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Abstract—The bottom of the stratigraphic sequence of the Dzhugdzhur deep-seated granulite complex was
determined to consist of a stratified metabasite—enderbite association. The distributions of major and trace ele-
ments indicate that the protoliths of the association were volcanic rocks of the calc—alkaline, komatiite—tholei-
ite, and picrite series. The model assumed for the genesis of the protolithic volcanics of the metabasite—ender-
bite association includes two stages. The first of them was responsible for the decompression-induced partial
melting of the material of an ascending mantle plume with the derivation of melts of the komatiite—tholeiite
series. During the second stage, the volcanics of the calc—alkaline series were produced by the partial melting
of the metabasite crust under the effect of the heat of the ascending mantle plume. The protoliths of the metab-
asite—enderbite association were formed in the Early Proterozoic.
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INTRODUCTION

Earlier petrological studies of the metamorphic
complexes of the Aldan Shield have demonstrated that
the deepest granulites (of the Sutam depth facies) com-
pose its southern part [1]. These granulites, which
include abundant enderbites, are exposed at the surface
in a series of tectonic blocks: Sutam, Zverevskii,
Kurul’ta, and Dzhugdzhur. Data of mineralogical geo-
thermobarometry indicate that the rocks composing
these blocks were metamorphosed at granulite-facies
temperatures and pressures of 8—10 kbar [2—4]. This
provided grounds to believe that these blocks are frag-
ments of lower crustal levels corresponding to depths of
approximately 30 km. Because of this, the granulite
complexes of these blocks are particularly interesting
for reconstructing the composition of the lower crust in
the eastern part of the Asian continent.

Our research was centered on the identification of
the protoliths of the granulite complex of the
Dzhugdzhur block and their role in the origin of the
sialic basement of the eastern Aldan Shield. This publi-
cation reports the first data on the geochemistry of gran-
ulites of the Dzhugdzhur granulites and their Sm—Nd
isotopic systematics.

GEOLOGY

The Dzhugdzhur block is located in the southeastern
part of the Aldan Shield, in the basins of the Kun-
Man’e, Ayumkan, and Maya rivers (Figs. 1, 2). The
stratified nature of the Dzhugdzhur granulites was first
demonstrated by Moshkin [8], who subdivided them

into two units: lower, consisting of pyroxene—plagio-
clase crystalline schists and gneisses, and upper, made
up of biotite—garnet gneisses with marble beds. The ter-
ritory of the Dzhugdzhur block was later covered by
a 1: 200000 geological survey (under the supervision
of Gamaleya [9]). Gamaleya proposed a further strati-
graphic subdivision of the Archean metamorphic
sequences into four conformable formations (from bot-
tom to top): Upper Sunnagin, Kyurikan, Sutam, and
Khudurkan. Based on the analysis of literature data and
our own field observations, the authors of this paper
consider it expedient to return to Moshkin’s scheme [8],
according to which the Dzhugdzhur metamorphic com-
plex is subdivided into two units. The lower one con-
sists of hypersthene plagiogneisses (enderbites) inter-
calating with clinopyroxene—orthopyroxene schists.
The upper unit is dominated by biotite—garnet, biotite,
and biotite—graphite gneisses with marble beds and
subordinate enderbites and pyroxene—biotite gneisses.
The distribution of these units within the study area is
shown in Fig. 2. The lower unit represents early stages
in the crustal evolution of the southeastern Aldan Shield
and was recognized as the metabasite—enderbite associ-
ation. This publication is devoted to the description of
this association.

The enderbites volumetrically dominating in this
association are fine- to medium-grained dark gray
greenish rocks, whose banding is accentuated by mel-
anocratic bands enriched in hypersthene and, locally,
also in hornblende. The lower unit is mostly stratified
and includes lenses and beds of metabasites (up to 30%
of the unit by volume) and, more rarely, metaultraba-
sites (up to 5% by volume). The occurrence of these
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Fig. 1. Schematic tectonic map of the eastern part of the Aldan Shield (simplified after [5]).

(1—4) Aldan Shield: (/) Western Aldan megablock, (2) Eastern Aldan megablock, (3) Batomgskii granite—greenstone terrane,
(4) Southern Aldan geoblock; (5) Stanovoi folded area; (6) Mongolia—Okhotsk foldbelt; (7) Verkhoyansk—Chukot foldbelt;
(8) anorthosites; (9) Phanerozoic granitoids; (/0) Cenozoic deposits; (/1) faults; (12) study area.

Roman numerals denote blocks: (I) Sutam, (II) Ayumkan, (III) Dzhugdzhur, (IV) Nimnyrskii, (V) Kholbolokhskii, (VI) Sunnagin,

(VII) Gonam, (VIII) Tyrkan, (IX) Botomgskii.

rocks suggests that the protoliths of the unit were essen-
tially volcanic, unlike those of the upper unit, whose
marbles and graphite—biotite schists testify that its pro-
toliths contained much sedimentary rocks. The rock-
forming minerals of the enderbites are antiperthitic pla-
gioclase (50-70%, 40-50% An), quartz (5-10%),
hypersthene (5—10%), hornblende (8—10%), magnetite
(up to 7%), clinopyroxene (up to 5%), and rare biotite
flakes. The accessory minerals are apatite, zircon,
ilmenite, rutile, and pyrite.

The clinopyroxene—orthopyroxene schists consist of
plagioclase (30—40%, 50-58% Amn), clinopyroxene
(20-40%), and orthopyroxene (5—-10%). Some varieties
of the orthopyroxene—clinopyroxene schists contain
minor amounts of garnet or biotite. The accessory min-
erals are apatite, zircon, titanomagnetite, and ilmenite.

The ultrabasic crystalline schists (orthopyroxene—
clinopyroxene, orthopyroxene—clinopyroxene—amphi-
bole, and olivine—orthopyroxene—clinopyroxene—
amphibole) are massive rocks consisting of orthopyrox-
ene (10-35%), clinopyroxene (10-45%), olivine (0—19%),
and amphibole (0-80%) with minor amounts of
ilmenite, and, sometimes, biotite and spinel.

According to the results of mineralogical geother-
mobarometry, the rocks of the Dzhugdzhur block were

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No. 6

metamorphosed to the granulite facies at a maximum
temperature of 800°C and pressure of 9 kbar [3].

The age of the Dzhugdzhur Complex is provision-
ally assumed to be Archean, although this was not con-
firmed by isotopic dating. It was determined that the
anorthosites of the Dzhugdzhur Massif intrude the
granulites of the Dzhugdzhur Complex [10]. The age of
the Dzhugdzhur anorthosites is also disputable. For exam-
ple, the Pb isochron method yielded age values of the
anorthosites ranging from 2.7 [11] to 1.734-1.736 Ga
[12], and two mineral Sm—Nd isochrons corresponded
to 1702 £ 27 Ma and 1705 £+ 30 Ma [10]. We obtained
the first data on the Sm—Nd isotopic systematics of the
rocks of the metabasite—enderbite association of the
Dzhugdzhur Complex that testify to its Early Protero-
Zoic age.

GEOCHEMISTRY OF THE GRANULITES
AND THEIR PROTOLITHS

Rocks from the Dzhugdzhur Complex were ana-
lyzed for major elements at the Far East Geological
Institute, Far East Division, Russian Academy of Sci-
ences, by conventional chemical techniques (analyst
L.V. Nedashkovskaya). Trace elements were deter-
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Fig. 2. Schematic geological map of the study area (modified after a Geological Map of the USSR, scale 1 : 200000, sheets N-53-1 and
N-52-1V [6, 7], with the use of the field observations and data of A.M. Lennikov, P.A. Oktyabrskii, and M.A. Mishkin).

(1, 2) Dzhugdzhur granulite complex: (/) granulites of the lower unit (enderbites and metabasites); (2) granulites of the upper unit
(aluminous gneisses, enderbites, metabasites, and calciphyres); (3—5) Early Proterozoic metaintrusive rocks: (3) 3meta hyperbasites
and basites, (4) anorthosites, (5) granites; (6) rocks of the platform cover; (7) Cretaceous granites; (8) faults.

mined by ICP-MS at the Laboratory of Isotopic
Research of the Vinogradov Institute of Geochemistry,
Siberian Division, Russian Academy of Sciences, in
Irkutsk. The Sm—Nd determinations were carried out
by G.M. Vovna on Finnigan MAT-262 under the super-
vision of Prof. D. Maeda at the Hokkaido University in
Sapporo, Japan. The data on the chemical composition
of rocks of the metabasite—enderbite association of the
Dzhugdzhur Complex are based on analyses of 52 sam-
ples, which represent rocks not affected by migmatiza-
tion. Representative analyses of rocks of the metaba-
site—enderbite association are listed in Tables 1 and 2.

The original composition of the metamorphic rocks
was reconstructed based on the materials of field struc-
tural observations and the analysis of petrochemical
data and the distributions of trace elements in the rocks.

Statistical literature data on the chemical variations
in rocks metamorphosed to the amphibolite and granu-
lite facies inclusive highlight the relatively immobile
behavior of major elements (except alkalis). This war-
rants the application of petrochemical diagrams with
the purpose of reconstructing the protoliths of meta-
morphic rocks. This does not, however, pertain to rocks
affected by migmatization or other metasomatic trans-
formations.

The geochemical behavior of trace elements during
granulite metamorphism was examined by many

GEOCHEMISTRY INTERNATIONAL  Vol. 45

researchers. Granulites are known to be depleted in
some lithophile elements, such as Rb, U, and Th [13],
while Ba and Sr show features of a mobile behavior. It
is also thought that REE are relatively inert during
granulite-facies metamorphism (except Eu [14]). Some
researchers admit the possibility of a mobile behavior
of LREE [15], but this issue is still largely obscure and
can be explained by the possible effect of metasomatic
processes. HFSE (Ti, Nb, Y, Zr, Hf, and Ta) are inert
during metamorphism, as also are ferrophile elements
(Ni, Co, and Cr) [15].

It is known that, when the protoliths of metamorphic
rocks are reconstructed, it is particularly difficult to do
this for rocks of intermediate and acid composition, for
which uncertainties often arise in ascribing them to
magmatic or sedimentary rocks.

In order to resolve this problem, Dennen and Moor
[16] proposed a discriminant diagram (Fig. 3), in which
the hypersthene plagiogneisses of intermediate compo-
sition of the Dzhugdzhur metabasite—enderbite associ-
ation plot in the field of magmatic rocks.

In the Na,O + K,O-SiO, classification plot (Fig. 4) for
volcanic rocks [17], the compositions of the granulites
of the metabasite—enderbite association cluster mostly
within fields of normal alkalinity (from ultrabasic rocks
to andesites).

No.6 2007
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Fig. 3. Petrochemical diagram for distinguishing between ortho-
and paragneisses (after [16]), Si’ = Si/(Si + Fe + Al) x 100.
Data points correspond to the compositions of granulites
of the Dzhugdzhur Complex. Fields: (I) magmatic rocks;
(IT) sedimentary rocks.

These interpretations of the protoliths of the granu-
lites are corroborated by the SiO,—Ca/Mg—Fe,/(Ca +
Mg + Fe,,) diagram [18] (Fig. 5) and by the diagram
[19] (Fig. 6), in which the ratio of Zr to Ti (the most
inert major component) is taken into account, which is
particularly important when the protoliths of granulite-
facies rocks are reconstructed. In the Al-(Fe + Ti)-Mg
classification diagram [20] (Fig. 7), the granulites plot
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Fig. 4. SiO,-(Na,O + K,0) classification diagram [17]
for orthorocks of the Dzhugdzhur granulite complex.

Roman numerals denote rock fields: (I) picrobasalts,
(IT) basalts, (IIT) basaltic andesites, (IV) andesites, (V) dac-
ites, (VI) rhyolites, (VII) basanites, (VIII) trachybasalts,
(IX) basaltic trachyandesites; (X) trachyandesites, (XI) tra-
chydacites.

within the fields of volcanics of the calc—alkaline and
komatiite—tholeiite series.

Metavolcanic Rocks of the Calc—Alkaline Series

The volcanics of this series include metamorphosed
basalts, basaltic andesites (orthopyroxene—clinopyrox-
ene schists), and andesites (enderbites). Because of this
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Fig. 5. Classification petrochemical diagram for volcanic rocks [18]. Circles correspond to the compositions of rocks from the

Dzhugdzhur Complex.
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Fig. 6. SiO,—Zr/TiO, diagram [19] for the granulites of the
Dzhugdzhur Complex. Circles correspond to the composi-
tions of rocks from the Dzhugdzhur Complex.

Fe + Ti

Fig. 7. Al-Fe + Ti-Mg classification diagram [20]. Circles
correspond to the compositions of granulites from the
Dzhugdzhur Complex. Roman numerals denote composi-
tional fields: (I) komatiites, (II) komatiite and high-Mg
basalts, (III, IV) volcanic rocks of the tholeiite and calc—
alkaline series, respectively. Letters denote fields: R—rhy-
olites; D—dacites; A—andesites; B—basalts (Fe-B
and Mg-B are high-Fe and high-Mg basalts, respectively).

the metavolcanics of the calc—alkaline series were rec-
ognized as a basalt-andesite association. Representa-
tive analyses of rocks of this association are given in
Table 1. The metamorphosed basalts and basaltic andes-
ites belong to the aluminous type (A1,0; > 15 wt %).
The REE patterns of the metabasalts correspond to
those of Archean basalts of TH2 [22] (Fig. 8a). They are
characterized by mild enrichment in LREE, (La/Yb)y =
12.68-6.63. A similar topology of REE patterns is typ-
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Fig. 8. Chondrite-normalized [21] REE patterns for the
metavolcanic rocks of the basalt—andesite association of the
calc—alkaline series of the Dzhugdzhur granulite complex.
(a) Metabasalts, (b) metamorphosed basaltic andesites,
(c) metaandesites. The dashed line with solid circles in Fig. 8c
shows the REE pattern of the model andesite melt.

ical of the basaltic andesites, which differ by slightly
elevated concentrations of LREE (Fig. 8b).

The REE patterns of the metaandesites correspond
to those of Archean andesites of group II, according to
Condie [22], and are characterized by weak REE differ-
entiation [(La/Yb)y = 5-13] and low Eu anomalies
(Fig. 8c).

In a multielement diagram (Fig. 9), the metaandes-
ites of the protolithic basalt—andesite association show
concentrations of lithophile elements (except Zr)
higher than those in the andesites of the Kurile—-Kam-
chatka island arc [23] and are thus similar to Archean
gray gneisses in the basements of shields [24].
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The parental melts of the “gray-gneiss” sialic crust
are often thought to have been derived by the partial
melting of mafic sources, and this idea was confirmed
by the results of numerous experiments.

It was demonstrated above that the REE patterns of
the Dzhugdzhur metaandesites are depleted in HREE.
This suggests that the parental andesite melt was in
equilibrium with a garnet-bearing residue.

Available experimental data on the melting of basic
rocks indicate that the minimum pressure under which
the residue of the melting metabasite contains garnet is
equal to 10 kbar [26]. In the experiment of the afore-
mentioned authors, melts with 58% SiO, (average silic-
ity of the metaandesites of the Dzhugdzhur Complex)
should have been derived at 7'=975°C and a degree of
partial melting equal to 40%. The residues should have
consisted of (vol %) 15% garnet, 1% orthopyroxene,
2% amphibole, 40% clinopyroxene, and 2% plagio-
clase. Using these data and the REE concentrations in
the rocks, it is possible to calculate the composition of
the model andesitic melt on the basis of the broadly
known relation [27] for the dependence of the concen-
tration of a trace element in a melt on the initial concen-
tration of this element in the source, degree of melting,
and the bulk distribution coefficient between the resi-
due phases and melt. It is assumed that the source of the
parental andesitic melts of the Dzhugdzhur Complex
consisted of tholeiite basalts produced during earlier
magmatic events in the southern part of the Aldan
Shield. These events could be the formation of the
basite protoliths of the granulite complex in the adja-
cent Sutam block at 3.1 Ga. The average composition of
metabasalts in the Sutam block was assumed, accord-
ing to [28] (Table 2, analysis 20), as the magmatic
source from which the andesitic melts of the
Dzhugdzhur Complex were derived. The calculation
results (Fig. 8c) show good agreement between the
compositions of the model melt and natural rocks.

Metavolcanics of the Komatiite—Tholeiite Series

The protolithic volcanics of this series were deter-
mined to have consisted of tholeiite and komatiite basalts
and komatiites (komatiite—tholeiite association).

Tholeiite metabasalts

Representative analyses of the tholeiitic metabasalts
(orthopyroxene—clinopyroxene schists) are given in
Table 2. The MgO concentrations of the tholeiitic metaba-
salts vary from 4.74 to 10.69 (Table 2, analyses 15-19)
at Mg# = 0.58-0.63. A decrease in the MgO contents in
the rocks is associated with a decrease in the concentra-
tions of CaO and an increase in Al,O;. Consequently,
the CaO/AlL,O; and CaO/TiO, ratios decrease and are
lower than the chondritic ones: 0.6 and 12.8, respec-
tively. An increase in the A1,0; concentration results in
an increase in the Al,O;/TiO, ratio, whose average
value for the tholeiitic metabasalts is 20.62, i.e., is close

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No. 6
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Fig. 9. Multielement diagram normalized to the primitive
mantle [25] for metaandesites of the basalt—andesite associ-
ation. (/) Metaandesites of the Dzhugdzhur Complex;
(2) andesite of the Kurile-Kamchatka island arc [23];
(3) composition of Archean gray gneisses [24].
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Fig. 10. Multielement pattern normalized to the primitive
mantle [25] for (/) orthopyroxene—clinopyroxene schists
of the Dzhugdzhur Complex; for comparison the diagram
also shows the patterns of (2) N-MORB tholeiites
and (3) the basalt of the Kurile island arc.

to the chondritic one. The tholeiitic metabasalts are
characterized by moderately differentiated REE pat-
terns [(La/Yb)y) = 4-8] at an approximately 50 times
higher concentration of LREE than in chondrites
(Fig. 12¢). In the multielement diagram of Fig. 10, the
metatholeiites of the metabasite—enderbite association
differ from N-MORB tholeiitic basalts [29] and the
tholeiitic basalts of the Kurile island arc [30] in having
elevated contents of Ba, Nb, La, Ce, Nd, and P, which
likely indirectly characterizes the geochemistry of the
regional crust-forming mantle.

High-Mg Schists of Basic and Ultrabasic Composition

The highly magnesian schists (orthopyroxene—cli-
nopyroxene—olivine and orthopyroxene—clinopyrox-
ene—amphibole) account for approximately 5% of the
lower unit by volume. They commonly occur as rela-
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Fig. 11. Discriminant diagram for ultrabasic volcanic rocks
of the Dzhugdzhur Complex [31].

tively thin (no thicker than 10 m, occasionally up to a
few dozen meters) beds and lenses, which are conform-
able with the banding of the host enderbites. This sug-
gests that the protoliths of these rocks were of volcanic
genesis. Conceivably, some of these beds could origi-
nally be sills. Representative analyses of the high-Mg
basic and ultrabasic schists are listed in Table 2. In the
Al,05/Ti0,-MgO classification diagram [31] (Fig. 11),
the high-Mg schists of basic and ultrabasic composition
of the Dzhugdzhur Complex plot within the composi-
tional fields of komatiites and komatiite basalts of the
komatiite series and in the field of the basalts of the
picrite series. The metavolcanics of komatiite and
komatiite—basalt composition can also be recognized in
the Jensen’s classification plot [20], which was dis-
cussed above (Fig. 7).

Metakomatiites

The metakomatiites of the Dzhugdzhur Complex
meet the conditions specified in the international clas-
sification of magmatic rocks [17]: their MgO concen-
trations are higher than 18 wt % (22.16-27.6 wt %), and
the TiO, content is lower than 1 wt % (0.25-0.72 wt %)
(Table 2, analyses 7, 11, 13). The value of Mg# =
Mg/(Mg + Fe) of these rocks ranges from 0.78 to 0.81,
and the average Al,05/TiO, and CaO/Al,O; ratios are
12.27 and 1.23, respectively, which led us to ascribe
them to the Al-depleted (Barberton) type of komatiites.

The MgO concentrations in the komatiite metaba-
salts (MgO < 18 wt %) are 11.53-17.39 wt % (Table 2,
analyses 1, 2, 4, 5, 8, 10, 14 at Mg# = 0.64-0.77). A
decrease in the Mg# value of the komatiite metabasalts
is associated with an increase in the concentrations of
CaO and Al,O;, which testifies to an increase in the
contents of clinopyroxene and plagioclase in the melt
(they have CaO/Al,O; = 1.47-1.14 and Al,04/TiO, =
13.0-13.39).

GEOCHEMISTRY INTERNATIONAL  Vol. 45
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According to the configuration of their REE pat-
terns, the metakomatiites and metakomatiite basalts are
subdivided into two groups. The first group of the
komatiites is characterized by weakly fractionated REE
patterns close to chondritic ones [(La/Yb)y) =
1.62—1.81] at weak depletion in HREE [(Gd/Yb)y) =
1.43-2.13]. (Fig. 12a). The second group of komatiites
is characterized by strongly fractionated REE patterns
[(La/Yb)y = 15.9] (Fig. 12b) at notable enrichment in
LREE [(Ce/Yb)y = 3] and depletion in HREE. The
enrichment of LREE in the second-group komatiites
can be explained by mantle metasomatism, which
could occur locally shortly before the melting of the
mantle source. The (Gd/Yb)y ratios of the two komatiite
groups vary from 1.43 to 3.59 and confirm the conclu-
sion, drawn from the petrochemical characteristics of
the rocks, that the metakomatiites of the Dzhugdzhur
Complex belong to the Barberton type [32].

It follows from the multielement diagram (Fig. 13)
that the komatiites of the first group of the Dzhugdzhur
Complex are enriched in Th, La, and Ce compared to
the Phanerozoic komatiites of Gorgona Island [33].
Enrichment in these elements was also noted in the
Early Archean komatiites of the Barberton greenstone
belt [34]. This suggests that the Early Precambrian
mantle beneath continents could be enriched in radio-
active elements and LREE compared to the Phanero-
zoic mantle beneath the Pacific Ocean. This hypothesis
was previously put forth in [35].

The komatiite basalts of both groups display an
overall increase in REE concentrations. The contents of
LREE in the metakomatiite basalt of the first group are
30 times higher than the chondritic values (Fig. 12a,
sample E-17/174) and 600 times higher for the rocks of
the second group (Fig. 12b, sample E-14/134).

As was demonstrated above, the metakomatiites of
the Dzhugdzhur Complex affiliate with the Al-depleted
type. This suggests that the residue of their parental
melt contained garnet. The latter fact constrains the
depth of the mantle magmatic chamber, according to
the experimental data [36, 37], to approximately 200 km.
The further ascent of the mantle plume with decreasing
temperature and pressure, melting at depths shallower
than 200 km should have occurred under olivine control.

It is difficult to constrain the thermodynamic param-
eters under which the parental melts of the metakomati-
ites were formed because of the effect of overprinted
granulite metamorphism. These difficulties are caused
by the obliteration of the original textural—structural
features of the rocks and the absence of relict minerals.
A principally important task is the determination of the
noncumulus original composition of the komatiites.
The use of melting diagrams for mantle lherzolites [38]
and the relations between the MgO concentrations (wt %)
of the metakomatiites and their Mg# values testify that
the samples whose composition corresponds to that of
the parental melt are 2107-A and E-17/160 (Table 2,
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Fig. 12. Chondrite-normalized [21] REE patterns for the
metavolcanic rocks of the komatiite—tholeiite series of the
Dzhugdzhur granulite complex.

(a) Metakomatiites (2107-A and E-7/66) and komatiite
metabasalt (E-17/174) of group I; (b) komatiite (E-17/160)
and komatiite metabasalt of group II; (c) tholeiite metaba-
salts; (d) picrite metabasalts.
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Fig. 13. Multielement diagram normalized to the primitive
mantle [25] for metakomatiites of group I of the Dzhug-
dzhur Complex. (/) Metakomatiites of the Dzhugdzhur
Complex; (2) komatiites of the Archean Barberton green-
stone belt [32]; (3) Cretaceous komatiites of Gorgona Island
in the Pacific Ocean [33].

analyses 7, 11), whereas the parental magma of sample
E-7/66 contained much cumulus olivine.

Using the melting diagrams for mantle lherzolites
[38], one can roughly evaluate the thermodynamic
parameters at which the parental komatiite melts of the
Dzhugdzhur Complex were formed: P = 32 kbar, T =
1530°C, degree of partial melting equal to 27%, with
olivine and orthopyroxene as residue minerals for sam-
ple 2107-A (Table 2, analysis 7, 22.10 wt % MgO,
Mg# = 0.78).

For sample E-17/160 (Table 2 analysis 11; 24.3 wt %
MgO, Mg# = 0.8), these are P = 30 kbar, 7= 1560°C,
degree of partial melting equal to 39%; the residue min-
erals are olivine and orthopyroxene.

Still lower P-T parameters were determined for the
parental melts of the komatiite basalts. For example, the
following parameters were determined (using the
aforementioned diagrams) for sample E-17/174 of
komatiite metabasalt (Table 2, analysis 10; 17.39 wt %
MgO, Mg# =0.77): P =18 kbar, T'=1250°C, degree of
partial melting equal to 25%; the residue minerals are
olivine, orthopyroxene, and clinopyroxene. Our data
validate the model for the derivation of the parental
high-Mg lavas of the Dzhugdzhur Complex by the par-
tial decompression-induced melting of an ascending
mantle plume. Experimental data and thermodynamic
simulations [38, 39] indicate that less magnesian paren-
tal melts, including those of the tholeiitic basalts of the
Dzhugdzhur Complex, could be formed by the fraction-
ation of high-Mg komatiite basalts in intermediate rel-
atively shallow chambers.

Metabasalts of the picrite series

The metabasalts of the picrite series gave rise to
orthopyroxene—clinopyroxene schists, whose petrogra-
phy is practically identical to that of the orthopyrox-
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Table 3. Sm-Nd isotopic data on orthopyroxene—clinopyroxene schists of the Dzhugdzhur Complex

Sample Nd (ppm) Sm (ppm) IBNd/"“Nd 147Sm/ 44Nd Tom) enaT
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

Note: The Sm and Nd isotopic measurements were conducted by G.M. Vovna under the supervision of Prof. D. Maeda on a Finnigan MAT-262

multicollector mass spectrometer at the Hokkaido University in Sapporo, Japan. The eyq T values were calculated for T 2400 Ma.

ene—clinopyroxene schists that were described above
and correspond to komatiite metabasalts. They were
recognized on the basis of petrochemical features in the
diagram (Fig. 11). Their distribution and abundances
have not been quantified. Judging from their insignifi-
cant amounts in our collection of samples selected dur-
ing the fieldwork, their amount is much smaller than
that of the tholeiitic metabasalts.

The picrite metabasalts differ from the komatiite
metabasalts in having higher concentrations of TiO,
(1.23-2 wt %) at equal contents of MgO and, because
of this, lower Al,O5/TiO, ratios. This allowed us to
identify them in the discriminant diagram (Fig. 11). The
metabasalts of the picrite series contain 5.18-13.1 wt %
MgO (Table 2, analyses 3, 9) at Mg# = 0.47-0.68. The
average CaO/Al,O;, CaO/TiO,, and Al,0,/TiO, ratios
are 0.88, 8.03, and 9.25, respectively. As can be seen
from these values, the basalts of the picrite series have
lower values of the CaO/TiO, and Al,O,/TiO, ratios.

The REE patterns of the picrite low-Si varieties of
the metabasalts are weakly differentiated. For example,
sample E-35/301 (46.06 wt % SiO,) has (La/Yb)y =3
(Fig. 12d). An increase in the SiO, concentration is
associated with an increase in the overall REE con-
tents, particularly those of LREE. For example, sam-
ple E-37/319 (50.72 wt % Si0,) has a (La/Yb)y ratio
equal to 10 (Fig. 12d).

The genesis of the volcanics of the picrite series of
normal alkalinity can, in principle, be explained within
the scope of the same model as that proposed above for
the komatiite—tholeiite series [40]. It is reasonable to
believe that the low-Mg picrite basalts identified among
the protolithic volcanics of the Dzhugdzhur Complex
were formed by the crystallization differentiation of
picrites in intermediate shallow-sitting chambers.
However, the thermodynamic parameters at which the
parental picrite magma was derived remain uncertain
because our collection contains no rocks corresponding
to these picrites. It can be hypothesized that the mag-
matic source of these picrites was the same mantle
plume as for the komatiites. However, the picrite melts
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were derived at lower degrees of partial melting than
those of the komatiite melts [40].

Sm—Nd Systematics of Rocks of the Metabasite—
Enderbite Association

The Sm—Nd studies of the rocks of the metabasite—
enderbite association were carried out for the orthopy-
roxene—clinopyroxene schists compositionally approx-
imating basaltic andesites. The chemical compositions
of these schists are shown in Table 1. The results of our
Sm-Nd isotopic studies are summarized in Table 3. The
Tpmy values obtained for the rocks led us to date the
origin of their protoliths at the Early Proterozoic.

The positive eyyT values testify that the melts of the
basaltic andesites of the basalt—andesite association
were derived from depleted basites.

CONCLUSIONS

The results of our research led us to the following
conclusions. The deep-seated granulite complex of the
Dzhugdzhur block, which consists, according to petro-
logical data, of lower crustal rocks, comprises two
units. Their protoliths were volcanic and volcanic—sed-
imentary rocks for the lower and upper units, respec-
tively. The lower unit consisted of volcanic rocks of
three petrochemical series: calc—alkaline, komatiite—
tholeiite, and picrite. The protolithic volcanics of these
series were derived from different sources and were
erupted roughly simultaneously onto the surface before
the metamorphic event, as follows from their intercala-
tion within a single stratigraphic sequence.

The models proposed for the genesis of the rocks of
the komatiite—basalt, picrite, and calc—alkaline series
make it possible to develop an integral model for all
magmatic protoliths of the Dzhugdzhur Complex. In
our opinion, this model comprises two stages. The first
of them includes the initial ascent of a mantle plume
and its decompression partial melting. The Al-depleted
composition of the metakomatiites indicates that the
mantle plume was generated at a depth of more than
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200 km. The further ascent of the mantle plume was
associated with the separation of picrite and komatiite
melts from it at depths of approximately 100 km and
komatiite basalts at depths of 50-60 km (see above).
The differentiation of komatiite basalt in intermediate
chambers at shallow depths gave rise to tholeiitic
basalts. The second stage included the derivation of
volcanic rocks of the calc—alkaline series via the partial
melting of older basite crustal material. The geochem-
istry of these basites is thought to have been close to
that of the protolithic tholeiites of the neighboring
Sutam block of the Aldan Shield. This tholeiite magma-
tism occurred in the southern part of the Aldan Shield
at 3.1 Ga and caused the underplating of the preexisting
Early Archean basite crust. The metamorphism and
subsequent melting of this basite crust were induced by
the heat of melts that separated from the plume and by
the general ascent of geotherms associated with plume
ascent. Various degrees of melting of this crust formed
the parental melts of the basalt, basaltic andesite, and
andesite compositions of the calc—alkaline series of the
Dzhugdzhur Complex.

The lower unit is dominated (up to 60% by volume)
by hypersthene plagiogneisses (enderbites) of andesite
composition, with the rest of the unit consisting of
basaltic andesites and basalts with minor amounts of
ultrabasic volcanic rocks. Our data provide insight into
the composition of the lowermost crustal levels in the
southeastern part of the Aldan Shield. We also obtained
the first Sm—Nd isotopic data testifying to the Early
Proterozoic age of the protoliths of the metaba-
site—enderbite association, which notably modifies the
preexisting concepts of both the age of the Dzhugdzhur
block and its geotectonic setting (the position of the
southeastern boundary of the Aldan Shield and the rec-
ognition of an Early Proterozoic folded area, whose
fragment could be the Dzhugdzhur block).
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