel mass spectrometer. eyy4(T) values are calculated for 7= 2400 Ma. (E-171/158, E-17/159,

E-35/296) two-pyroxene schists; (E-41/339) enderbite.
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Gargan block is substantiated by isotopic dates [4]. We
include them into the China and Siberian cratons,
respectively, in Fig. 4. The Early Precambrian base-
ment of the Tuva—Mongol Massif is overlain by the
Riphean—Vendian sedimentary complex. According to
[4], Upper Riphean—Vendian metamorphic rocks of the
sedimentary complex overlying the Tuva—Mongol
Massif contain rare grains of detrital zircons with Early
Proterozoic nuclei (1935 + 21 and 2557 *+ 34 Ma,
SHRIMP-II; Fig. 4, point 1). The Sm—Nd studies con-
firm these results. Some rock varieties from this fold—
thrust complex are characterized by the Early Protero-
zoic Nd model age of 1.8-2.2 Ga and negative &yy(7)
values. This implies an admixture of Lower Proterozoic
crustal material derived from the basement of the Tuva—
Mongol Massif in primary Upper Riphean—Vendian
sedimentary rocks.

In [5], data on Sm—Nd systematics in the Phanero-
zoic granitoids from fold structures around the southern
Siberian Craton and western Transbaikal region are
summarized. The materials indicate the existence of the
Early Proterozoic stage in the crust formation (Fig. 4,
points 2—6). The presence of outcrops of Lower Prot-
erozoic rocks in the Patom—Bodaibo structural zone
supports this inference (Fig. 4, point 7).

In the eastern part of the Central Asian foldbelt,
Lower Proterozoic rocks are known in the Bureya Mas-
sif (Gonzha block, 2160 £ 100 Ma, U-Pb method;
Fig. 4, point 8) [6], Khankai Massif (Sergeevo block,
2471 = 0.08 and 2106 = 0.07 Ma, Rb-Sr method;
Fig. 4, point 9) [7], and Jiamusy Massif (China) (Mas-
han block, 2275 Ma, U-Pb method; Fig. 4, point 11)
[8]. It should be noted that metamorphic rocks of the
Late Riphean—Vendian fold—thrust complex in the Jia-
musy Massif contain single grains of detrital zircons,
with nuclei dating back to 1675-1900 Ma (SHRIMP
method) [9]. The presence of the Early Proterozoic
sialic crust at the base of the eastern Central Asian belt
is also evident from finds of xenogenic Early Protero-
zoic zircon grains within Phanerozoic granitoids. This
can be exemplified by finds of xenogenic zircons
(2215 £ 7 Ma, SHRIMP-II method) [10] in Jurassic gran-
ites of the Bureya Massif (Mamyn block, Fig. 4, point 11).

The Catasian foldbelt represents a southern branch
of the Central Asian belt in eastern Asia. In this area,
blocks of Lower Proterozoic rocks are known from the
southeastern coast of China (1689 and 1761 Ma, U-Pb
method) [11], the Island of Taiwan (2087 Ma, U-Pb
method, Fig. 4, points 12, 13) [11], and the Hida zone of
Japan (1960 Ma, U-Pb method, Fig. 4, point 14) [12].

We attribute granulites of the Dzhugdzhur block in
the Verkhoyansk—Chukotka fold zone to the Early Pro-
terozoic basement of the fold zone (Fig. 4, point 15).
North of the Dzhugdzhur block, Lower Proterozoic
rocks were recovered by boreholes beneath the sedi-
mentary Verkhoyansk Complex (Fig. 4, points 16, 17)
[13]. In the folded structures surrounding the eastern
Omolon—Okhotsk Craton, metamorphic rocks devel-
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oped in the Avekova River basin of the Taigonos Penin-
sula are referred to the Early Proterozoic (1737 + 68 Ma,
U-Pb method, Fig. 4, point 18) [14]. Spacious outcrops
of Lower Proterozoic crystalline rocks (1990 £ 150 Ma,
Rb-Sr method, Fig. 4, point 19) [15], which correlate
with isotopically dated Lower Proterozoic formations
of Alaska, are known in the Chukotka Massif.

Processes of Early Proterozoic crust formation
resulted in amalgamation of Archean cratons into a sin-
gle protocontinent that represented a major element of
Pangea.

Two main geotectonic regimes were in action during
the Riphean and Phanerozoic in areas of Early Protero-
zoic crust development: intracontinental rifting and the
regime of epicontinental seas. In terms of the extension
degree of the crust, rifts did not exceed the opening
stage of the present-day Red Sea. Riftogenic magma-
tism in them was induced by plume formation in the
depleted upper mantle. The products of this process are
represented by ultramafic and mafic rocks of the tholei-
itic series (ophiolites, according to some authors), cou-
pled with basic, intermediate, and acid rocks of the
calc-alkaline series (“island-arc” series, according to
some authors). Alkalic magmatism of that time indi-
cates displacement of some magmatic plume sources to
the undepleted lower mantle.

The Riphean—Paleozoic terrigenous and terrige-
nous—carbonate fold—thrust complex was formed by
sediments of epicontinental seas.

Available geological and isotopic—geochemical data
imply that the early sialic crust continued to form from
basaltic rocks in the western Pacific at that time (Fig. 4).
Discussion of these processes is, however, beyond the
scope of this communication.
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