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INTRODUCTION

During the Late Paleozoic and Early Mesozoic, one
of the world’s largest rift systems was formed in the
central Asian fold belt (Yarmolyuk, 1983). One specific
feature of its tectonic setting is that it developed within
the Middle–Late Paleozoic active continental margin
(ACM) of the northern Asian paleocontinent (Gordi-
enko, 1987; 

 

Tectonics, Magmatism…

 

, 2001). The pro-
cesses of rift formation postdated with a short time
break the magmatism of the ACM and were superim-
posed on the structures of the marginal volcanic belt.

The structure of the rift system is built up by a series of
near-parallel rift zones (from south to north: Gobi–Tien
Shan, main Mongolian lineament, Gobi–Altai, north-
ern Mongolian, and western Transbaikalian), the age of
which decreases sequentially from the margin to the
interior of the continent: from the Late Carboniferous
in the southern part of the rift system to the Late Permian
and Early Mesozoic in its northern part. Such a peculiar
development of the rift system is explained by the
gradual movement of the continental plate over a mantle
hot spot, which initiated the processes of rifting (Yarmo-
lyuk et al., 1999; Yarmolyuk and Kovalenko, 2000).
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Abstract

 

—The bimodal volcanoplutonic (basalt–peralkaline rhyolite with peralkaline granites) association of
the Noen and Tost ranges was formed 318 Ma ago in the Gobi–Tien Shan rift zone of the Late Paleozoic–Early
Mesozoic central Asian rift system, the development of which was related to the movement of the continental
lithosphere over a mantle hot spot. A specific feature of the Late Paleozoic rifting was that it occurred within
the Middle–Late Paleozoic active continental margin of the northern Asian paleocontinent. Continental margin
magmatism was followed after a short time delay by the magmatism of the Gobi–Tien Shan rift zone, which
was located directly in the margin of the paleocontinent. Such a geodynamic setting of the rift zone was
reflected in the geochemical characteristics of rift-related rocks. The distribution of major elements and com-
patible trace elements in the rift-related basic and intermediate rocks corresponds to a crystallization differen-
tiation series. The distribution of incompatible trace elements suggests contributions from several sources. This
is also supported by the heterogeneity of Sr and Nd isotopic compositions of the rift-related basaltoids: 

 

ε

 

Nd

 

(T)
ranges from 4.4 to 6.7, and (

 

87

 

Sr/

 

86
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0

 

, from 0.70360 to 0.70427. The geochemical characteristics of the rift-
related basaltoids of the Noen and Tost ranges are not typical of rift settings (negative anomalies in Nb and Ta
and positive anomalies in K and Pb) and suggest a significant role of the rocks of a metasomatized mantle
wedge in their source. In addition, there are high-titanium rocks among the rift-related basaltoids, whose
geochemical characteristics approach those of the basalts of mid-ocean ridges and ocean islands. This allowed
us to conclude that the compositional variations of the rift-related basaltoids of the Noen and Tost ranges were
controlled by three magma sources: the enriched mantle, depleted mantle (high-titanium basaltoids), and meta-
somatized mantle wedge (medium-Ti basaltoids). The medium-titanium basaltoids were formed in equilibrium
with spinel peridotites, whereas the high-titanium magmas were formed at deeper levels both in the spinel and
garnet zones. It terms of geodynamics, the occurrence of three sources of the rift-related basaltoids of the Noen
and Tost ranges was related to the ascent of a mantle plume with enriched geochemical characteristics beneath
a continental margin, where its influence caused melting in the overlying depleted mantle and the metasoma-
tized mantle wedge. The formation of rift-related andesites in the Noen and Tost ranges was explained by the
contamination of mantle-derived basaltoid melts with sialic (mainly sedimentary) continental crustal materials
or the assimilation of anatectic granitoid melts.
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Although the magmatism of the central Asian rift sys-
tem is similar to that of typical intracontinental rift
zones, such as the East African rift, Tunisian rift, and
others (Peccerillo et al., 2003; Trua et al., 1999; Civetta
et al., 1998; Barberi et al., 1975; Davies and Mac-
donald, 1987), and represented by bimodal basalt–per-
alkaline rhyolite volcanic associations with peralkaline
granites, the occurrence of rift-forming processes at a
convergent plate boundary affected the compositions of
rift-related rocks.

This paper addresses some problems of the petro-
genesis of basic and intermediate rocks from the rift-
related bimodal association belonging to the Gobi–Tien
Shan rift zone, which is the oldest in the rift system and
was formed directly near the margin of the northern
Asian paleocontinent. The rift zone extends in the E–W
direction throughout southern Mongolia over a distance
of more than 1000 km and is marked in the modern ero-
sion level by a system of closely spaced near-parallel
faults, chains of grabens filled with volcanic rocks of
the bimodal association, belts of parallel dikes, and per-
alkaline granitoid massifs. One of the largest grabens is
situated in the western part of the rift zone and is con-
nected in modern topography with the Noen and Tost
ranges of the Gobi Tien Shan.

GEOLOGY OF THE REGION OF THE NOEN
AND TOST RANGES

The graben of the Noen and Tost ranges is traced
over a distance of more than 200 km at a width of
30

 

−

 

40 km (Fig. 1) and is filled with the rocks of the
bimodal volcanic basalt–peralkaline rhyolite associa-
tion associating with peralkaline granite bodies

(Yarmolyuk, 1978; Yarmolyuk and Kovalenko, 1991).
The graben is embedded in the structures of the ACM
volcanic belt, which includes Early–Middle Carbonif-
erous fields of lavas, tuff lavas, ignimbrites, and welded
tuffs of basalts, basaltic andesites, andesites, dacites,
and rhyolites metamorphosed to greenschist facies con-
ditions. In places, tuff–sedimentary members, up to
400 m thick, were documented between the ACM com-
plexes and the volcanic sequences of the bimodal asso-
ciation. The rocks of the bimodal association are over-
lain by Permian–Triassic conglomerates and Meso-
zoic–Cenozoic cover deposits. The whole 
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3

 

–MZ

 

1

 

complex was affected by dislocations forming a system
of large E–W trending folds, which resulted in that the
volcanic sequences of the Noen–Tost graben appeared
in the axial part of a large anticline. The rocks of the
ACM complex are exposed in the core of the anticline,
where they are intruded by bodies of normal and peral-
kaline granitoids and dikes of the rift-related complex.
The slopes of the anticline are composed of bimodal
volcanics.

The volcanic sequence of the bimodal association
includes sheet and vent complexes, which are best pre-
served on the southern and southeastern slopes of the
Tost Range (Fig. 2). The following sequence of volca-
nic facies is observed in this area from the western to
the eastern margin of the volcanic field. Near Takhilga-
Ula Mount, which corresponds to the vent of a paleo-
volcano, the volcanic section is dominated by peralka-
line rhyolites. They form a series of southeast-dipping
steep (up to 

 

30°–40°

 

) flows, up to 30–40 m thick, com-
posed mainly of lavas and ignimbrites, occasionally of
lava breccias, tuff lavas, and tuffs. Lenses of basic
lavas, up to 50 m thick, were found between the bodies

 

43°00

 

′

 

101°40

 

′

 

1

 

43°10

 

′

 

43°20

 

′

 

N

101°50

 

′

 

101°30

 

′

 

101°20

 

′

 

101°10

 

′

 

101°00

 

′

 

E

101°40

 

′

 

101°50

 

′

 

101°30

 

′

 

101°20

 

′

 

101°10

 

′

 

101°00

 

′

 

E

43°10

 

′

 

43°20

 

′

 

N

100°50

 

′

 

100°40

 

′

 

Mongolia

Russia

China

 

1

4

2

3

 

Tost Range
Noen Range

 

0 10 20 km

2 3 4 5 6 7 8 9 10

 

Fig. 1.

 

 Sketch map showing the geological structure of the bimodal volcanoplutonic association of the graben of the Tost and Noen
ranges. (1)–(4) Rocks of the bimodal association: (1) peralkaline rhyolite, (2) basaltoid and andesite, (3) peralkaline granite, and
(4) vent rock; (5) biotite granite; (6) underlying Carboniferous volcanic rocks of the active continental margin complex; (7) overly-
ing Permian and Triassic conglomerate; (8) unconsolidated deposit; (9) fault; and (10) boundaries of sheets and sequences and their
strikes and dips. The inset shows the position of the Late Paleozoic rift zones in the territory of Mongolia and adjacent areas. Rift
zones: 

 

1

 

, Gobi–Tien Shan; 

 

2

 

, Main Mongolian lineament; 

 

3

 

, Gobi–Altai; and 

 

4

 

, northern Mongolia. The region of the Noen and
Tost ranges is indicated by the rectangle.
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of silicic volcanic rocks. The total thickness of the vol-
canic sequence in this region is about 1500 m, silicic
volcanic rocks account for about 1300 m of this section.

Away from the center of the paleovolcano, the frac-
tion of basic rocks in the section gradually increases at
the expense of silicic rocks. As a result, the sequence of
alkaline salic rocks pinches out, and only small lenses
of such rocks were found far from the volcano among
basic volcanics. The later are predominant in this area
and account for about 1600 m out of a total thickness of
the lava pile of 1800 m. In the eastern part of the lava
field, the fraction of silicic rocks increases again, and
they form large extrusions up to 

 

2 

 

×

 

 5

 

 m in size near the
vent of the Bayan Under paleovolcano. The amount of
tuff–sedimentary rocks increases sharply in this part of
the volcanic field. In general, a similar structure of vol-
canic sequences with contrasting alternation of peralka-
line rhyolite and basaltoid flows was observed along the
whole length of the graben. Silicic rocks are spatially
confined to paleovents and are products of central erup-
tions, whereas basic flows are independent of vent
structures and were probably produced by fissure erup-
tions or shield volcanism.

The rift-related complex of the Noen and Tost
ranges includes numerous dikes of peralkaline rhyolites
and basaltoids. They form belts of parallel dikes often
contacting or intersecting at an acute angle; there are

both basic dikes intersecting silicic ones and vice versa.
Such belts are best exemplified in the southeastern part
of the Tost Range, where dikes occur in a band 20 km
long and 7 km wide. The basic dikes are a few meters
thick, and silicic dikes are up to 10–15 m. The fraction
of dikes in the section is up to 30 vol %, and peralkaline
rhyolites account for about 80% of all dike bodies. Sim-
ilar dike belts occur on a smaller scale along the whole
graben. The appearance of dike belts in the graben
structure clearly indicates regional extension condi-
tions (rifting) accompanying the formation of bimodal
associations.

The age of the bimodal magmatic association of the
Noen and Tost ranges is constrained by the underlying
floristically characterized Early–Middle Carboniferous
volcanics of the differentiated ACM belt and the over-
lying Early Permian–Triassic conglomerate molasses.
Plant remnants were discovered in tuff–sedimentary
interbeds in the section of the bimodal volcanic associ-
ation. These findings indicated Late Carboniferous–
Early Permian age for the rift-related magmatism
(Yarmolyuk et al., 1981). Our geochronological studies
of the rift-related magmatism yielded a U–Pb zircon
age of 

 

318 

 

± 

 

1

 

 Ma for the peralkaline granites
(Kozlovsky et al., 2005). Within the errors, identical
age was obtained from the slope of the Rb–Sr errochron
based on the bulk-rock samples of volcanics, dikes, and

 

101°12

 

′

 

1

 

101°16

 

′

 

101°08

 

′

 

101°04

 

′

 

101°00

 

′

 

100°52

 

′

 

E

43°10

 

′

 

43°12

 

′

 

N

 

Tost Range

 

0 5 km

2 3 4 5 6 7 8 9 10

 

43°08

 

′

 

43°06

 

′

 

43°04

 

′

 

Tahilga Ula Mt.
Bayan Under Mt.

43°10

 

′

 

43°12

 

′

 

N

43°08

 

′

 

43°06

 

′

 

43°04

 

′

 

100°56

 

′

 

101°12

 

′

 

101°16

 

′

 

101°08

 

′

 

101°04

 

′

 

101°00

 

′

 

100°52

 

′

 

E 100°56

 

′

 

11 12 13

 

Fig. 2.

 

 Simplified geologic structure of the southeastern end of the Tost Range. (1)–(7) Rocks of the bimodal association: (1) per-
alkaline rhyolite, (2) basaltoid and andesite, (3) tuff–sedimentary rock, (4) vent peralkaline rhyolite, (5) vent basaltoid, (6) peralka-
line granite, and (7) dike; (8) biotite granite; (9) underlying Carboniferous volcanic rocks of the active continental margin complex;
(10) overlying Permian and Triassic conglomerate; (11) unconsolidated MZ

 

2

 

–KZ deposits; (12) fault; and (13) boundaries of sheets
and sequences and their strikes and dips.
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peralkaline granites of the bimodal association of the
Tost Range (

 

314 

 

± 

 

5

 

 Ma).

ANALYTICAL METHODS

In order to characterize the basic and intermediate
rift-related magmatism, more than 60 rock samples
from the bimodal association, dike belt, and ACM vol-
canic complexes were studied in detail. The concentra-
tions of major elements in the rocks were determined
by X-ray fluorescence spectrometry at the Vinogradov
Institute of Geochemistry, Siberian Division, Russian
Academy of Sciences (Irkutsk).

The rock samples were analyzed by inductively cou-
pled plasma mass spectrometry on a VG Elemental
PlasmaQuad 3 instrument at the Institute of Analytical
Instrument Making, Russian Academy of Sciences,
St. Petersburg. The analytical conditions were reported
by Kovalenko et al. (2003). The drift of the relative sen-
sitivity of the instrument was checked by a series of
measurements of standard solutions (no more than
5

 

−

 

10 samples) containing heavy metals (Ti, Cr, Ni, Cu,
and Pb) and the BCR-1 standard. The instrument was
calibrated for REE analysis using a multielement stan-
dard solution obtained from Johnson Matthew Com-
pany. The relative errors for element concentrations
were no higher than 5–10%.

The analysis of Sr and Nd isotopes was performed
at the Institute of Precambrian Geology and Geochro-
nology, Russian Academy of Sciences, St. Petersburg.
Samples for isotope mass spectrometry were prepared
using the procedure described by Savatenkov et al.
(2004). Isotopic analysis was carried out on a Finnigan
MAT-261 multicollector solid-phase mass spectrome-
ter. The precision of Rb, Sr, Sm, and Nd concentrations
calculated from the repeated measurements of the
BCR-1 standard was 

 

±

 

0.5%

 

. The total blank was
0.05 ng Rb, 0.2 ng Sr, 0.3 ng Sm, and 0.8 ng Nd. The
analysis of the BCR-1 standard (six measurements)
yielded the following results: [Sr] = 336.7 ppm, [Rb] =
47.46 ppm, [Sm] = 6.47 ppm, [Nd] = 28.13 ppm,
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 and 
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Nd = 0.512642 

 

±
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. The precision of isotopic analyses was checked by
the measurement of the La Jolla and SRM-987 stan-
dards. During the period of our measurements, the
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 ratio of the SRM-987 standard was

 

0.710241 

 

± 

 

15 (2

 

σ

 

, 10

 

 analyses), and the 
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ratio of the La Jolla standard was 

 

0.511858 
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8 (2

 

σ

 

,
12

 

 measurements). The Sr and Nd isotope composi-
tions were normalized to 

 

88

 

Sr/

 

86

 

Sr

 

 = 8.37521 and

 

148

 

Nd/

 

144

 

Nd

 

 = 0.24157.

The oxygen isotope ratios of silicate rocks were
determined at the Far East Geological Institute, Far
East Division, Russian Academy of Sciences (analysts
T.A. Velivetskaya and A.V. Ignat’ev). The measure-
ments were performed on a Finnigan MAT-252 mass
spectrometer. The accuracy of 

 

δ

 

18

 

O

 

 determination was

 

±0.1‰ at the 95% confidence level. The δ18O values are
given relative to SMOW.

PETROGRAPHIC CHARACTERISTICS
OF BASALTOIDS FROM THE NOEN

AND TOST RANGES

Lavas are dominant among the basaltoids of the
bimodal association of the Noen and Tost ranges. The
rocks are usually porphyritic with a trachytoid distribu-
tion of plagioclase laths, euhedral, often twinned cli-
nopyroxene crystals, and scarce titanomagnetite phe-
nocrysts. In addition, there are olivine phenocrysts
completely pseudomorphed by secondary minerals.
Such phenocrysts often form glomeroporphyric inter-
growths with pyroxene. The phenocrysts of mafic min-
erals are usually no larger than 1.5 mm, plagioclase is
up to 5 mm in size, and the total content of phenocrysts
is up to 10%. Aphiric rocks were occasionally found
among basic lavas. The groundmass of rocks is finely
crystallized with distinct microlites of plagioclase, cli-
nopyroxene, olivine, and an opaque mineral. The com-
positions of clinopyroxene, plagioclase, and titanomag-
netite phenocrysts vary irregularly within the whole
range of basic rocks. The clinopyroxene is rather uni-
form and corresponds to augite, and the composition of
plagioclase phenocrysts ranges widely from An86 to
An38.

CHEMICAL COMPOSITION OF ROCKS

Major Element

The rocks of the bimodal association of the Noen
and Tost ranges contain from 47.6 to 78.4 wt % SiO2
(Fig. 3a) (hereafter, the concentrations of major ele-
ments are given in weight percent recalculated to a total
of 100% on a volatile-free basis). However, the over-
whelming majority of rocks fall into SiO2 ranges of
47.6–60% and 70–78.4%, i.e., correspond to basaltoids
and andesites, on the one hand, and peralkaline rhyo-
lites, on the other. The rocks of transitional composi-
tions occur in very minor amounts. The bimodal distri-
bution of rock compositions is clearly illustrated by the
histogram of SiO2 content (Fig. 3b). It should be taken
into account that the histogram was constructed using
the results of sampling and does not exactly correspond
to the real volume proportions of rocks. This concerns
primarily the rocks of intermediate composition, which
were difficult to identify during field work and which
were therefore sampled more extensively. This paper
focuses on the basic and intermediate rocks of the
bimodal association of the Noen and Tost ranges con-
taining 48.7–62.7% SiO2 (Table 1). In the (Na2O +
K2O)–SiO2 classification diagram (Le Bas et al., 1986),
they plot within the fields of basalt, trachybasalt, basal-
tic andesite, basaltic trachyandesite (rocks of this group
are referred to as basaltoids), andesite, and tra-
chyandesite.
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Fig. 3. (a) Total alkali–silica classification diagram (Le Bas et al., 1986) for the rocks of the rift-related bimodal association of the
Noen and Tost ranges and the ACM complex and (b) histogram of SiO2 concentrations in these rocks. (1)–(3) Rocks of the bimodal
association: (1) basalt, trachybasalt, basaltic andesite, and basaltic trachyandesite; (2) andesite and trachyandesite; (3) peralkaline
rhyolite (our unpublished data); (4) and (5) rocks of the active continental margin complex: (4) basic rock and (5) rhyolite; and
(6) biotite granite from the western part of the Tost Range.

In major-element variation diagrams, the composi-
tions of all basic and intermediate rocks of the bimodal
association of the Noen and Tost ranges are character-
ized by negative correlations of SiO2 with TiO2, FeO,
MgO, CaO, and P2O5 (Fig. 4). The concentration of
Al2O3 is practically independent of SiO2 and varies
from 16 to 19%. Only K2O exhibits a distinct positive
correlation with SiO2. In general, rocks with similar
SiO2 contents may be significantly different in other
elements. This is clearly seen by the example of the dis-
tribution of titanium, iron (not shown), sodium, potas-
sium, and phosphorus. The majority of basic rocks of
the bimodal association of the Noen and Tost ranges
have moderate TiO2 (<1.6%), FeO (<10.5%), and P2O5
(<0.55%) concentrations. There is a small group of rel-

atively high-Ti rocks (up to 2.8% TiO2), which are also
enriched in FeO (up to 12.9%) and P2O5 (up to 1%). All
the rocks, except for one composition from a basaltic
andesite dike and one basaltic flow, have MgO contents
below 8% and, consequently, cannot be regarded as
direct mantle melts.

The compositions of the rift-related basaltoids are
hypersthene-normative (up to 23%). The basalts and
trachybasalts contain 4–17% normative olivine. Both
olivine- and quartz-normative rocks were found among
the basaltic andesites and basaltic trachyandesites. The
content of normative quartz in the andesites and tra-
chyandesites is up to 11%.

In the classification diagram (Fig. 3), the basic rocks
of the ACM volcanic complex fall, similarly to the
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Table 1.  Chemical compositions (wt %) of basic rocks from the bimodal association of the Noen and Tost ranges and the
ACM complex

Sample no. Rock SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 LOI Total

NT-1/1 B 46.79 2.23 17.02 10.81 0.19 6.61 8.52 2.92 0.43 0.49 3.12 99.13

NT-1/2 B 48.91 1.32 16.71 9.49 0.15 6.48 9.01 2.91 1.22 0.41 2.41 99.02

NT-1/3 TB 48.49 1.39 17.06 9.58 0.16 6.96 7.29 2.73 2.24 0.45 2.56 98.91

NT-1/4 B 49.96 1.27 16.62 9.55 0.14 6.79 8.62 2.82 0.95 0.40 2.04 99.16

NT-1/5 BA 52.03 1.24 16.01 9.06 0.15 5.92 8.49 2.89 1.31 0.43 1.52 99.05

NT-1/6 BTA 50.19 1.29 16.64 9.08 0.15 6.32 7.14 3.07 2.15 0.47 2.58 99.08

NT-1/7 BA 53.90 1.10 17.81 7.78 0.11 4.77 7.50 3.15 1.40 0.38 1.20 99.10

NT-1/8 BA 53.75 1.06 17.25 8.00 0.12 5.15 7.00 3.10 1.52 0.36 1.83 99.14

NT-1/9 TB 49.35 1.58 17.44 9.95 0.14 5.09 8.17 3.93 1.17 0.50 1.69 99.01

NT-1/10 BA 50.40 1.51 16.90 9.51 0.15 5.19 8.14 3.43 1.25 0.47 2.06 99.01

NT-1/11 BA 51.34 1.28 17.29 9.02 0.15 5.45 8.80 3.02 0.65 0.37 1.70 99.07

NT-1/12 BA 50.39 1.48 16.73 9.27 0.15 5.52 8.06 3.65 1.08 0.44 2.30 99.07

NT-1/13 BA 51.52 1.45 16.86 8.97 0.15 5.00 8.22 3.40 1.10 0.45 1.94 99.06

NT-1/14 BA 52.61 1.23 16.51 8.55 0.12 5.00 7.45 3.57 1.45 0.42 2.08 98.99

NT-1/15 BTA 54.20 1.19 16.67 8.09 0.14 4.32 7.01 3.48 2.07 0.43 1.51 99.11

NT-1/16 BA 54.36 1.17 16.74 7.70 0.14 4.56 7.71 3.17 1.57 0.44 1.59 99.15

NT-1/17 BA 52.26 1.28 16.60 8.75 0.15 5.27 7.60 3.41 1.67 0.43 1.73 99.15

NT-1/18 BTA 51.63 1.31 16.94 8.93 0.13 4.89 7.58 3.70 1.59 0.45 1.87 99.02

NT-1/19 BA 53.82 1.05 16.10 7.36 0.11 5.97 7.03 3.27 1.38 0.32 2.92 99.33

NT-1/20 BA 53.57 1.06 16.53 7.61 0.11 5.91 6.90 3.18 1.41 0.34 2.53 99.15

NT-1/21 BA 54.14 1.24 16.93 7.89 0.17 5.36 7.65 3.65 1.36 0.43 0.31 99.13

NT-1/22 BTA 52.97 1.37 16.97 7.70 0.13 4.32 7.32 3.39 2.48 0.60 1.86 99.11

NT-1/23 BTA 52.59 1.44 16.61 7.31 0.12 4.83 8.08 3.83 1.77 0.65 2.00 99.23

NT-1/24 BTA 53.15 1.17 16.81 7.94 0.10 4.78 6.69 3.84 2.22 0.48 2.04 99.22

NT-1/25 BA 54.20 1.19 16.81 8.15 0.15 4.45 7.48 3.47 1.40 0.49 1.44 99.23

NT-2/1 BA 50.36 1.79 16.85 8.67 0.15 5.11 9.24 3.20 0.60 0.55 2.70 99.22

NT-2/2 TA 56.48 1.64 16.62 7.12 0.20 3.07 4.65 5.50 1.67 0.53 1.83 99.31

NT-2/3 TB 48.42 2.39 16.53 9.73 0.30 5.21 8.00 4.37 0.82 0.74 2.44 98.95

NT-2/4 B 48.36 1.40 17.92 9.64 0.16 5.82 10.05 3.33 0.64 0.44 1.32 99.08

NT-2/5 A 57.60 0.92 16.79 6.13 0.12 3.89 6.77 3.37 2.07 0.30 1.45 99.41

NT-2/6 A 58.34 0.90 16.61 7.04 0.09 2.78 6.54 3.14 2.55 0.30 0.93 99.22

NT-2/7 A 55.64 1.08 17.11 6.70 0.10 3.60 7.17 3.39 2.19 0.39 1.81 99.18

NT-2/8 B 49.25 1.57 16.95 9.46 0.18 5.78 8.33 3.55 1.18 0.52 2.25 99.02

NT-2/10 B 48.15 1.58 16.63 10.17 0.17 7.59 8.78 3.06 0.61 0.45 1.88 99.07

NT-20/1* BA 51.10 1.54 16.59 9.52 0.12 4.42 7.71 3.24 1.39 0.32 2.74 98.69

NT-20/15 TA 59.39 0.96 16.36 6.39 0.10 2.54 5.21 4.04 2.61 0.27 1.18 99.04

NT-20/26** TA 59.00 1.01 17.34 6.24 0.17 2.34 5.53 4.48 1.87 0.48 0.65 99.10

NT-20/27** B 47.83 1.26 18.65 9.05 0.14 5.95 9.49 3.10 1.09 0.27 2.11 98.94

NT-20/28** BA 50.95 1.13 15.77 8.92 0.16 8.24 7.90 2.63 1.73 0.38 1.12 98.94

NT-20/30 BTA 50.30 1.86 16.35 10.96 0.17 3.77 7.89 4.23 0.67 0.46 1.82 98.49

NT-20/31 BTA 50.27 1.84 16.22 11.09 0.15 3.81 7.12 4.25 1.35 0.44 2.03 98.57

NT-20/34 A 58.74 0.84 16.92 6.90 0.12 2.73 6.81 3.34 1.86 0.21 0.63 99.11

NT-20/35 A 58.24 0.85 17.30 6.55 0.13 2.99 6.58 3.41 1.68 0.22 1.20 99.16

NT-20/36 A 58.08 0.85 17.16 6.59 0.12 3.01 6.60 3.29 1.86 0.22 1.39 99.17
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bimodal association, into the fields of basalt, trachyba-
salt, basaltic trachyandesite, and trachyandesite. The
concentrations of major elements in the rocks of the
two associations (rift-related and ACM) show only
minor differences (Fig. 4). It can be noted that the
basalts and trachybasalts of ACM are in general poorer
in TiO2, MgO, FeO, and P2O5 and richer in Al2O3.
Compared with the silica-rich rift-related rocks, the
basaltic trachyandesites and trachyandesites of ACM
have similarly low TiO2 and MgO and higher P2O5 and
Na2O concentrations.

Trace Elements

The primitive-mantle normalized (Sun and McDon-
ough, 1989) concentrations of trace elements in the
basic rocks of the bimodal association of the Noen and
Tost ranges (Table 2) are presented in spider diagrams
(Fig. 5). The concentrations of incompatible trace ele-
ments in the rocks of the rift-related complex show con-
siderable variations independent of SiO2 content. Some

features of the trace element distribution patterns are
typical of all basic constituents of bimodal associations.
Rocks with the lowest SiO2 contents (basalts and tra-
chybasalts) show distinct negative Ta–Nb anomalies
(Fig. 5a) [(La/Nb)PM = 1.7–2.6], a slight negative anom-
aly in Ti, and positive anomalies for K and Pb. The REE
distribution patterns of the rift-related basalts and tra-
chybasalts of the Noen and Tost ranges (Fig. 5b) show
moderate enrichment in light rare earth elements
(LREE) relative to heavy REE (HREE), (La/Yb)PM =
3.28–4.96.

More silica-rich basaltoid varieties of the bimodal
association (basaltic andesites and basaltic tra-
chyandesites, andesites, and trachyandesites) are simi-
lar to the basalts and trachybasalts in trace-element dis-
tribution patterns (Figs. 5c, 5e) and concentration lev-
els. A somewhat more pronounced negative anomaly in
Ta and Nb was observed in the basaltic andesites, basal-
tic trachyandesites [(La/Nb)PM = 2.1–3.5], andesites,
and trachyandesites [(La/Nb)PM = 1.6–4.0]. The REE

Table 1.  (Contd.)

Sample no. Rock SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 LOI Total

NT-20/37 A 58.00 0.86 17.27 6.71 0.11 2.71 6.34 3.48 2.08 0.21 1.25 99.02

NT-20/38 BA 54.39 0.89 17.15 7.32 0.10 5.77 7.49 3.43 1.09 0.19 1.14 98.95

NT-22/1 A 57.13 1.07 17.32 7.50 0.14 2.68 5.99 3.36 1.85 0.29 1.74 99.05

NT-24/4** B 49.07 1.18 17.86 9.05 0.16 6.22 8.55 3.00 1.26 0.38 2.25 98.97

NT-24/5** A 61.31 1.06 16.43 5.59 0.09 1.92 4.98 3.92 2.29 0.25 1.56 99.40

NT-24/9 BTA 50.17 2.54 15.56 12.31 0.22 2.77 7.62 4.17 1.29 1.00 1.20 98.85

NT-24/13 BA 50.86 1.47 17.16 8.79 0.16 5.39 9.03 3.47 0.63 0.48 1.65 99.09

NT-24/16 TB 47.80 2.45 15.56 12.50 0.23 3.84 8.25 4.16 1.40 0.72 1.90 98.81

NT-24/17 TB 49.47 2.14 16.45 11.93 0.19 2.94 7.75 3.86 1.41 0.65 1.93 98.72

NT-24/18 BTA 51.61 1.56 16.89 9.75 0.20 3.98 8.02 3.89 1.45 0.76 0.82 98.92

N-4135/17 BTA 50.17 1.90 16.63 9.69 0.26 4.26 7.20 4.69 1.86 0.45 2.38 99.49

N-4135/19 BA 52.57 2.15 15.86 11.55 0.26 3.04 6.97 4.42 0.71 0.60 0.37 98.50

N-4135/20 TB 50.17 2.70 15.56 10.40 0.11 4.46 8.25 3.73 1.29 0.62 1.68 98.97

NT-22/23*** B 50.05 1.21 17.83 9.32 0.14 4.59 10.05 3.43 1.12 0.23 0.88 98.85

NT-22/24*** TB 48.98 1.31 20.35 9.23 0.11 3.13 8.71 3.51 2.06 0.26 1.26 98.93

NT-22/25*** BTA 54.58 1.24 17.48 7.64 0.13 3.50 6.54 5.74 0.98 0.37 0.88 99.08

NT-24/6*** TA 55.01 0.96 16.77 6.85 0.18 4.17 7.12 4.85 1.93 0.52 0.85 99.20

NT-24/7*** TA 54.28 0.97 17.03 6.72 0.19 3.88 7.20 4.08 3.03 0.54 1.00 98.93

NT-24/8*** BTA 54.29 1.00 17.14 8.13 0.36 3.50 6.49 4.94 1.75 0.56 0.95 99.10

NT-24/15*** BTA 53.29 0.99 16.77 8.21 0.24 4.04 6.04 5.14 2.45 0.81 1.14 99.13

NT-22/26*** R 74.75 0.22 12.72 1.96 0.06 0.34 1.45 3.12 3.49 0.05 1.35 99.51

NT-22/27*** R 69.28 0.64 14.40 2.98 0.11 0.65 2.27 5.64 2.31 0.13 1.06 99.47

NT-20/21 Gr 75.57 0.17 12.69 1.74 0.05 0.44 0.88 3.76 3.91 0.04 0.45 99.70

Note: FeO is total iron. Rock abbreviations: B, basalt; TB, trachybasalt; BA, basaltic andesite; BTA, basaltic trachyandesite; A, andesite;
TA, trachyandesite; R, rhyolite; and Gr, biotite granite.
    * Rock of the vent facies.
  ** Dike.
*** Rock of the ACM complex.
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Fig. 4. Variations in selected major elements as functions of SiO2 in the basic rocks of the rift-related bimodal association of the
Noen and Tost ranges and the ACM complex. Symbols are the same as in Fig. 3.

distribution patterns of the basaltic andesites, basaltic
trachyandesites (Fig. 5d), andesites, and trachyandes-
ites (Fig. 5f) are somewhat different from those of the
basalts and trachybasalts, primarily in the degree of
LREE enrichment relative to HREE. For instance, most
rift-related basaltic andesites and basaltic trachyandes-
ites have (La/Yb)PM values from 3.23 to 6.93, which are
somewhat higher than those of the basalts and trachy-
basalts. Conspicuous among these rocks are strongly
LREE enriched compositions with (La/Yb)PM ratios as
high as 8.32 (sample NT-1/24) and 13.17 (sample
NT-1/23). The andesites and trachyandesites also show

an LREE enrichment relative to HREE, (La/Yb)PM =
3.97–9.20.

A comparison of the trace-element distribution pat-
terns of basaltoids from the rift-related and ACM asso-
ciations showed that the rocks with the lowest SiO2
contents (basalts and trachybasalts) are in general sim-
ilar (Fig. 5a): there are a pronounced negative Ta–Nb
anomaly [(La/Nb)PM = 2.2] and relative enrichment in
K and Pb. However, compared with the rift-related
basaltoids, the ACM basalts and trachybasalts are
depleted in Nb, Ta, Y, and REE and enriched in Ba, U,
Th, and K; in addition, they show a negative Zr–Hf
anomaly and a lower degree of LREE enrichment rela-
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tive to HREE, (La/Yb)PM = 3.03–3.41 (Fig. 5b). More
significant differences were established between the
compositions of the basaltic trachyandesites and tra-
chybasalts of the ACM complex and the same rocks of
the rift-related bimodal association (Fig. 5c, 5e). The

former are strongly enriched in Ba, Th, U, and Pb and
show a more pronounced negative Nb and Ta anomaly
[(La/Nb)PM = 7.9–9.8] and a distinct negative anomaly
for Zr and Hf. Moreover, they have strongly fractionated
REE distribution patterns with (La/Yb)PM = 18.1–22.6.



346

PETROLOGY      Vol. 14      No. 4      2006

KOZLOVSKY et al.

T
ab

le
 2

.  
C

on
ce

nt
ra

tio
ns

 o
f 

tr
ac

e 
el

em
en

ts
 (

pp
m

) 
in

 th
e 

ba
si

c 
ro

ck
s 

of
 th

e 
bi

m
od

al
 a

ss
oc

ia
tio

n 
of

 th
e 

N
oe

n 
an

d 
T

os
t r

an
ge

s 
an

d 
th

e 
A

C
M

 c
om

pl
ex

E
le

m
en

t
N

T
-1

/1
N

T
-1

/3
N

T
-1

/9
N

T
-1

/1
2

N
T

-1
/2

3
N

T
-1

/2
4

N
T

-2
/1

N
T

-2
/2

N
T

-2
/3

N
T

-2
/5

N
T

-2
/8

N
T

-2
/1

0
N

T
-2

0/
1*

N
T

-2
0/

15

B
T

B
T

B
B

A
B

T
A

B
T

A
B

A
T

A
T

B
A

B
B

B
A

T
A

L
i

26
29

26
26

22
21

16
25

33
11

25
12

17
11

B
e

1.
6

0.
97

1.
6

1.
2

1.
3

1.
3

1.
1

2.
5

1.
4

1.
2

1.
6

0.
93

0.
92

1.
6

Sc
18

27
24

18
11

12
23

21
29

7.
6

26
15

17
6.

9
T

i
90

83
58

82
75

15
71

31
65

46
61

21
85

24
10

04
7

11
77

0
45

67
91

03
72

29
69

66
47

80
V

12
7

15
7

15
4

13
6

13
1

10
5

16
0

12
4

23
3

15
4

21
2

13
3

17
3

11
2

C
r

11
9

24
4

10
5

95
68

49
16

5
24

29
39

13
8

16
5

26
36

C
o

30
27

27
28

22
20

30
14

26
18

36
35

25
13

N
i

67
99

62
61

48
38

87
4.

2
13

29
68

98
5.

0
23

C
u

33
41

45
23

67
29

23
7.

7
35

58
48

44
15

11
Z

n
62

55
65

83
10

4
92

10
6

11
2

96
71

90
84

89
51

G
a

12
12

15
15

16
16

16
22

22
15

21
14

16
15

R
b

1.
6

34
9.

9
9.

2
16

20
4.

1
15

6.
3

22
14

5.
7

12
34

Sr
31

6
41

1
59

5
63

0
77

1
65

8
42

4
76

8
61

1
40

2
61

8
35

2
45

5
25

4
Y

 
21

19
22

21
16

21
24

53
30

20
33

21
19

17
Z

r
13

5
86

13
3

13
7

17
7

16
8

13
7

53
1

16
4

17
4

24
9

11
3

11
1

19
2

N
b

5.
9

5.
1

7.
3

6.
8

12
7.

7
5.

6
16

7.
5

6.
9

13
4.

6
4.

5
7.

8
C

s
1.

3
1.

2
0.

72
0.

53
0.

21
0.

67
0.

63
0.

43
0.

70
0.

16
0.

47
9.

0
0.

71
0.

99
B

a
72

46
4

47
9

28
6

53
7

67
5

14
4

11
12

77
7

45
7

36
1

13
1

33
5

27
3

L
a

9.
7

11
14

14
29

25
13

32
19

17
23

10
9.

9
12

C
e

25
27

33
33

65
55

33
79

48
41

53
27

25
34

Pr
3.

6
3.

5
4.

4
4.

4
7.

9
6.

4
4.

5
10

6.
7

4.
7

6.
9

3.
8

3.
4

3.
7

N
d

17
16

19
19

31
25

21
47

30
19

31
17

16
15

Sm
4.

0
3.

6
4.

2
4.

3
5.

5
4.

7
5.

0
10

7.
0

3.
9

6.
8

4.
4

3.
8

3.
3

E
u

1.
3

1.
2

1.
4

1.
4

1.
5

1.
4

1.
5

4.
0

2.
4

1.
1

2.
1

1.
3

1.
3

0.
84

G
d

4.
2

3.
6

4.
2

4.
4

4.
6

4.
5

4.
9

11
7.

0
4.

2
6.

5
4.

2
4.

0
3.

1
T

b
0.

69
0.

61
0.

73
0.

73
0.

66
0.

73
0.

80
1.

8
1.

1
0.

64
1.

1
0.

72
0.

68
0.

54
D

y
4.

1
3.

5
4.

2
4.

1
3.

2
4.

0
4.

9
10

5.
9

3.
8

7.
1

4.
2

3.
9

3.
3

H
o

0.
84

0.
71

0.
89

0.
85

0.
61

0.
81

0.
98

2.
3

1.
2

0.
79

1.
4

0.
84

0.
84

0.
68

E
r

2.
3

2.
1

2.
4

2.
3

1.
6

2.
4

2.
6

5.
9

3.
3

2.
2

4.
0

2.
3

2.
2

2.
1

T
m

0.
36

0.
30

0.
36

0.
36

0.
24

0.
34

0.
37

0.
86

0.
48

0.
30

0.
60

0.
36

0.
33

0.
30

Y
b

2.
0

1.
9

2.
1

2.
1

1.
5

2.
1

2.
5

5.
5

2.
8

1.
9

3.
5

2.
2

2.
1

2.
1

L
u

0.
28

0.
25

0.
30

0.
33

0.
21

0.
31

0.
34

0.
76

0.
45

0.
32

0.
54

0.
29

0.
31

0.
30

H
f

3.
0

2.
2

2.
9

3.
3

4.
2

3.
7

3.
3

12
4.

0
4.

4
5.

6
2.

8
2.

9
4.

9
T

a
0.

38
0.

27
0.

47
0.

44
0.

66
0.

45
0.

36
1.

1
0.

47
0.

41
0.

86
0.

25
0.

29
0.

57
Pb

2.
9

3.
1

4.
8

3.
2

7.
8

6.
6

4.
1

9.
1

8.
5

7.
1

5.
4

2.
6

4.
5

8.
0

T
h

0.
51

1.
2

1.
1

1.
1

2.
3

1.
4

0.
83

4.
1

1.
7

2.
6

1.
9

0.
65

1.
2

2.
8

U
 

0.
18

0.
38

0.
37

0.
37

0.
64

0.
44

0.
31

1.
36

0.
54

0.
86

0.
65

0.
23

0.
40

0.
88



PETROLOGY      Vol. 14      No. 4      2006

SOURCES OF BASALTOID MAGMAS IN RIFT SETTINGS 347

T
ab

le
 2

.  
(C

on
td

.)

E
le

m
en

t
N

T
-2

0/
26

**
N

T
-2

0/
27

N
T

-2
0/

28
N

T
-2

0/
30

N
T

-2
0/

31
N

T
-2

0/
34

N
T

-2
0/

36
N

T
-2

0/
37

N
T

-2
0/

38
N

T
-2

2/
1

N
T

-2
4/

4*
*

N
T

-2
4/

5*
*

N
T

-2
4/

9
N

T
-2

4/
13

T
A

B
B

A
B

T
A

B
T

A
A

A
A

B
A

A
B

A
B

T
A

B
A

L
i

5.
8

28
30

18
25

7.
8

12
14

7.
1

16
43

34
12

13
B

e
1.

6
0.

76
0.

87
1.

2
1.

7
1.

1
1.

1
1.

5
0.

83
1.

5
1.

4
2.

2
2.

3
1.

0
Sc

11
14

13
18

38
14

17
23

9.
0

21
25

14
28

24
T

i
48

80
60

19
53

24
82

00
11

69
4

38
89

41
34

51
01

41
48

60
08

65
79

59
44

11
15

5
73

67
V

13
8

16
6

11
6

23
3

35
1

17
0

16
5

18
0

17
6

19
6

18
3

12
9

16
8

19
4

C
r

0.
10

99
15

8
0.

1
3.

0
26

25
25

17
2

7.
9

81
4.

8
2.

5
64

C
o

8.
9

31
34

26
36

16
17

23
25

15
36

16
24

31
N

i
0.

50
53

12
4

0.
5

5.
0

16
17

21
10

8
3.

9
68

5.
6

0.
08

51
C

u
4.

7
46

39
30

27
38

48
35

27
7.

9
43

27
9.

2
38

Z
n

10
0

93
88

10
4

10
8

64
66

90
58

82
11

3
63

12
7

79
G

a
17

16
14

18
24

15
16

20
15

19
18

18
21

19
R

b
27

19
39

3.
7

18
29

34
45

11
47

36
48

16
5.

1
Sr

57
1

58
4

39
9

48
1

69
7

33
8

41
2

53
7

45
1

53
8

57
2

44
9

44
4

98
3

Y
 

21
13

15
23

36
16

19
25

12
22

19
22

41
20

Z
r

16
3

65
.5

96
.8

13
8

20
6

14
1

14
1

19
7

90
10

8
99

20
3

26
9

12
0

N
b

7.
1

3.
4

4.
8

6.
1

9.
4

5.
2

5.
2

7.
7

3.
2

4.
5

4.
8

10
11

5.
8

C
s

0.
41

0.
85

3.
0

0.
06

0.
15

0.
44

0.
69

1.
3

0.
17

1.
9

0.
28

0.
22

0.
08

1.
2

B
a

53
9

18
7

24
2

27
4

49
5

35
0

38
9

63
4

26
2

42
4

29
0

55
0

38
5

28
1

L
a

28
8.

1
13

15
33

16
16

21
9.

0
14

13
25

25
17

C
e

62
19

31
38

70
30

33
44

21
33

33
54

64
39

Pr
7.

2
2.

5
4.

1
5.

0
8.

0
3.

7
4.

2
5.

6
2.

5
4.

2
4.

2
6.

1
8.

8
5.

4
N

d
28

11
17

22
34

15
17

22
11

18
17

23
40

23
Sm

5.
4

2.
6

3.
5

4.
7

7.
6

3.
3

3.
8

5.
1

2.
6

3.
6

3.
9

4.
9

9.
4

5.
1

E
u

1.
5

0.
89

1.
1

1.
4

2.
2

0.
98

1.
0

1.
5

0.
74

1.
3

1.
4

1.
3

2.
8

1.
6

G
d

4.
6

2.
7

3.
5

4.
8

7.
5

3.
0

3.
7

5.
0

2.
5

4.
0

4.
0

4.
5

8.
7

4.
4

T
b

0.
67

0.
39

0.
53

0.
77

1.
2

0.
54

0.
58

0.
87

0.
39

0.
68

0.
71

0.
77

1.
5

0.
65

D
y

3.
6

2.
4

2.
8

4.
7

6.
8

3.
0

3.
5

4.
7

2.
4

4.
1

3.
8

4.
1

8.
1

3.
6

H
o

0.
74

0.
46

0.
55

0.
93

1.
4

0.
60

0.
75

1.
1

0.
45

0.
81

0.
78

0.
85

1.
6

0.
76

E
r

2.
0

1.
3

1.
6

2.
5

4.
0

1.
7

2.
0

2.
7

1.
3

2.
4

2.
0

2.
1

4.
3

2.
3

T
m

0.
32

0.
18

0.
23

0.
42

0.
61

0.
28

0.
33

0.
44

0.
18

0.
40

0.
31

0.
35

0.
61

0.
30

Y
b

2.
1

1.
1

1.
5

2.
3

3.
6

1.
7

2.
0

2.
6

1.
1

2.
0

2.
0

2.
3

3.
8

1.
6

L
u

0.
34

0.
19

0.
23

0.
35

0.
54

0.
24

0.
35

0.
41

0.
20

0.
31

0.
27

0.
34

0.
60

0.
25

H
f

3.
9

1.
7

2.
5

3.
3

4.
6

3.
6

3.
6

4.
9

2.
2

2.
9

2.
0

4.
5

5.
9

2.
9

T
a

0.
39

0.
17

0.
27

0.
36

0.
57

0.
30

0.
33

0.
52

0.
21

0.
35

0.
30

0.
81

0.
75

0.
39

Pb
7.

7
8.

0
2.

9
4.

3
6.

6
6.

6
6.

1
7.

7
3.

9
8.

8
3.

1
8.

7
7.

5
4.

7
T

h
4.

2
0.

79
1.

2
1.

9
3.

4
2.

2
2.

6
3.

7
1.

3
3.

8
0.

94
4.

8
1.

2
1.

5
U

0.
95

0.
25

0.
40

0.
49

0.
92

0.
73

0.
81

1.
1

0.
44

1.
1

0.
27

1.
5

0.
46

0.
47



348

PETROLOGY      Vol. 14      No. 4      2006

KOZLOVSKY et al.

T
ab

le
 2

.  
(C

on
td

.)

E
le

m
en

t
N

T
-2

4/
16

N
T

-2
4/

17
N

T
-2

4/
18

N
T

-2
2/

23
**

N
T

-2
2/

24
**

N
T

-2
2/

25
**

N
T

-2
4/

15
**

*
N

T
-2

4/
6*

**
N

T
-2

4/
7*

**
N

T
-2

4/
8*

**
N

T
-2

2/
26

**
*

N
T

-2
2/

27
**

*
N

T
-2

0/
21

T
B

T
B

B
T

A
B

T
B

B
T

A
B

T
A

T
A

T
A

B
T

A
R

R
G

r

L
i

19
22

10
14

37
44

21
16

15
32

9.
0

16
25

B
e

2.
3

2.
1

1.
6

1.
1

0.
88

1.
5

1.
5

2.
2

2.
0

2.
5

2.
6

4.
3

1.
9

Sc
32

24
28

34
21

15
15

14
15

15
8.

0
16

0.
83

T
i

11
82

8
11

03
4

80
35

70
64

74
44

66
52

52
22

51
39

51
95

50
72

17
34

51
20

10
42

V
28

4
25

4
21

5
24

9
24

8
15

7
18

0
17

0
15

8
16

2
17

37
5.

9
C

r
1.

86
53

33
21

7
42

38
12

18
15

14
22

33
4.

9
C

o
30

38
27

36
22

21
30

28
17

8.
4

2.
0

3.
5

1.
5

N
i

5.
0

56
30

62
20

20
23

23
25

24
8.

3
10

0.
5

C
u

14
21

30
5.

9
7.

4
40

20
13

44
2.

0
6.

3
5.

9
5.

0
Z

n
12

2
11

1
10

7
49

40
65

10
7

11
9

72
16

3
29

53
15

G
a

23
21

18
20

20
19

19
19

19
18

15
20

12
R

b
17

22
14

26
49

8.
3

70
44

69
64

80
38

88
Sr

48
7

55
2

55
2

60
6

57
3

55
3

98
6

17
52

18
66

10
65

13
9

16
2

95
.0

Y
 

40
44

38
19

18
15

17
18

17
17

20
24

11
Z

r
26

9
19

4
24

1
50

69
12

0
13

0
13

4
13

0
13

3
64

16
8

71
N

b
11

9.
8

10
.0

3.
8

4.
3

6.
0

5.
7

6.
0

5.
6

5.
9

5.
7

6.
2

7.
4

C
s

0.
08

0.
05

0.
86

1.
5

3.
5

0.
85

0.
57

0.
47

0.
26

0.
47

3.
0

0.
40

1.
7

B
a

42
5

32
4

51
0

18
3

42
9

27
1

97
6

91
6

20
72

23
2

51
6

46
9

82
5

L
a

23
19

28
8.

1
9.

4
12

55
47

49
52

16
17

23
C

e
58

46
66

20
24

30
11

2
97

10
0

11
1

32
34

42
Pr

7.
9

6.
4

9.
0

2.
8

3.
2

3.
5

14
12

12
13

3.
7

4.
5

4.
0

N
d

35
30

39
14

15
15

53
44

48
51

13
18

13
Sm

8.
0

7.
0

8.
2

3.
3

3.
4

3.
3

8.
9

7.
3

7.
8

8.
5

3.
0

3.
9

2.
2

E
u

2.
5

2.
1

2.
2

1.
3

1.
1

0.
98

2.
2

1.
9

2.
1

2.
4

0.
50

1.
1

0.
41

G
d

8.
0

7.
4

7.
6

3.
5

3.
5

3.
0

6.
0

5.
5

5.
7

5.
7

2.
6

3.
7

2.
2

T
b

1.
3

1.
3

1.
2

0.
58

0.
63

0.
56

0.
78

0.
76

0.
73

0.
80

0.
48

0.
60

0.
31

D
y

7.
0

6.
9

6.
7

3.
4

3.
8

3.
2

3.
4

3.
4

3.
5

3.
6

2.
8

3.
5

2.
0

H
o

1.
5

1.
6

1.
5

0.
73

0.
77

0.
62

0.
67

0.
67

0.
64

0.
67

0.
65

0.
76

0.
38

E
r

4.
0

4.
5

4.
2

2.
1

2.
1

1.
8

1.
7

1.
8

1.
7

1.
6

1.
9

2.
3

1.
2

T
m

0.
57

0.
64

0.
59

0.
32

0.
30

0.
24

0.
26

0.
24

0.
24

0.
25

0.
31

0.
41

0.
22

Y
b

3.
5

4.
0

3.
8

1.
8

1.
9

1.
7

1.
7

1.
8

1.
5

1.
6

2.
2

2.
6

1.
4

L
u

0.
53

0.
62

0.
52

0.
28

0.
30

0.
23

0.
19

0.
26

0.
24

0.
25

0.
35

0.
34

0.
25

H
f

5.
4

4.
3

5.
2

1.
5

2.
1

3.
3

3.
5

3.
4

3.
4

3.
7

2.
1

4.
1

2.
6

T
a

0.
66

0.
67

0.
59

0.
24

0.
26

0.
36

0.
32

0.
39

0.
32

0.
37

0.
43

0.
36

0.
67

Pb
5.

4
6.

3
7.

8
4.

4
4.

1
6.

0
17

32
19

32
9.

2
9.

5
18

T
h

1.
2

1.
8

1.
6

1.
5

1.
5

1.
6

13
12

12
13

7.
1

4.
1

12
U

0.
45

0.
63

0.
55

0.
60

0.
51

0.
51

2.
6

2.
4

2.
6

2.
7

1.
4

1.
1

1.
2

N
ot

e:
R

oc
k 

ab
br

ev
ia

tio
ns

: B
, b

as
al

t; 
T

B
, t

ra
ch

yb
as

al
t; 

B
A

, b
as

al
tic

 a
nd

es
ite

; B
T

A
, b

as
al

tic
 tr

ac
hy

an
de

si
te

; A
, a

nd
es

ite
; T

A
, t

ra
ch

ya
nd

es
ite

; R
, r

hy
ol

ite
; a

nd
 G

r,
 b

io
tit

e 
gr

an
ite

.
   

 *
 R

oc
k 

of
 th

e 
ve

nt
 f

ac
ie

s.
  *

* 
D

ik
e.

**
* 

R
oc

k 
of

 th
e 

A
C

M
 c

om
pl

ex
.



PETROLOGY      Vol. 14      No. 4      2006

SOURCES OF BASALTOID MAGMAS IN RIFT SETTINGS 349

Sr–Nd–O ISOTOPIC SYSTEMATICS

The isotopic data for the basic rocks of the bimodal
association of the Noen and Tost ranges are shown in
Table 3 and Fig. 6. Initial Sr isotope ratios and εNd(T)
values were calculated for an age of 318 Ma
(Kozlovsky et al., 2005). As can be seen from Fig. 6a,
the basic rocks of the bimodal association form a linear
trend near the field of compositions depleted in radio-
genic strontium and enriched in radiogenic neody-
mium; the most depleted compositions are characteris-
tic of the basalts and trachybasalts: εNd(T) = 6.0–6.7
and (87Sr/86Sr)0 = 0.70360–0.70389. The SiO2 richer
basaltic andesites, basaltic trachyandesites, andesites,
and trachyandesites plot into the field of less depleted

compositions with εNd(T) = 4.4–5.6 and (87Sr/86Sr)0 =
0.70374–0.70427.

With respect to oxygen isotopes, compositions with
δ18O values between 4.5 and 8‰ are dominant within
the whole range of volcanic rocks from the bimodal
association of the Noen and Tost ranges (Fig. 6b); the
isotopic ratios of the basalts and trachybasalts are most
similar to those of mantle melts, δ18O = 4.5–6.1‰
(Pokrovskii, 2000). An exception is sample NT-20/1 of
vent-facies basaltic andesite showing a low δ18O value
of 0.3‰, which is probably related to secondary alter-
ation by heated meteoric waters near the volcanic cra-
ter.

Table 3.  Rb–Sr, Sm–Nd, and O isotope data for the basic rocks of the bimodal association of the Noen and Tost ranges and
the ACM complex

Sample no. Rock Rb, ppm Sr, ppm 87Rb/86Sr 87Sr/86Sr ±2σ (87Sr/86Sr)0

NT-1/9 TB 10.8 718.9 0.0435 0.70397 14 0.70377

NT-1/23 BTA 20.4 980 0.0602 0.70446 14 0.70418

NT-2/3 TB 6.6 666.2 0.0287 0.70402 16 0.70389

NT-2/8 B 15.5 552.5 0.0811 0.70415 15 0.70378

NT-2/10 B 8.9 470.8 0.0547 0.70385 11 0.70360

NT-20/1* BA 18 571 0.0914 0.70416 16 0.70374

NT-20/15 TA 68.8 428 0.4649 0.70593 18 0.70383

NT-20/26** TA 32.2 679 0.1372 0.70489 14 0.70427

NT-20/28** BA 58.3 544 0.3101 0.70545 15 0.70404

NT-20/36 A 37.8 475 0.23 0.70520 14 0.70416

NT-22/23*** B 27 601 0.1288 0.70484 18 0.70426

NT-22/24*** TB 70.2 656 0.3094 0.70556 18 0.70416

NT-20/21 Gr 95.1 90 3.062 0.71807 11 0.70421

Sample no. Sm, ppm Nd, ppm 147Sm/144Nd 143Nd/144Nd ±2σ εNd(T) δ18OSMOW

NT-1/9 5.32 23.23 0.1384 0.512838 7 6.27 5.2

NT-1/23 6.97 38.87 0.1074 0.512678 5 4.41 7.2

NT-2/3 7.20 31.13 0.1398 0.512828 8 6.02 5.4

NT-2/8 5.94 26.39 0.1361 0.512821 7 6.04 6.1

NT-2/10 5.09 21.05 0.1461 0.512874 8 6.66 4.5

NT-20/1* 4.52 18.33 0.1476 0.512823 8 5.61 0.3

NT-20/15 5.92 27.86 0.1273 0.512775 7 5.50 7.1

NT-20/26** 6.69 34.27 0.1170 0.512696 6 4.37 6.3

NT-20/28** 4.73 21.95 0.1292 0.512750 9 4.93 4.5

NT-20/36 4.16 18.88 0.1319 0.512759 7 4.99 8

NT-22/23*** 3.47 13.81 0.1521 0.512840 8 5.76 –2.4

NT-22/24*** 3.74 15.61 0.1449 0.512763 7 4.54 –1.5

NT-20/21 2.22 13.16 0.1009 0.512678 7 4.68 9.3

Note: Rock abbreviations: B, basalt; TB, trachybasalt; BA, basaltic andesite; BTA, basaltic trachyandesite; A, andesite; TA, trachyandesite;
and Gr, biotite granite. The (87Sr/86Sr)0 and εNd(T) values were calculated for an age of 318 Ma.
    * Rock of the vent facies.
  ** Dike.
*** Rock of the ACM complex.
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For the sake of comparison, basic rocks from the
ACM volcanic belt were also studied. Their Sr
[(87Sr/86Sr)0 of 0.70416 and 0.70426] and Nd isotopic
characteristics [εNd(T) of 4.5 and 5.8] fall within the
range of rift-related rocks, primarily silica-rich basaltic
trachyandesites and andesites. More significant differ-
ences were observed between the basic rocks of ACM
and rift-related complexes in oxygen isotope ratios. The
basic rocks of ACM are depleted in 18O and show neg-
ative δ18O values between –1.5 and –2.4‰; however,
these rocks underwent greenstone alterations, and their
low δ18O values cannot be considered as reflecting the
oxygen isotope composition of ACM magmas. None-
theless, these results allow us to suppose different con-
ditions for the continental margin and rift-related mag-
matism.

PETROGENETIC MODELS
FOR THE BASIC ROCKS

Variations in the concentration of major and trace
elements and isotopic ratios of basic rocks have tradi-
tionally been attributed to crystallization differentia-
tion, contamination, changes in the degree of melting
and heterogeneity of the source material, and combina-
tions of these processes. However, the determination of
which phenomenon was responsible for particular vari-
ations in rock composition may be difficult or impossi-
ble.

Crystallization Differentiation

Rocks with MgO contents below 8% are most com-
mon among the rift-related basic rocks of the bimodal

association of the Noen and Tost ranges, i.e., they can-
not be regarded as primary melts from mantle peridot-
ites equilibrated with olivine Fo89 (Palme and O’Neill,
2003; Klein, 2003). The existence of a continuous array
from basalts and trachybasalts to andesites and tra-
chyandesites is in agreement with variations in mineral
composition: the fraction of olivine phenocrysts
decreases and that of clinopyroxene and plagioclase
increases in this direction. This is compelling evidence
for the fractional crystallization of the basic melts of the
bimodal association of the Noen and Tost ranges. The
concentration of MgO is the most sensitive indicator of
the fractionation of such melts. The concentrations of
the compatible trace elements Ni, Co, and Cr decrease
with decreasing MgO (Fig. 7). In the basaltoids with
MgO > 4.5%, Ni content falls from 124 to 5 ppm
(Fig. 7a), and that of Cr, from 244 to 26 ppm. The less
magnesian rocks (mainly andesites and trachyandes-
ites) show low Ni (0.5–56 ppm) and Cr concentrations
(0.1–53 ppm) and no significant correlations. In con-
trast to Ni and Cr, the concentration of Co decreases
monotonously from 36 to 9 ppm with decreasing MgO
content within the whole range of rift-related basic
rocks (Fig. 7b). Such trends are controlled by the frac-
tionation of olivine, which is the main repository of Ni
in the most magnesian rocks, and pyroxene, which is
the major host for Co within the whole compositional
range of basic rocks. The fractionation of plagioclase is
reflected in Sr variations. The concentration of Sr
increases from 316 to 771 ppm with decreasing MgO in
the rocks with MgO > 4.5% (Fig. 7c). The less magne-
sian rocks show a decrease in Sr concentration to
254 ppm. Thus, the Sr concentration passes through a
maximum at MgO ≈ 4.5%, which probably marks the
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Fig. 6. Diagrams of the Sr, Nd, and O isotopic compositions of the basic rocks of the bimodal association of the Noen and Tost
ranges and the ACM complex. Also shown for comparison are the fields of the isotopic compositions of basaltoids of the bimodal
associations of the Gobi–Altai rift zone (GARZ) (Yarmolyuk et al., 1999; our unpublished data) and the Gobi–Tien Shan rift zone
(GTRZ), including the associations of the framing of the Haan Bogd peralkaline granite massif in the eastern GTRZ (Yarmolyuk
et al., 1999; our unpublished data) and the Noen and Tost ranges. The shaded field shows the compositions of rocks from the ophi-
olite and island-arc complexes of the Hercynian basement (our unpublished data). Other symbols are the same as in Fig. 3.
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beginning of extensive plagioclase fractionation. In
general, the analysis of the behavior of compatible trace
elements suggested that the rift-related basaltoids and
andesites were affected by the sequential fractional
crystallization of olivine, pyroxene, and plagioclase.

Within the whole compositional range from basal-
toid to andesite, the incompatible trace elements, such
as REE, Y, Zr, Nb, and Hf, show no significant negative
correlations with MgO, which are typical of the prod-
ucts of crystal fractionation (Figs. 8a, 8c, 8d). The con-
centrations of these elements are rather scattered, and
the ranges observed in rocks with different MgO con-
tents completely overlap. The concentrations of Ta, Pb,
U, and Th increase with decreasing MgO content
(Fig. 8b). This tendency is most distinct in the andesites
and trachyandesites with MgO < 4%, although they
also display a considerable scatter in composition.

The proportions of incompatible trace elements in
the rift-related basaltoids vary considerably and inde-
pendently of MgO content (Figs. 8e, 8f). Regular

changes were associated only with the transition to
andesites, when the Nb/U, Nb/Th, and Nb/Ta ratios
decreased, and La/Sm, Th/Ta, Th/Y, Th/La, and K/Ti
increased (Figs. 8e, 8f). On the other hand, the rift-
related basaltoids and andesites of the Noen and Tost
ranges do not usually show positive linear correlations
between the concentrations of incompatible elements
(e.g., Nb–Y, Zr–Y, La–Yb, Nb–La), which are charac-
teristic of the differentiation products of a homoge-
neous melt. Thus, based on the behavior of incompati-
ble elements, it can be concluded that the compositions
of most rift-related basaltoids and andesites of the
bimodal association of the Noen and Tost ranges were
only slightly affected by crystallization differentiation,
and their variations were controlled by other factors.

Sources of Rift-Related Basic Rocks

The rift-related basic rocks of the bimodal associa-
tion of the Noen and Tost ranges show many character-
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istics of subduction-zone melts, including negative Nb
and Ta anomalies and a positive Pb anomaly. This sug-
gests that the rocks of a metasomatized mantle wedge
played a significant role in their formation (McCulloch
and Gamble, 1991; Kelemen et al., 1993, 2003). How-
ever, the characteristics of the rift-related basaltoids of
the Noen and Tost ranges cannot be assigned to the sub-
duction process only. First, the rift-related rocks were
formed in another geodynamic environment corre-
sponding to large-amplitude extension resulting in the
formation of dike belts and grabens. Second, these
rocks are part of a bimodal association including salic

alkaline rocks, which are not characteristics of conver-
gent plate boundary settings. Third, the bimodal associ-
ation of the Noen and Tost ranges was related to the
development of a giant rift system extending over an
area of more than 3000 × 600 km far beyond the sub-
duction zone, and its formation lasted for more than
130 Myr and persisted for a long time after the extinc-
tion of the ACM of the northern Asian paleocontinent.
Fourth, the rift-related rocks are geochemically differ-
ent from the basaltoids of the Middle–Late Paleozoic
ACM (Figs. 5, 7–9).
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A distinguishing feature of the bimodal magmatism
of the Gobi–Tien Shan rift zone is the presence of
andesites in association with basaltoids. Andesites are
practically lacking in other rift zones of the central
Asian rift system located in the interior zones of the
paleocontinent. The andesites differ from the dominant
basaltoids in incompatible element concentrations and
ratios and form distinctive correlation relations (Fig. 8).
Therefore, the petrogenetic features of basaltoids and
andesites should be evaluated separately.

Heterogeneity of Basaltoid Sources

The rift-related basaltoids of the Noen and Tost
ranges are geochemically similar to the magmatic
occurrences that are undoubtedly connected to mantle
plumes. For instance, they resemble the subalkali
basalts of the Siberian traps (Al’mukhamedov et al.,
2004; Yarmolyuk and Kovalenko, 2003; Fedorenko
et al., 1996; Fedorenko, 1997; Farmer, 2003), which
also display negative Nb and Ta anomalies, enrichment
in K and Pb (Fig. 9), and identical concentrations of
incompatible trace elements. This resemblance can be
explained by the connection of the magmatism of these
two regions to the northern Asian superplume
(Yarmolyuk et al., 2000), which controlled the forma-
tion of both the central Asian rift system and the traps
of the Siberian craton. Rocks geochemically similar to
the rift-related basaltoids of the Noen and Tost ranges
were documented among the occurrences of plume-

related continental magmatism. In particular, the low-
titanium basalts of the Etendeka flood volcanic prov-
ince (Ewart et al., 2004) are similar in trace element
concentrations and distribution patterns to the predom-
inant basaltoids of the Noen and Tost ranges relatively
depleted in incompatible trace elements (Fig. 9).

The compositional field of rocks of the Hercynian
continental crust of southern Mongolia, where the
Gobi–Tien Shan rift zone was developed (our unpub-
lished data), is shown in Fig. 9. The rocks are repre-
sented by ophiolite and island-arc complexes of both
magmatic and sedimentary origin (Tectonics, Magma-
tism…, 2001). The general trace-element distribution
patterns of the basaltoids of the bimodal association of
the Noen and Tost ranges are identical to those of the
basement rocks. The variations of trace-element con-
tents in these associations overlap, although rocks with
lower concentrations are more common in the base-
ment complex. In our opinion, this similarity is largely
due to the fact that the formation of both the continental
crust and the underlying metasomatized rocks of the
mantle wedge was related to the development of a sub-
duction zone. The metasomatized sublithospheric man-
tle was subsequently entrained in the processes of rift-
related magmatism as one of its sources. However, in
order to explain all the geochemical features of the rift-
related basic rocks, other sources must be invoked,
including those connected with mantle plume activity.
It should be noted that the similarity of the PZ3–MZ1
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intraplate magmatism, ACM magmatism, and Hercyn-
ian crust-forming magmatism complicates the analysis
of contributions from various sources and contaminants
to the formation of the rift-related basaltoids of the
Gobi–Tien Shan rift zone.

The compositions of rift-related basaltoid of the
bimodal association of the Noen and Tost ranges form
a linear trend in the εNd(T)–(87Sr/86Sr)0 diagram
(Fig. 6a), which suggests that at least two isotopically
distinct sources took part in the genesis of the rift-
related basaltoids of the Noen and Tost ranges: rela-
tively depleted with εNd(T) > 6.7 and (87Sr/86Sr)0 <
0.70360 and relatively enriched with εNd(T) < 4.4 and
(87Sr/86Sr)0 > 0.70427. The same range comprises the
isotopic characteristics of basaltoids of another bimo-
dal association occurring 500 km east of the Noen and
Tost ranges on the extension of the Gobi–Tien Shan rift
zone in the framing of the Haan Bogd peralkaline gran-
ite massif, the largest in central Asia (Vladykin et al.,
1981; Yarmolyuk et al., 1999; our unpublished data).
However, in the other rift zones of the central Asian rift
system occurring in the interior parts of the continent,
basic rocks have more variable isotopic characteristics
(Fig. 6a) extending along the trend of the Noen and Tost
basaltoids into the field of more enriched compositions
(Yarmolyuk et al., 1999). This allows us to conclude
that the rift-related basaltoids of the Gobi–Tien Shan
rift zone extending along the margin of the northern
Asian paleocontinent were derived from isotopically
uniform sources, which were systematically different
from the sources of corresponding rocks from the inte-
rior parts of the continent.

The isotopic composition of the rift-related basal-
toids of the Noen and Tost ranges correlates with some
of their geochemical characteristics. For instance, the
Nd isotopic composition is negatively correlated with
K2O, Th, U, LREE, Th/Ta, Th/Y, K/Ti, La/Sm, and

La/Yb and positively correlated with Nb/U, U/Th, and
Zr/La (Fig. 10). Such correlations could not be related
to crystallization differentiation and were caused by
either the mixing of melt sources, contamination, or a
combination of these two processes. However, there are
no clear indicators of two-component mixing in the
Th/Y–Zr/La, Th/Ta–La/Yb, and other diagrams for the
basaltoids. Therefore, we believe that the genesis of
rift-related basaltoids of the Noen and Tost ranges
involved at least three components, one of which could
be represented by the rocks of the Hercynian continen-
tal crust and the ACM complex as a contaminant. How-
ever, the general similarity of the compositions of the
rift-related basaltoids and the basement rocks did not
allow us to find reliable geochemical and isotopic indi-
cators of contamination. Nonetheless, we note that the
compositions of basaltoids from the Noen and Tost
ranges plot somewhat away from the compositional
field of the underlying continental crust and form dis-
tinctly separate trends (Figs. 8, 10). On the other hand,
basaltoids from the central Asian rift zones occurring
north of the Gobi–Tien Shan zone and the traps of east-
ern Siberia, which were formed on an another base-
ment, have identical compositions (Yarmolyuk and
Kovalenko, 2000). This indicates the existence of a sin-
gle mantle source contributing to the formation of all
Late Paleozoic–Early Mesozoic basaltoids of the Sibe-
rian region. This material was characterized by a high
Zr/Hf ratio (38–50 for the basaltoids of the Noen and
Tost ranges and 36–54 for the Siberian traps;
Al’mukhamedov et al., 2004; Fedorenko et al., 1996;
Fedorenko, 1997), higher than those of the basalts of
mid-ocean ridges and ocean islands (36; Sun and
McDonough, 1989), continental crust (33; Taylor and
McLennan, 1988), and the rocks of the Middle–Late
Paleozoic ACM of the northern Asian paleocontinent
(33−39). The derivation of the basaltoids of the Noen
and Tost ranges from a mantle source is also supported
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by the high Nb/Ta ratios (14.6–20.5) clustering near the
value of typical mantle-related rocks (about 17.5;
Green, 1995). Thus, crustal contamination could not be
the main reason for the compositional variations of the
rift-related basaltoids of the Noen and Tost ranges.
With this in mind, we further consider the contributions
of various mantle sources.

Rocks with elevated TiO2 concentrations (1.5–
2.78%) were found among the rift-related basaltoids of
the Noen and Tost ranges. These rocks have low ratios
of K/Ce < 310 (Fig. 11), K/Ti < 1.6 (not shown in the
diagram), and K/Nb < 1400 and high P2O5 concentra-
tions of 0.45–1.03%. In contrast, the basaltoids with
moderate TiO2 contents (<1.6%) have higher K/Ce
(340–720), K/Nb (2400–3800), and K/Ti (1.8–3.2)
ratios and lower P2O5 concentrations (0.20–0.49%).
These two groups of rocks are hereafter referred to as
high- and moderate-Ti.

With respect to the above characteristics, the high-
Ti basaltoids of the Noen and Tost ranges are similar to
mid-ocean ridge basalts (MORB) derived from the
depleted mantle and ocean island basalts (OIB) pro-
duced by melting of the enriched mantle, which have
K/Ce ratios of 86 and 150, K/Ti of 0.1 and 0.9, respec-
tively, and K/Nb of 250 (Sun and McDonough, 1989).
Thus, the rift-related high-Ti basaltoids of the Noen and
Tost can be regarded as melting products of such an
unmetasomatized mantle reservoir. In contrast, the sig-
natures of the moderate-Ti basaltoids are similar to
those of the undifferentiated basalts and trachybasalts
of the ACM (K/Ce = 470–730, K/Ti = 1.6–2.7, and
K/Nb = 2500–4060) and typical island-arc basalts
(IAB) showing K/Ce = 350, K/Ti = 1.3, and K/Nb =
3540 (McCulloch and Gamble, 1991). This indicates an
important role for the rocks of the metasomatized man-
tle wedge in the source of the moderate-Ti basaltoids of
the Noen and Tost ranges. The considerable variations
of Ba/Nb (12–104) and Ba/Ce ratios (2–17) (Fig. 11d)
in the basaltoids of the Noen and Tost ranges also sug-
gest the participation of melts from both depleted
and/or enriched mantle reservoirs with low Ba/Nb
(2 for MORB and 7 for OIB) and Ba/Ce ratios (0.8 for
MORB and 4.4 for OIB) and the metasomatized mantle
wedge with high Ba/Nb (133 in IAB) and Ba/Ce ratios
(13 in IAB).

The appearance of high-Ti basaltoid melts with such
characteristics under the conditions of the predomi-
nance of metasomatized mantle wedge rocks could
only be related to the deep influence of a mantle plume.
However, the presence of negative Ta–Nb anomalies in
these rocks is not typical of the derivatives of depleted
and enriched sources and suggests that the melting of
source rocks occurred under water-saturated conditions
with the retention of rutile or ilmenite in the residue
(Kelemen et al., 1993, 2003). Thus, the geochemical
characteristics of the rift-related basaltoids of the Noen
and Tost ranges were controlled by the mixing of three
sources: the rocks of the metasomatized mantle wedge,

depleted mantle, and enriched mantle. Figure 11c illus-
trates the relationships of these sources in the Th/Y–
K/Ce coordinates. Trachybasalt sample NT-1/3 with the
maximum K/Ce ratio of 721 can be used as a proxy for
the melt derived from the metasomatized mantle
wedge. It can be seen, that most of the compositions of
rift-related basalts fall within the triangle of mixed
melts from these sources. The high-Ti basaltoids plot
near the mixing curve of the MORB and OIB sources
with a minor contribution from melts formed in the
metasomatized mantle. This provides additional evi-
dence for the formation of the high-Ti rift-related basal-
toids of the Noen and Tost ranges mainly at the expense
of depleted and enriched mantle reservoirs with a minor
contribution (no more than 10%) from the metasoma-
tized mantle. The higher role of the metasomatized
mantle and variable contributions from the depleted
and enriched reservoirs are suggested for the genesis of
the moderate-Ti basaltoids.

Phase Composition of the Mantle Protolith

The high- and moderate-Ti basaltoids of the Noen
and Tost ranges have different degrees of LREE enrich-
ment relative to HREE. In our opinion, high-
LREE/HREE melts are formed by the low-degree melt-
ing of the mantle protolith in the garnet stability field,
and it is reasonable to suppose that the basic melts of
the Noen and Tost ranges were formed at least in part
under such conditions.

The Tb/Yb ratio is very sensitive to the presence of
garnet in the source and simultaneously not strongly
affected by crystal fractionation (Furman et al., 2004).
The chondrite-normalized (Sun and McDonough,
1989) (Tb/Yb)N ratios of melts generated in the garnet
stability field must be higher than 1.8 (Wang et al.,
2002). Shallower melts equilibrated with a spinel man-
tle protolith will show lower (Tb/Yb)N values. Accord-
ing to this criterion, all the rift-related moderate-Ti
basaltoids of the bimodal association of the Noen and
Tost ranges were formed in the spinel peridotite zone
(Fig. 12). Melts equilibrated with both spinel- and gar-
net-bearing residues were distinguished among the
high-Ti basaltoids. Thus, the high-Ti basaltoids, the
sources of which were dominated by depleted and
enriched mantle rocks, were formed in general at
greater depths compared with the moderate-Ti basal-
toids derived mainly from the rocks of the metasoma-
tized mantle wedge.

Genesis of Andesites

As was noted above, the occurrence of andesites in
the PZ3–MZ1 bimodal associations of the central Asian
rift system is characteristic only of the Gobi–Tien Shan
rift zone. The presence of such rocks in the rift-related
association of the Noen and Tost ranges is probably a
specific geodynamic feature of rifting of the continental
margin. It was shown above that the andesites could not
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be direct derivatives of basaltoid melts, and conse-
quently, their compositional features require a rela-
tively SiO2-rich and low-MgO source or a contaminant
with higher Th/La, Th/Y, and Th/Ta and lower Nb/U,
Nb/Th, and Nb/Ta ratios compared with the basaltoids.
Such characteristics, including the lower Nb/Ta ratios
of the andesites (12.9–17.6) relative to the basaltoids
(15.1–20.5), suggest a possible contribution from the
continental crust, which has an Nb/Ta ratio of about
11–12 (Green, 1995) or contamination with crustal
granitoids. Because of this, we consider the genesis of
andesites using the model of the contamination of rift-

related basaltoids with the rocks underlying the bimo-
dal association of the Noen and Tost ranges or melts
derived from them.

With respect to geochemical characteristics (Fig. 8)
and Nd isotope ratios (Fig. 10), almost all andesites fall
into the field of rocks from the Hercynian continental
crust, which forms a basement for the continental-mar-
gin and rift-related magmatism. In the isotopic dia-
grams, their compositions plot between the fields of
Hercynian volcanic rocks with εNd(T) > 5.7 and sedi-
mentary rocks with εNd(T) < 3.1. The andesites are
enriched in the heavy oxygen isotope (δ18O = 6.3–8‰)
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relative to the basaltoids (Fig. 6b), i.e., they are shifted
toward the basement rocks showing δ18O > 10.7‰.
This allows us to suggest the contamination of rift-
related basaltoid melts mainly by the SiO2-rich and
low-MgO sedimentary rocks of the basement with low
εNd(T) values. This process must produce rocks with
SiO2 contents higher than those in the basaltoids. This
raises the question why such contaminated rocks are
lacking in other rift zones of the central Asian rift sys-
tem (Yarmolyuk et al., 1999; Yarmolyuk and Kov-
alenko, 2000). It is conceivable that the contamination
of the rift-related basaltoids of the Gobi–Tien Shan rift
zone was assisted by the generally higher heat flow at
the margin of the paleocontinent, which was related to
the development of the area in the ACM regime imme-
diately before the onset of rifting.

The contamination of mantle magmas might also be
related to the specific geodynamic conditions at the
continental margin, which included extensive crustal
anatexis under the influence of mantle melts. This pro-
cess produced some granitoid massifs of normal alka-
linity. They were formed synchronously with the bimo-
dal magmatism, probably during compression episodes
occurring from time to time in the complex geody-
namic setting. In particular, such a biotite granite mas-
sif was formed in the western part of the Tost Range
(Fig. 2) between two episodes of peralkaline granitoid
emplacement in the zone of the dike belt. The basal-
toids that initiated crustal anatexis could assimilate in
part the molten material changing their composition to
andesite.

The isotopic compositions of the rocks are consis-
tent with this model. The biotite granites are enriched in
the heavy oxygen isotope (δ18O = 9.3‰) relative to the
rift-related basaltoids. When basaltoids with normal
mantle characteristics assimilate granitoid melts, they
become enriched in 18O, and andesites formed in such
a way must have heavy oxygen isotope compositions
(Fig. 6b). The Nd and Sr isotope compositions of the
biotite granites of the Tost Range, εNd(T) = 4.7 and
(87Sr/86Sr)0 = 0.70421, plot at the lower end of the trend
formed by the rift-related basaltoids (Fig. 6a), and these
parameters are therefore not very sensitive to granitoid
melt assimilation. However, the fact that the Sr and Nd
isotopic compositions of the andesites are also confined
to the relatively enriched in radiogenic Sr and depleted
in radiogenic Nd part of the trend of the rift-related
basaltoids of the Noen and Tost ranges is compatible
with the model of the contamination of basaltoid mag-
mas with biotite granite melts.

The geochemical characteristics of the andesites of
the Noen and Tost ranges can be best explained by the
hypothesis of the assimilation of anatectic crustal melts
by basaltoid magmas. The trends of the assimilation of
granitoid melt NT-20/21 by the end-members of the
basaltoid series of the Noen and Tost ranges are shown
in Figs. 11c and 11d, from which it is clear that the
maximum degree of assimilation was 30%. However,

such numerical estimates are associated with consider-
able uncertainties, taking into account the general het-
erogeneity of the sources of basaltoids and granitoids
and crystal fractionation processes, which obviously
affected the compositions of rift-related rocks.

Another possible high-SiO2 and low-MgO contami-
nant for the rift-related rocks of the Noen and Tost
ranges is the dacites and rhyolites of the ACM complex.
Their geochemical characteristics are similar to those
of biotite granites, and contamination with these rocks
and anatectic granitoids will exert similar effects on the
compositions of rift-related basaltoid melts.

Thus, the andesites of the bimodal association of the
Noen and Tost ranges could be formed from basaltoid
melts by the assimilation of either the rocks of the Her-
cynian continental crust dominated by sediments, ana-
tectic granitoid melts, or silicic rocks of the ACM com-
plex. These three models are similar in terms of the esti-
mation of the composition of assimilated material,
because both the anatectic granitoids and dacites and
rhyolites of the ACM complex were formed under the
influence of the continental crustal rocks. Thus, the
andesites of the Noen and Tost ranges can be consid-
ered as products of crustal contamination.

Unfortunately, the currently available data and mod-
els for the rift-related basic rocks of the bimodal asso-
ciation of the Noen and Tost ranges allow only qualita-
tive reconstructions of the contributions of sources,
contamination, crystal fractionation, and melting con-
ditions of the protolith, because the geochemical results
of these processes overlap each other.
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Fig. 12. Chondrite-normalized (Sun and McDonough,
1989) (Tb/Yb)N ratio as a function of K/Nb for the basal-
toids and andesites of the bimodal association of the Noen
and Tost ranges illustrating the composition of the mantle
protolith. The boundary between garnet and spinel peridot-
ites is after Wang et al. (2002). Symbols are the same as in
Fig. 3.
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GEODYNAMIC CONDITIONS
OF THE RIFT-RELATED MAGMATISM
OF THE NOEN AND TOST RANGES

The geodynamic interpretation of continental rift
zones with alkaline basic or bimodal magmatism usu-
ally invokes the ascent of mantle plumes and their inter-
action with the continental lithosphere (Rogers et al.,
2000; Peccerillo et al., 2003; Trua et al., 1999; Mac-
donald et al., 2001; Fedorenko et al., 1996; Fedorenko,
1997; etc.). The Late Paleozoic–Early Mesozoic rift
system of central Asia is not an exception. Its prolonged
development from the end of the Carboniferous to the
beginning of the Jurassic is explained by the overriding
of a large mantle plume by the margin of the Siberian
paleocontinent (Yarmolyuk et al., 1999, 2000;
Yarmolyuk and Kovalenko, 2003). In the early Late
Paleozoic, the southern folded framing of the Siberian
craton was an extended zone with continental margin
magmatism related to the subduction of the oceanic
plate beneath the drifting continent (Gordienko, 1987;
Tectonics, Magmatism…, 2001). After the cessation of
subduction magmatism, rifting processes began in
response to the overriding of the continental lithosphere
over a mantle hot spot, which was previously located
within the paleo-Asian Ocean. Within the time interval
320–190 Ma, the zone of active rifting moved into the
continent forming the rift zones of the Gobi–Tien Shan,
main Mongolian lineament, Gobi–Altai, northern Mon-
golia, and western Transbaikalia.

The geochemical and isotopic variations in the basic
rocks of the rift-related bimodal association of the
Noen and Tost ranges suggest that the magma genera-
tion was connected with three sources with the charac-
teristics of depleted and enriched mantle reservoirs and
a metasomatized mantle wedge. The contribution from

these three sources is consistent with the proposed geo-
dynamic model (Fig. 13). When an ascending mantle
plume with the geochemical characteristics of the
enriched mantle appeared directly beneath the margin
of the continent, the initial stage of its thermal influence
caused partial melting in the depleted mantle and the
overlying metasomatized mantle wedge. The further
heating of the mantle wedge by the plume provided
conditions for the transportation of enriched deep-
derived material to the surface.

CONCLUSIONS

The geologic structure and geochemical characteris-
tics of the basaltoids and andesites of the Noen and Tost
ranges of the Gobi–Tien Shan rift zone of southern
Mongolia allowed us to determine some specific fea-
tures of rift-forming processes occurring in an active
continental margin. The rift origin of the magmatism of
the Noen and Tost ranges is suggested primarily by the
geologic structure of magmatic associations. First,
these volcanic rocks are confined to a narrow (no wider
than 40 km) long (more than 200 km) graben, which is
part of a chain of coeval grabens and intrusive massifs
extending over more than 3000 km along the margin of
the paleocontinent. Second, the volcanic rocks of the
graben are accompanied by dike belts indicating a
large-scale extension setting. Third, the volcanic and
dike rocks are represented by the bimodal association,
including basaltoids, peralkaline rhyolites, and peralka-
line granites with a very minor amount of trachytes.
Such associations are characteristic of intracontinental
rift zones and distinguish rift-related complexes from
the products of continental margin volcanism, which
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Fig. 13. Geodynamic model of rift formation in an active continental margin and relationships of magma sources. (1) Continental
crust, (2) oceanic crust, (3) depleted mantle, (4) metasomatized mantle wedge, (5) enriched plume mantle, (6) magma formation
zone, (7) transitional magma chamber, (8) anatectic granitoid, (9) graben of the rift zone, (10) ascending mantle magma, (11) direc-
tion of compression stress related to subduction, and (12) direction of tensional stresses related to the mantle plume. 
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are widespread in the structure of the central Asian oro-
genic belt.

The geochemical characteristics of the rift-related
basaltoids of the Noen and Tost ranges are not typical
of the rocks formed in intracontinental rift zones. The
basaltoids show negative Ta and Nb anomalies and pos-
itive K and Pb anomalies, which are characteristic of
rocks from a convergent plate boundary environment.
With respect to these parameters, they are similar to the
underlying rocks of the Hercynian basement and the
ACM volcanic rocks of the northern Asian paleoconti-
nent. Considerable variations in the concentrations and
ratios of some major and incompatible trace elements
and Sr, Nd, and O isotope characteristics of the rift-
related basaltoids allowed us to distinguish relatively
high- and moderate-Ti rocks, which were formed under
the influence of three mantle sources: a depleted mantle
reservoir similar to the sources of mid-ocean ridge
basalts, an enriched mantle reservoir similar to the
source of ocean island basalts, and a metasomatized
mantle wedge. The source of the high-Ti rocks was
dominated by the depleted and enriched mantle reser-
voirs, and the moderate-Ti melts were formed mainly at
the expense of the rocks of the metasomatized mantle
wedge. The moderate-Ti rift-related basaltoids were
derived from spinel peridotites, and the high-Ti basal-
toids, from both spinel and garnet peridotites.

The similarity and differences of the rift-related and
subduction (Hercynian basement and Middle–Late
Paleozoic ACM) associations were controlled by the
geodynamic conditions of their formation. The rocks of
the Hercynian continental crust and the northern Asian
ACM were formed in a suprasubduction setting with
regional compression accompanied by periodic ejec-
tion of variably differentiated melts from magma cham-
bers. In contrast, the rift-related magmatism was
formed under extensional conditions above a mantle
hot spot. The mantle plume that initiated rifting inter-
acted directly below the continental margin with the
rocks of the metasomatized mantle wedge and depleted
mantle causing their melting. Under such conditions
only small amounts of deep enriched material from the
mantle plume could reach the surface. Basic magmas
could erupt only from subcrustal magma chambers.
When they did not reach the surface and ponded within
the continental crust, they initiated anatexis processes
and could in part assimilate the enclosing material or
melt derived from it.
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