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INTRODUCTION

Intraplate hot-spot magmatism is considered to be
the surficial manifestation of mantle plumes, which are
columns of hot material ascending from the lower man-
tle (Morgan, 1971). The geochemical investigation of
Precambrian and Paleozoic plume basalts provides
insight into the mantle structure and composition dur-
ing that time. Previous results on recent and ancient
oceanic lavas have shown that the compositions of
intraplate basalts of ocean islands and seamounts (OIB)
are more diverse than the compositions of mid-ocean
ridge basalts (MORB), which are produced by decom-
pression melting of upper mantle peridotites (Hof-
mann, 1997; Reiners, 1998; etc.). A considerable liter-
ature exists on oceanic plume basalts; however, the
nature of geochemical and isotopic variations in both
young (basalts of the Emperor–Hawaii Seamount
Chain; hereafter, EHC) and older intraplate lavas

remains obscure. Among the possible factors of deep
mantle heterogeneity is the subduction of the oceanic
lithosphere (Hofmann, 1997; Hofmann and White,
1982).

Primitive basalt magmas ascend from deep mantle
sources to the surface without significant cooling and
crystallization; consequently, data on their composition
may provide information on the chemistry of mantle
sources and the degree of partial melting of mantle
materials. On the other hand, the initial composition of
OIB may be changed at shallow depths by the influence
of the oceanic lithosphere, proximity of a spreading
center, and fractional crystallization. Seamount chains
formed owing to the motion of oceanic plates over man-
tle plumes record changes in the composition of lavas
erupted on the surface above a certain plume during a
certain time period. Hence, the investigation of tempo-
ral variations in the chemistry of intraplate magmatism

 

Geochemical Evolution of Intraplate Magmatism 
in the Paleo-Asian Ocean from the Late Neoproterozoic 

to the Early Cambrian

 

I. Yu. Safonova

 

Institute of Geology and Mineralogy, Siberian Branch, Russian Academy of Sciences, 
pr. akademika Koptyuga 3, Novosibirsk, 630090 Russia

e-mail: inna@uiggm.nsc.ru

 

Received 10 July, 2007; in final form 11 October, 2007

 

Abstract

 

—A group of oceanic islands and/or seamounts (hereafter, paleoseamounts) was produced by oceanic
hot-spot magmatism in the Late Proterozoic–Early Cambrian in the southwestern margin of the Paleo-Asian
Ocean. They were accreted to the Kuznetsk–Altai island arc in the Late Cambrian and were subsequently incor-
porated during the closing of the paleocean into the accretionary complexes of the western part of the Altai–
Sayan terrane (southwestern Siberia, Russia). The major- and trace-element compositions and Sr and Nd iso-
topic systematics of pillow lavas and basalt flows from the Kurai (600 Ma) and Katun’ (550–530 Ma) paleose-
amounts of Gorny Altai characterize the evolution of Hawaiian-type magmatism in the Paleo-Asian Ocean dur-
ing that period. The obtained data show a significant change in lava composition between 600 and 550–530 Ma.
The tholeiitic basalts of the Kurai Paleoseamount (600 Ma) from the southern part of Gorny Altai have lower
incompatible element contents and higher 

 

147

 

Sm/

 

144

 

Nd values compared with the younger tholeiitic and alkali
basalts of the Katun’ Paleoseamount (550–530 Ma), whose rocks are exposed in the northern Gorny Altai. The
trace-element compositions of the Katun’ lavas are similar to those of the Hawaiian tholeiites, and their

 

147

 

Sm/

 

144

 

Nd ratios are lower than those of the Kurai basalts. It was suggested that the older Kurai Paleosea-
mount was formed above a thinner oceanic lithosphere, i.e., closer to the paleospreading axis compared with
the younger Katun’ Paleoseamount. The observed temporal variations in the chemical and isotopic character-
istics of lavas are probably related to differences in the degree of melting of the heterogeneous mantle owing to
the different thickness of the oceanic lithosphere above which the Kurai and Katun’ paleoseamounts were
formed. During the Ediacaran, a plume developed beneath the younger and, consequently, thinner lithosphere
of the Paleo-Asian Ocean. The higher degree of melting in the mantle column resulted in a more considerable
contribution from the refractory depleted material of the upper mantle. After 50–70 Myr, i.e., in the Early Cam-
brian, the plume affected a thicker lithosphere, its mantle column became shorter, and the degree of melting was
lower. Owing to this, the basaltic melt included more low melting point and incompatible element enriched
materials from the lower mantle.
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allows us to estimate the influence of the oceanic litho-
sphere on the composition of intraplate lavas (Basu and
Faggart, 1996; Dupuy et al., 1993). It is important to
account for the influence of shallow processes on the
composition of plume basalts during the interpretation
of geochemical information. The analysis of data on
many volcanic chains shows considerable variations in
basalt composition in some of them, whereas other
hotspots may produce lavas of relatively constant com-
position over a considerable time. For instance, the
compositions of lavas from the Louisville hotspot track
in the southern Pacific have only slightly changed
within the past 70 Myr (Cheng et al., 1987), whereas
the trace element and isotopic compositions of lavas
erupted above the Hawaiian hotspot have shown con-
siderable variations within the past 85 Myr (Regelous et
al., 2003). Geochemical variations in intraplate basalts
are usually assigned to their generation at different dis-
tances from a spreading axis and/or eruption onto the
oceanic lithosphere of different age and, correspond-
ingly, different thickness (Regelous and Hofmann,
1999; Regelous et al., 2003).

This paper reports the results of an investigation of
the composition of basalts from the Kurai and Katun’
paleoseamounts, whose fragments were detected in the
Caledonian accretionary complexes of Gorny Altai
(Fig. 1). Paleoislands and paleoseamounts were formed
in the southwestern Paleo-Asian Ocean between 600
and 550–530 Ma. Our previous investigations
(Safonova et al., 2004; Safonova, 2005) revealed signif-
icant differences in trace-element compositions
between the lavas of the older Kurai Paleoseamount
(600 Ma) and the younger Katun’ Paleoseamount
(550 Ma). Such geochemical variations are characteris-
tic of many seamount chains younger than 85 Ma
(Regelous et al., 2003; Ito and Mahoney, 2005). How-
ever, such investigations were never conducted for
older oceanic rises and seamounts, which are preserved
in many accretionary belts of Russia’s Far East, Japan,
Australia, and Canada (Khanchuk et al., 1989; Voinova
et al., 1994; Gordienko et al., 2007; Isozaki et al., 1990;
Polat et al., 1999; Komiya et al., 2002). The problem is
that the initial relationships of volcanics and associat-
ing sedimentary rocks were usually disturbed by tec-
tonic processes, and it is very difficult to determine the
age of basalts from various complexes and establish
their relation to the evolution of a particular paleocean,
a particular oceanic plate, and/or a particular hotspot.
The Kurai (600 Ma) and Katun’ (550 Ma) paleosea-
mounts are unique objects with well preserved primary
relationships between basalts and sedimentary
sequences, which can be used for reliable age determi-
nation. This provided an opportunity to correlate these
objects with available paleogeodynamic reconstruc-
tions (see below).

Detailed geochemical and reconnaissance isotopic
studies of lavas from both the paleoseamounts were
carried out in order to characterize and interpret tempo-
ral variations in the composition of intraplate magma-

tism of the Paleo-Asian Ocean from the Late Protero-
zoic to the Early Cambrian.

GEODYNAMIC SETTING

In Late Neoproterozoic time, a group of paleois-
lands and paleoseamounts existed in the Paleo-Asian
Ocean, which was located between Siberia and eastern
Gondwana and reached 4000 km in width (Zonenshain
et al., 1990; Berzin et al., 1994; Dobretsov et al., 2005;
McKerrow et al., 1992; Dobretsov et al., 1995; etc.).
The closure of the Paleo-Asian Ocean produced several
accretionary complexes, which are currently preserved
in Gorny Altai. These complexes were formed during
three main accretion–collision stages of paleocean evo-
lution. The first stage included the Early Cambrian sub-
duction of the oceanic plate, when the paleoislands and
paleoseamounts were accreted to the extended Kuz-
netsk–Altai island-arc system in the southwestern part
of the Siberian continent. The island arc was accreted
together with the paleoseamounts to the Siberian conti-
nent during the second stage in the Late Cambrian–
Early Ordovician owing to the continuing subduction,
which was accompanied by folding and thrusting. The
third stage included two events: the accretion of the
Altai–Mongolia microcontinent of the Gondwana
group to the Siberian continent and the collision of the
Siberian and Kazakhstan continents. In the Late Paleo-
zoic, the accretion–collision structure of the Siberian
continent margin was disrupted by large dextral faults,
which formed the peculiar mosaic–block structure of
southern Siberia (Buslov et al., 2001, 2002). The Kurai
and Katun’ accretionary zones, which included the
fragments of the Kurai and Katun’ paleoseamounts,
were formed during a single stage of Paleo-Asian
Ocean evolution, the Middle Cambrian accretion of
ocean islands and seamounts to the Kuznetsk–Altai
island arc (Berzin et al., 1994; Simonov et al., 1994;
Buslov et al., 2002).

Thus, the available geodynamic reconstructions
suggest that the Kurai and Katun’ paleoseamounts were
formed within a single paleocean owing to hotspot
activity. In general, intraplate magmatism had occurred
in the Paleo-Asian Ocean from the Ediacaran to the
Early Carboniferous (Safonova et al., 2004) and was
related to the activity of either the Pacific (Maruyama,
1994) or the North Asian (Yarmolyuk et al., 2000) long-
lived superplume.

GEOLOGIC SETTING AND AGE OF BASALTS

Gorny Altai is a fold belt or terrane in the southwest-
ern margin of the Siberian continent (Fig. 1). It has a
complex tectonic structure formed via several stages of
oceanic subduction; accretion of islands, seamounts,
and microcontinents; and strike-slip faulting. The ter-
rane includes tectonic units of different geodynamic
origin: island-arc complexes, fragments of oceanic
crust, accretionary wedges, deposits of fore-arc
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troughs, etc. (Buslov et al., 2001, 2002). The sequences
containing fragments of paleoseamounts with intra-
plate basalts are structurally connected with the Kurai
and Katun’ accretionary complexes and alternate with
thrust sheets of olistostromes and ophiolites. The Kurai
Paleoseamount occurs in the Kurai accretionary com-
plex and was previously called the Baratal Paleosea-
mount (Dobretsov et al., 2004; Buslov et al., 2001;
Safonova et al., 2004). It is 

 

70

 

 × 2

 

0

 

 km in size. The
Katun’ Paleoseamount of the Katun’ accretionary com-

plex is located 200 km north of the Kurai Paleosea-
mount and is up to 120 km long and 40 km wide. Both
paleoseamounts are made up of basalt lavas and chert–
carbonate–terrigenous sequences. The geologic rela-
tionships of volcanogenic and sedimentary complexes
in the paleoseamounts are briefly described below on
the basis of published data (Dobretsov et al., 2004; Bus-
lov et al., 2001, 2002; Safonova et al., 2004; Uchio
et al., 2004; etc.) (Fig. 1).
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Fig. 1.

 

 Sketch map showing the geologic structure of Gorny Altai, modified after Buslov et al. (2001). Kr, Kurai Paleoseamount and
Kt, Katun’ Paleoseamount.
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Within the Kurai accretionary wedge in the southern
part of Gorny Altai (Fig. 1), the paleoseamount com-
plexes crop out fragmentarily in the area between the
settlements of Chagan-Uzun and Kurai and are repre-
sented by the basalts of the main magmatic body, lime-
stones of the carbonate cap, and slope-facies terrige-
nous rocks, as well as volcanosedimentary rocks of the
paleoseamount base and ocean floor basalts (Buslov
et al., 2002; Uchio et al., 2004). The paleoseamount is
composed of three units, volcanogenic, volcanosedi-
mentary, and sedimentary. The volcanogenic unit or the
main igneous body consists of pillow lavas and flows of
plagioclase and pyroxene–plagioclase phyric basalts
altered under greenschist facies conditions. The igne-
ous rocks comprise scarce interbeds and lenses of clas-

tic limestone, dolomite, chert, and volcanomictic sand-
stone (Fig. 2).

The volcanosedimentary unit (slope facies) includes
bedded and massive limestones, limy mudstones,
cherts, pillow lavas, and volcanic breccias and con-
glomerates interbedded with chloritized mudstones and
volcanomictic sandstones. Their formation on the
slopes of a paleoisland or paleoseamount is suggested
by synsedimentary folding (Z-folds), slump structures,
brecciation, and variable thickness of sedimentary
beds. The volcanosedimentary breccia consists of
basalt, limestone, siltstone, and chert fragments embed-
ded in a clay–carbonate–siliceous matrix (Fig. 2).

The sedimentary unit (carbonate cap of the island) is
composed of carbonate and siliceous rocks. The car-
bonate rocks are massive and bedded gray limestones
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Fig. 2.

 

 Schematic reconstruction of the structure of an ocean island overlain by three types of carbonate rocks: massive limestones,
bedded limestones, and carbonate breccias; modified after Isozaki et al. (1990).
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and carbonate breccias. The limestones often conform-
ably overlie pillow lavas. The massive limestones con-
tain chert nodules, interbeds and lenses of black lime-
stone, stromatolites, and ooids. The bedded micritic
limestones are partly dolomitized, associate with lime-
stone breccias, and intercalate with cherts. They often
show slump structures. Both of the limestone varieties
are free of coarse-grained terrigenous material (Fig. 2).

The Katun’ accretionary complex is located in the
northern part of Gorny Altai, south of Gorno-Altaisk
(Fig. 1). It is composed of five tectonic units or sheets
and includes basalts, limestones, cherts, mudstones,
and sandstones. Within each sheet, lavas are conform-
ably overlain by limestones with thin interbeds and
lenses of chert and mudstone with sandstone and chert
lenses. The basalts occur as massive and pillow lavas,
lava breccias, dikes, and sills and often contain lime-
stone beds and blocks. The basalt–sedimentary unit
includes three rock groups, which were previously
parts of a single paleoisland or paleoseamount:
(1) basalt–siliceous–clay assemblage of the paleosea-
mount base; (2) brecciated carbonate–chert–clay–
basalt slope facies; and (3) massive and bedded rocks of
the carbonate cap. The bedded limestones rest directly
on the lavas and contain chert interbeds (Dobretsov
et al., 2004).

The above descriptions indicate that the basalts of
both the structures are closely associated with three
types of sediments: carbonate cap, slope facies (with
synsedimentary folding and slump structures), and sed-
iments of the paleoseamount base (Fig. 2). The general
consensus among the investigators of Gorny Altai is
that the Kurai and Katun’ basalts were formed in an
oceanic environment (Berzin et al., 1994; Gibsher et al.,
1997; Dobretsov et al., 2004; Buslov et al., 2001; Ota
et al., 2007; etc.). This is supported by the association
of basalts with oceanic sediments (cherts) and ophi-
olitic rocks and alternation of basalts with massive
limestones and slope-facies sediments. Of particular
importance is that the basalts are overlain by the lime-
stones of the carbonate cap, whose thickness is esti-
mated as 500 m (Uchio et al., 2004).

The Ediacaran (Late Vendian) age of the limestones
of the Kurai Paleoseamount (

 

598 

 

±

 

 25

 

 Ma) was con-
strained by the Pb–Pb isochron method at the Tokyo
Institute of Technology (Uchio et al., 2004). The slope
deposits overlying the basalts of the Katun’ paleosea-
mount contain remains of microphytolites, calcareous
algae, and siliceous sponge spicules, which indicated
an Early Cambrian age (550–530 Ma) for the sedimen-
tary rocks (Terleev, 1991; Postnikov amd Terleev,
2004). The Katun’ accretionary wedge is stratigraphi-
cally overlain by the island-arc rocks of Sanashtygol
(Late Cambrian) age (Repina and Romanenko, 1978),
which supports the aforementioned age estimates.
These pieces of evidence allow us to accept ages
600 Ma for the Kurai basalts and 550–530 Ma for the
Katun’ basalts.

Thus, both the paleoseamounts have similar struc-
tures in terms of relationships between basalts and oce-
anic stratigraphic units: siliceous deposits of the paleo-
seamount base, slope-facies terrigenous sediments, and
shallow-water carbonate-cap sequences. The ages of
the paleoseamounts differ by 50–70 Myr. Based on the
combined geological, geochronological, and geochem-
ical data, we believe that the Kurai and Katun’ paleose-
amounts were produced by intraplate magmatism,
which was related to the activity of a mantle plume in
the Paleo-Asian Ocean.

ANALYTICAL METHODS

The basalts of the Kurai and Katun’ paleoseamounts
were sampled northeast of the Kurai settlement and
south of Gorno-Altaisk, respectively (Fig. 1), from the
least deformed and altered flows and dikes with the
minimum amounts of veinlets and amygdules. The
samples were ground in an agate mortar. The total of
major oxides in the analyses was 

 

100 

 

± 

 

1

 

 wt %.

The major and trace elements were analyzed at the
Institute of Geology and Mineralogy, Siberian Branch,
Russian Academy of Sciences. Major element contents
were measured by XRF using a Nauchpribor spectrom-
eter following State Standard (GOST) 41-08-212-82 of
the Ministry of Geology of the USSR. The contents of
trace elements, including rare earth elements (REE),
were determined by INAA using Ge detectors for
gamma-rays with energies from 30 to 2000 keV. The
high field strength elements (HFSE) and large ion litho-
phile elements (LILE) were analyzed by SF XRF using
the methods described by Phedorin et al. (2000). Some
samples were also analyzed by ICP-MS using a Finni-
gan Element instrument.

The isotopic compositions of Sm, Nd, Sr, and Rb
were analyzed at the Vernadsky Institute of Geochem-
istry and Analytical Chemistry, Russian Academy of
Sciences using a TRITON mass spectrometer. The con-
centrations of Rb, Sr, Sm, and Nb were determined by
the isotope dilution method. The samples were decom-
posed in an HF + 

 

HNO

 

3

 

 mixture at a temperature of

 

200°ë

 

 for two days using titanium autoclaves with
Teflon inserts. The sample was spiked before decompo-
sition with a mixed 

 

85

 

Rb + 

 

84

 

Sr

 

 tracer. The separation of
Rb, Sr, and all rare earth elements was carried out by
ion exchange chromatography using Teflon columns
with 3.5 ml of Dowex 

 

50 

 

×

 

 8

 

 resin and 2.3 N HCl as an
eluent. Nd and Sm were separated on Eichrom Ln.spec
columns by stepwise eluation with 0.5 N and 0.75 N
HCl, respectively. The long-term precision of isotopic
analysis was controlled using international standards:
SRM-87 for Sr and La Jolla for Nd. The obtained isoto-
pic ratios are 
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Sr/
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Sr = 0.710256 
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 18 (
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PETROGRAPHY
The volcanics of the Kurai accretion wedge are pet-

rographically rather uniform. Porphyritic and aphyric
basalts are most common. Both massive and amygdal-
oidal varieties were observed. The amygdules are filled
with calcite and chlorite. The phenocrysts are plagio-
clase and clinopyroxene. The groundmass has a vari-
olitic or hyalopilitic texture. The rocks underwent
greenschist-facies metamorphism.

The volcanic rocks of the Katun’ accretion wedge
show a massive or, occasionally, amygdaloidal struc-
ture and an aphyric or fine-grained porphyritic texture.
The most abundant rocks are diabases, basalts, and
pyroxene and plagioclase porphyrites. The rocks under-
went extensive chloritization, amphibolization, and
albitization. The groundmass shows an intersertal tex-
ture and contains feldspar laths and microlites.

PETROCHEMISTRY AND GEOCHEMISTRY 
OF BASALTS

The major- and trace-element compositions of
basalts from the Kurai and Katun’ paleoseamounts
were considered to some extent by Dobretsov et al.
(2004), Safonova (2005), and Safonova et al. (2004)
and are shown in Figs. 3–6. The samples are mainly
tholeiitic and subalkali basalts. As the initial composi-
tion of most of the samples was modified by postmag-
matic processes, the concentrations of mobile elements
(i.e., LILE, Fe, and Mn) cannot be regarded as initial.
Secondary calcite, quartz, and chlorite were observed
in voids in most of the samples. Clinopyroxene and pla-
gioclase grains are partly replaced by chlorite, amphib-
ole, saussurite, calcite, and iron hydroxides, which also
affected the contents of Ca, K, Na, and P. The basalts of
the two paleoseamounts are almost identical in major-
element contents, but distinctly different with respect to
incompatible trace elements (Figs. 3–6).

 

Kurai Paleoseamount (~600 Ma)

 

Sixteen basalt samples (4.3–7.9 wt % MgO) were
collected at the Kurai area. They have diverse petro-
graphic textures and include fine- and medium-grained,
amygdaloidal, and porphyritic varieties. The moder-
ately and strongly altered clinopyroxene and clinopy-
roxene–plagioclase phyric basalts show a relatively
high scatter in Mg# and 

 

Fe

 

2

 

O

 

3

 

 at a relatively narrow
range of 

 

SiO

 

2

 

 (Table 1, Fig. 3): 

 

SiO

 

2

 

 = 47–52 wt %,

 

Al

 

2

 

O

 

3

 

 = 12.9–17.9 wt %, 

 

Fe

 

2

 

O

 

3

 

 = 7.5–14.9 wt %,
Mg# = 66–36, and Ni = 7–96 ppm. There is no correla-
tion between Ti/Zr and Mg#. The contents of 

 

TiO

 

2

 

 and

 

P

 

2

 

O

 

5

 

 range from 0.43 to 2.42 wt % and from 0.08 to
0.58 wt %, respectively (Table 1). Compared with
island-arc tholeiites (Frolova and Burikova, 1997), the
Kurai metabasalts are depleted in K, Rb, and Ba and
slightly enriched in Zr, Nb, U, Th, and Hf and show
considerable variations in Ba/Rb ratio (2–104, averag-
ing 27.6), which is higher than the oceanic basalt value

(11.6). This suggests that the contents of mobile alkalis
were modified during postmagmatic processes. The
LOI values in the majority of samples are higher than 2
wt % (Table 1).

Based on the analysis of the distribution of REE
contents and Zr/Nb ratios, transitional and enriched
groups were distinguished among the basalts of the
Kurai Paleoseamount. The rocks of the former, most
abundant group show transitional compositional char-
acteristics and 

 

(Zr/Nb)

 

av

 

 

 

= 35 (Table 1). The transitional
varieties display flat REE patterns without any signifi-
cant enrichment of light REE (LREE) and a relatively
high general level of REE contents: 

 

La

 

N

 

 = 45–8.0,

 

(La/Yb)

 

N

 

 = 0.74–2.37

 

, 

 

(La/Sm)

 

N

 

 = 0.7–2.61, and

 

(Gd/Yb)

 

N

 

 = 0.66–1.52. Compared with MORB compo-
sitions, they have higher incompatible element contents
(Figs. 3, 4); higher incompatible/compatible element
ratios (for instance, Zr/Y = 2.4–2.77 as compared with
2.1–2.3 in MORB); lower Ni/Co, Cr/V, and 

 

Al

 

2

 

O

 

3

 

/TiO

 

2

 

(6–7 on average); and higher LREE, Th/Ta, and Rb/Sr
values, which is in agreement with the data of Frolova
and Burikova (1997) (Table 1). Their REE patterns are
similar to those of the Nauru and Ontong Java plateau
basalts (Safonova et al., 2004) and lavas from the
Detroit Seamount of the EHC (Fig. 5a).

Enriched basalts are less common (samples C-80a-
04 and 96-56-1 in Table 1), and their geochemical char-
acteristics are similar to those of typical OIB: elevated
contents of LREE [

 

La

 

N

 

 = 30.0–36.8 and 

 

(La/Yb)

 

N

 

 =
1.96–4.8] and low Zr/Nb ratios (26 and 8). The

 

(La/Sm)

 

N

 

 ratio ranges from 1.33 to 1.67, and 

 

(Gd/Yb)

 

N

 

,
from 1.31 to 2.21 (Fig. 5a, Table 1).

Both the transitional and enriched basalts of the
Kurai area occur as fragments of sheets in fold struc-
tures; hence, their primary geologic relations cannot be
determined. The enriched and transitional varieties
have similar 

 

Al

 

2

 

O

 

3

 

 contents (on average, 14.7 and
13.4 wt %, respectively), but the transitional basalts
show higher Al2O3/TiO2 (6.5 and 5.5), lower Ni con-
tents (29 and 105 ppm), and less fractionated REE pat-
terns [(La/Yb)N of 1.7 and 3.4] (average values are
given; Table 1, Fig. 5a). The basalts of both groups are
moderately depleted in Th relative to La, (Th/La)pm =
0.35–0.69. Compared with the younger tholeiites of the
EHC (<42 Ma), the Kurai basalts have lower incompat-
ible element contents (Fig. 4) and are similar in compo-
sition to the older lavas of the Meiji (85 Ma) and Detroit
(81 Ma) seamounts (Regelous et al., 2003).

Most of the primitive-mantle normalized multiele-
ment diagrams exhibit a negative Nb anomaly and
enrichment of HFSE and REE relative to MORB
(Fig. 6a). Some transitional basalts have moderate
depletion of Nb and Th relative to La: (Nb/La)pm =
0.2−0.85 and (Th/La)pm = 0.3–0.9 (Table 1), which dis-
tinguishes them from alkali basalts formed in continen-
tal rift environments (with characteristic Th enrich-
ment) and typical OIB (with characteristic Nb enrich-
ment) (Hofmann, 1997). Other transitional basalts
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Fig. 3. Binary diagrams major oxide–MgO for the basalts of the Kurai (circles) and Katun’ (squares) paleoseamounts. Also shown
for the sake of comparison are the tholeiites of the Emperor–Hawaii volcanic chain (crosses) (Regelous et al., 2003 and the GEO-
ROC database, http//georoc.mpch-mainz.gwdg.de).

show minor positive anomalies of La or Ce relative to
Th and Nb, i.e., an inflection of curves upward at Th,
Nb, and La, (Nb/La)pm = 0.2–1.5 (Fig. 6a, Table 1). All
of the samples with a negative Nb anomaly have

(La/Nb)pm < (Th/Nb)pm, which rules out their crustal
contamination or suprasubduction origin as a reason for
the observed low Nb contents. Enriched basalt sample
C-80a-04 shows a pronounced Nb enrichment relative
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Fig. 4. Variations in (a) Th and (b) La/Yb as a function of
Nb content. The triangle is MORB, and the asterisk is OIB
after Sun and McDonough (1989). Other symbols are the
same as in Fig. 3.

to Th and La (Fig. 6a). Similar multicomponent pat-
terns were observed in many Phanerozoic transitional
and alkali basalts of ocean islands, as well as in Protero-
zoic and even Archean volcanics interpreted as OIB
(Sun and McDonough, 1989; Stern et al., 1995; Polat
et al., 1999; Komiya et al., 2002).

Katun' Paleoseamount (~550 Ma)

Fourteen samples from the Katun’ area are mostly
tholeiitic and, occasionally, alkali basalts with porphy-
ritic phenocrysts of pyroxene and plagioclase and con-
tain 3.5–8.7 wt % MgO. Their compositional fields
overlap the compositions of Hawaiian tholeiites in
almost all binary MgO–major element diagrams
(Fig. 3).

In the Katun’ lavas, SiO2 ranges from 47 to 52 wt %,
Al2O3 = 12.95–16.8 wt %, Fe2O3 = 9.4–15.5 wt %,
Mg# = 39.5–60.8, and Ni = 7–96. There is also no cor-
relation between Ti/Zr and Mg#, and TiO2 and P2O5
contents are 1.4–2.9 wt % and 0.14–0.72 wt %, respec-
tively (Table 2), which are higher than those of the
Kurai lavas. In general, the abundances of immobile
trace elements in the Katun’ lavas are similar to those
in the respective rock types from the young seamounts
of the EHC and the Hawaiian Islands (Sun and McDon-
ough, 1989; Hofmann and Jochum, 1996; Regulous
et al., 2003). Compared with the older Kurai lavas, the
Katun’ rocks are enriched in LREE and HFSE (Zr, Nb,
Th, and Hf) (Figs. 5, 6). Their Ba/Rb ratio also varies
considerably from 2 to 104, indicating changes in pri-
mary geochemical characteristics during postmagmatic
alterations (Table 2).

The Katun’ lavas have lower Zr/Nb ratios compared
with those of the Kurai Paleoseamount (3–6 versus 26–
35). They show LREE enriched patterns with average
LaNÒ = 52.8 and (La/Yb)N = 2.16–8.54. There is no Eu
anomaly, and the REE are moderately fractionated:
(La/Sm)N = 1.3–3.65 and (Gd/Yb)N = 1.4–3.4 (Fig. 5b).

The primitive mantle-normalized patterns of trace
elements for the Katun’ lavas display positive Nb
anomalies and slight negative Zr–Hf anomalies
(Fig. 6b). Similar to the Kurai rocks, the Katun’ basalts
are depletion in Th relative to La, (Th/La)pm = 0.43–
0.71 (Table 1, Fig. 6b). Nonetheless, the Katun’ lavas
show more pronounced negative Nb anomalies relative
to La and Th: (Nb/La)pm = 1.06–2.87 and (Nb/Th)pm =
1.92–4.75 compared with the Kurai lavas (Fig. 6). Neg-
ative Y anomalies were observed in some samples of
Katun’ lavas, which could be related to the crystalliza-
tion of garnet in the residue, because such samples also
show rather fractionated heavy REE patterns,
(Gd/Yb)n = 2.1–3.4 (Table 2). In general, the geochem-
ical characteristics of this group support the suggestion
that the melts were derived from an independent source
enriched in REE, Nb, and Ti.

Thus, compared with the older basalts of the Kurai
Paleoseamount (600 Ma), the Katun’ basalts (550 Ma)

are enriched in Ti and incompatible elements, i.e., sim-
ilar in composition to the lavas of the young EHC sea-
mounts (<42 Ma) and tholeiites of the Hawaiian Islands
(Figs. 4–6). The contents of some incompatible ele-
ments in the Katun’ lavas (for instance, Th) are lower
than in typical OIB (Sun and McDonough, 1989) but
similar to those in the EHC lavas (Figs. 4–6). The con-
tents of HREE (from Gd to Lu) and REE and multiele-
ment patterns are similar to those of the young EHC
tholeiites (Figs. 5, 6). In general, the trace element com-
positions of the tholeiites of the Katun’ Paleoseamount
are identical to those of the majority of intraplate tholei-
ites described by Sun and McDonough (1989), Hof-
mann (1997), etc.
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SR AND ND ISOTOPIC SYSTEMATICS

The Sr and Nd isotope ratios of lavas from the Kurai
(four samples) and Katun’ (one sample) paleosea-
mounts were corrected for radioactive decay since the
time of their eruption, and the εSr and εNd values are
given relative to CHUR.

The general range of εNd values for the Kurai basalts
(transitional and enriched) is from +7.8 to +8.1, which
is close to the values of the EHC lavas (Fig. 7)
(Regelous et al., 2003). In contrast, the initial εSr values
of the Kurai tholeiites (3.49–13.46) are much higher
than those of tholeiites from the EHC and Hawaiian
Islands. In the εSr–εNd diagram (Fig. 7), the points of the
Kurai basalts cluster within the upper right (forbidden)
quadrant and, in part, near the field of PREMA
(HIMU)-type sources and form an array extending

along the x axis. Mahoney et al. (1998) described simi-
lar relations in ancient leached (i.e., strongly altered)
basalts and assigned this effect to the incorporation of
nonmagmatic Sr into the crystal lattice during plagio-
clase albitization. Other authors also suggested that
such considerable 87Sr enrichments could result from
either contamination with terrigenous sediments sub-
ducted into the mantle or postmagmatic alteration of
basalts, in particular, isotopic exchange between
Sr-rich seawater and basalt magma erupted on the sea-
floor (Dickin, 1995). We explain the high εSr values of
the Kurai basalts by their postmagmatic alteration
under seafloor conditions. When projected onto the y-
axis, the compositions of the Kurai lavas fall within the
segment of Hawaiian lavas. The εSr values of the Kurai
lavas are positively correlated with K, Sr, and Rb con-
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and Daikakuji seamounts of the EHC.

tents, which indirectly supports the suggestion that sec-
ondary alterations are responsible for the high εSr val-
ues. The Sr and Nd isotopic compositions of similar
ancient oceanic basalts from the Altai–Sayan fold belt
reported by Yarmolyuk and Kovalenko (2003) and
altered oceanic basalts from the Aruba Plateau (White
et al., 1999) also plot within the upper right (forbidden)
quadrant of the εNd–εSr diagram. Thus, if the influence
of postmagmatic processes is eliminated, the composi-
tions of the Kurai basalts plot within the field of Hawai-
ian lavas in the Sr−Nd isotopic diagram (Fig. 7).

The tholeiite of the Katun’ Paleoseamount has ini-
tial isotopic ratios corresponding to higher εSr (–5.66)
and lower εNd (+5.3) compared with the average EHC
values (Regelous et al., 2003). Nonetheless, it falls
within the field of overlap between the compositions of

shield and postshield tholeiites from the EHC (Fig. 7).
There is no direct correlation between isotope ratios
(143Nd/144Nd and 87Sr/86Sr) and the degree of LREE
enrichment; hence, it can be supposed that the source
was enriched shortly before the derivation of basaltic
melt.

REASONS FOR GEOCHEMICAL VARIATIONS 
IN THE LAVAS OF THE KURAI 

AND KATUN’ PALEOSEAMOUNTS

The model of formation of the Kurai and Katun’
paleoseamounts and reasons for the geochemical varia-
tions of their basalts are discussed assuming that the
Ediacaran–Early Cambrian intraplate magmatism of
the Paleo-Asian Ocean was produced by a single
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hotspot operating within a single oceanic plate. This
assumption is based on the following considerations:
(1) the age range of formation of the Kurai and Katun’
paleoseamounts is 50–70 Myr, from 600 to 550–
530 Ma (Postnikov and Terleev, 2004; Uchio et al.,
2004); (2) it is considerably smaller than the maximum
age of the oceanic crust, which is constrained by pale-
omagnetic and stratigraphic data as 160 Ma (Pitman
and Talwani, 1972; Berger and Winterer, 1974); (3) the
50–70 Myr interval is comparable to the age of the
longest lived Hawaiian and Kerguelen hotspots (85 and
90 Ma, respectively; Regelous et al., 2003; Frey and
Weis, 1995); (4) both paleoseamounts show similar
structures and lithologies of associating sedimentary
sequences (Dobretsov et al., 2004), which may indicate
their formation under similar geodynamic conditions;
and (5) the basalt–sediment sequences of both the pale-
oseamounts are structurally related to a single accre-
tionary prism of the Kuznetsk–Altai island arc (Berzin
et al., 1994; Simonov et al., 1994; Buslov et al., 2002).

Figure 8 compares the compositions of lavas from
the Kurai (600 Ma) and Katun’ (550 Ma) paleosea-
mounts using the approach of Regelous et al. (2003),
who compared the older (85–45 Ma) lavas of the EHC
with the younger (<42 Ma) lavas of the Hawaiian
Islands. The difference between the oldest lavas of the
EHC (Meiji and Detroit seamounts) and the EHC rocks
with ages of less than 42 Ma and young Hawaiian lavas
is similar to that between the tholeiites of the older
Kurai Paleoseamount (600 Ma) and the younger Katun’

Paleoseamount. The Kurai lavas have lower contents of
incompatible elements (Nb, La, and Th), lower ratios of
these elements, and higher εNd values compared with
the younger Katun’ rocks. The average La/Yb and
Gd/Yb ratios and Th and Nb contents in the Kurai lavas
are lower than those of the Katun’ rocks (Fig. 8), and
the trace-element composition of the former is similar
to that of the Meiji (85 Ma) and Detroit (81 Ma) lavas
(Figs. 5a, 6a). The trace-element characteristics of the
Katun’ lavas are similar to those of the Hawaiian lavas
and the youngest EHC basalts from the Daikakuji Sea-
mount (Figs. 5b, 6b) (Regelous et al., 2003).

The combined geological, lithological, and
geochemical data provide compelling evidence that
both the older depleted lavas of the Kurai zone and the
enriched basalts of the Katun’ zone were related to
intraplate plume magmatism (Dobretsov et al., 2004;
Buslov et al., 2001; Safonova et al., 2004). Therefore,
the considerable variations in the composition of plume
basalts of the Paleo-Asian Ocean from two accretionary
complexes of Gorny Altai require further discussion.
There are only a few isotopic data for the Gorny Altai
basalts, which complicates the reliable identification of
their mantle source. Therefore, some of our conclusions
were based on the available results of the investigation
of EHC lavas (Regelous et al., 2003 and references
therein).

By analogy with previous models, temporal varia-
tions in the intraplate magmatism of the Paleo-Asian
Ocean must be considered for the interpretation of the
more depleted trace-element and Nd isotope composi-
tions of the older tholeiites from the Kurai Paleosea-
mount compared with the younger Katun’ tholei-
ites.Keller et al. (2000) supposed that a mantle melting
column beneath a younger (i.e., thinner) oceanic litho-
sphere ascends to shallower levels (it is merely taller);
consequently, intraplate lavas erupted onto a thinner
lithosphere are formed at higher degrees of melting
compared with magmas derived beneath a thicker litho-
sphere. The reason is that the thicker overlying oceanic
lithosphere restricts the ascent of the mantle column
during decompression melting. Consequently, the taller
the melting column, the higher the degree of melting
(Ellam, 1992; Haase, 1996).

In addition to the degree and depth of melting, trace-
element characteristics are also affected by the amount
of melt produced within the garnet stability field
(Ellam, 1992; Haase, 1996). The older Kurai tholeiites
have lower La/Sm and higher Lu/Hf ratios compared
with the Katun’ rocks (Figs. 5, 9). The trace element
composition of Kurai lavas suggests that they could be
derived beneath a thinner (younger at that time) lithos-
phere at relatively high degrees of mantle melting and
moderate pressures within the spinel stability field
(Fig. 9). In contrast, the Katun’ lavas were formed at
lower degrees of melting and higher pressures within
the garnet stability field.
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Table 1.  Major- (wt %) and trace-element (ppm) compositions of basalts from the Kurai paleoseamount

Component 144 146 151 154 155 157 161 165 KR82 KR83 KR87 KR90 123 125 96-56-1 C-80A-04

SiO2 48.94 47.25 49.63 46.27 52.36 47.28 47.53 47.29 49.22 48.69 50.76 49.73 51.15 50.84 50.15 48.45

TiO2 1.77 1.84 1.09 2.36 1.84 1.53 1.78 1.65 2.05 2.42 2.07 1.68 1.32 1.66 1.51 1.86

Al2O3 13.49 13.67 15.80 12.90 14.17 15.72 16.15 14.60 14.24 14.39 16.36 13.84 13.47 14.83 14.57 12.21

Fe2O3 11.73 12.91 11.34 14.96 11.24 10.93 12.33 13.57 13.39 14.53 11.61 11.81 8.04 7.51 13.76 11.73

MnO 0.21 0.23 0.20 0.25 0.17 0.21 0.21 0.21 0.21 0.24 0.21 0.45 0.16 0.17 0.26 0.18

MgO 7.23 7.26 6.24 6.96 4.59 7.07 7.25 6.69 6.05 4.91 4.35 6.04 7.87 5.43 3.89 7.73

CaO 9.30 10.00 7.76 6.82 6.32 8.11 5.24 6.95 8.79 7.47 8.07 8.30 8.71 7.34 5.44 10.97

Na2O 3.86 3.32 3.28 5.18 4.76 3.85 4.44 4.28 3.92 3.88 5.00 5.27 3.04 4.58 5.76 2.09

K2O 0.35 0.29 0.37 0.49 0.70 0.74 0.44 0.44 0.21 1.45 0.45 0.12 1.34 0.71 0.71 0.30

P2O5 0.18 0.18 0.08 0.23 0.21 0.13 0.43 0.37 0.23 0.25 0.25 0.18 0.17 0.45 0.58 1.18

LOI 2.44 2.74 3.83 3.35 2.53 3.19 3.71 3.59 4.57 6.10 3.26 3.98

Total 99.5 99.7 99.6 99.8 98.9 98.7 99.5 99.6 98.3 98.2 99.1 97.4 99.8 99.6 99.9 100.7

Mg# 55.21 52.93 52.39 48.20 44.96 56.40 54.04 49.65 47.47 40.34 42.83 50.56 66.19 59.12 36.12 54.26

La 5.30 5.70 7.00 6.50 5.90 7.50 8.00 7.20 6.08 5.40 6.59 4.51 7.0 8.0 11 13

Ce 16.0 16.5 20.0 15.5 18.5 18.6 20.6 16.6 19.05 16.15 20.44 13.76 16.5 18 25 29

Nd 14.90 13.20 14.10 12.30 17.90 10.30 15.60 11.40 3.26 2.74 3.50 2.39 10.20 14 16 20

Sm 5.05 4.40 4.90 4.70 5.94 3.62 4.20 3.60 17.35 14.63 18.37 12.83 2.70 4.3 5.2 5.1

Eu 1.70 1.70 1.80 1.65 1.75 1.80 1.88 1.77 2.04 1.82 1.97 1.50 0.90 1.6 2.0 1.4

Gd 6.90 7.97 6.48 3.05 6.10 5.4

Tb 1.28 1.09 1.06 0.94 1.11 0.74 0.80 0.74 1.44 1.14 1.47 1.11 0.48 0.95 1.10 0.83

Yb 5.10 5.00 5.00 3.40 4.70 2.70 2.90 2.80 5.97 4.12 6.20 4.48 2.00 2.80 3.80 1.9

Lu 0.73 0.80 0.80 0.60 0.77 0.40 0.43 0.41 0.90 0.62 0.93 0.68 0.33 0.41 0.55 0.25



PE
T

R
O

L
O

G
Y

      V
ol. 16      N

o. 5      2008

G
E

O
C

H
E

M
IC

A
L

 E
V

O
L

U
T

IO
N

 O
F IN

T
R

A
PL

A
T

E
 M

A
G

M
A

T
ISM

505

Table 1.  (Contd.)

Component 144 146 151 154 155 157 161 165 KR82 KR83 KR87 KR90 123 125 96-56-1 C-80A-04

Cr 106 113 61 29.2 33.9 38.9 41.7 154 12.5 226

Co 55 53 48 52 38 38 39 40 42 30 48 62

Ni 51 41 38.9 21.7 22.9 7 22.2 14.3 39 14 23 42 96 7.4 105

V 326 362 417 337 307 469 349 89 135

Rb 2.8 3.1 7.9 5.5 6.8 6.3 6.5 5.8 3.4 10.2 4.4 1.5 10.4 11.4 15.0 6.5

Sr 245.8 211 368 148 171 327 475 514 189 125 361 252 315.0 405.0 560 112

Ba 50 10 160 70 100 260 600 70 57 160 177 98 200 270 480 141

Ta 0.34 0.22 0.22 0.23 0.20 0.21 0.21 0.16 0.15 0.16 0.17 0.10 0.53 0.17 0.25 1.23

Nb 4.7 4.0 4.2 5.1 4.5 3.7 4.3 3.1 3.0 3.3 3.3 1.8 9.9 3.0 4.0 20.0

Zr 157 157 177 137 186 78 99 72 173 133 189 132 96 69 108 157

Hf 4 3.6 3.9 2.9 3.9 1.9 2.1 1.6 4.5 3.5 5 3.6 2 2.1 2 3.8

Th 0.31 0.25 0.3 0.35 0.25 0.45 0.5 0.4 0.3 0.3 0.5 0.7 0.55 0.5 0.9 1.11

Y 53 58 63 48.8 61 35.2 38.2 32.6 37 50 48 42 22.9 29.9 40 42.5

U 0.19 0.2 0.32 0.05 0.04 0.2 0.28 0.13 0.27 0.24 0.38

Zr/Nb 33 39 42 27 41 21 23 24 58 40 58 74 10 23 27 8

(La/Sm)n 0.66 0.82 0.90 0.87 0.81 1.10 1.20 1.26 0.67 0.72 0.69 0.64 1.63 1.17 1.33 1.67

(Gd/Yb)n 1.08 0.94* 0.96* 1.28* 1.02* 1.35* 1.30* 1.21* 1.03 1.20 1.03 1.06 1.17* 1.52* 1.31* 2.21

(La/Yb)n 0.71 0.77 0.95 1.29 0.85 1.88 1.86 1.74 0.69 0.89 0.72 0.68 2.37 1.93 1.96 4.8

(Nb/ La)pm 0.85 0.68 0.58 0.75 0.74 0.47 0.52 0.41 0.47 0.59 0.47 0.38 1.36 0.37 0.35 1.48

(Th/La)pm 0.47 0.35 0.35 0.44 0.34 0.48 0.51 0.45 0.40 0.45 0.61 1.25 0.64 0.51 0.66 0.69

(Nb/Th)pm 1.81 1.93 1.68 1.72 2.16 0.97 1.03 0.91 1.19 1.31 0.77 0.30 2.14 0.72 0.53 2.15

Al2O3/TiO2 7.6 7.4 14.6 5.5 7.7 10.3 9.1 8.9 6.9 5.9 7.9 8.2 10.2 9.0 9.6 6.6

* The (Gd/Yb)n values were calculated using model Gd∗ values.
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Table 2.  Major- (wt %) and trace-element (ppm) compositions of basalts from the Katun’ paleoseamount

Component 238/1 238/2 239 241 92-C-1 E4068 E4086 E4096 E4112 E4124 E4127 E4131 E4132 E4133

SiO2 45.40 46.20 44.20 48.50 52.32 45.45 49.64 43.63 47.55 46.00 45.08 45.43 45.88 45.78

TiO2 2.42 2.06 2.42 1.94 2.26 2.91 2.20 2.60 2.11 2.26 2.93 2.56 2.70 2.82

Al2O3 14.20 13.90 13.00 15.00 12.44 16.81 15.95 15.34 12.95 15.08 14.71 14.34 14.51 15.81

Fe2O3 13.90 12.40 15.50 10.80 11.11 15.07 12.65 12.72 11.51 13.02 13.09 13.93 13.31 14.26

MnO 0.10 0.22 0.23 0.20 0.17 0.20 0.19 0.18 0.20 0.20

MgO 7.20 8.70 6.53 8.37 6.19 4.92 3.47 7.94 7.34 7.17 6.47 6.04 6.40 5.58

CaO 11.02 10.33 10.79 7.80 7.60 4.95 4.20 8.31 8.62 9.57 9.34 9.31 8.26 6.60

Na2O 1.67 2.37 1.99 3.16 5.04 4.01 4.67 2.70 2.90 2.47 3.04 3.41 3.73 3.51

K2O 0.37 0.36 0.39 0.65 0.68 1.05 3.61 1.03 2.11 1.35 0.41 0.76 1.09 1.99

P2O5 0.18 0.18 0.24 0.17 0.29 0.70 0.64 0.36 0.20 0.28 0.41 0.72 0.49 0.45

LOI 4.05 3.81 5.03 4.35 2.76 3.76 3.00 4.87 4.50 2.64 4.29 3.14 3.50 3.24

Total 100.4 100.3 100.1 100.7 100.8 99.9 100.3 99.7 100.0 100.0 100.0 99.8 100.1 100.2

Mg# 50.9 58.4 45.7 60.8 52.7 39.5 35.4 55.5 56.1 52.4 49.7 46.4 49.0 43.9

La 12.6 10.6 14.2 9.5 13.0 23.6 44.2 25.2 9.7 18.2 18.9 67.8 24.9 27.2

Ce 27.0 25.0 30.0 22.0 29.0 50.0 83.6 50.3 22.7 37.6 40.0 114.7 49.1 54.1

Nd 17.0 18.0 20.0 14.5 20.0 29.4 43.4 27.7 15.0 21.6 23.6 52.8 26.7 29.8

Sm 5.3 5.4 6.0 4.3 5.4 7.9 10.6 7.1 4.4 5.7 6.4 11.7 6.8 7.6

Eu 1.7 1.6 1.9 1.5 1.4 2.8 2.8 2.2 1.5 1.6 2.2 3.2 2.3 2.3

Gd 5.8 6.1 6.4 4.6 5.7 6.8 9.9 6.2 5.9 4.0 7.4 8.5 8.3 6.9

Tb 0.9 0.9 1.1 0.8 0.8 1.1 1.6 1.0 0.9 0.7 1.1 1.3 1.2 1.1

Yb 2.4 2.4 2.7 2.2 2.1 2.2 3.8 2.2 1.7 2.0 2.1 2.3 2.0 2.7

Lu 0.3 0.3 0.4 0.3 0.3 0.3 0.5 0.3 0.2 0.3 0.3 0.3 0.3 0.4
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Table 2.  (Contd.)

Component 238/1 238/2 239 241 92-C-1 E4068 E4086 E4096 E4112 E4124 E4127 E4131 E4132 E4133

Cr 310 380 635 260 55 12 130 280 91 146 2 147 39

Co 54 51 48 45 63 44 24 63 38 52 44 51 41 45

Ni 43.8 43.1 42.0 40.1 184.0 21.6 15.5 40.1 30.0 40.9 37.2 34.9 31.6 31.3

V 317 269 263 238 120 493 501 254 213 616 380 314 520 4133

Rb 5 4 6 7 7 15 46 14 28 23 2 6 8 22

Sr 317 269 263 238 110.0 493 501 254 213 616 380 314 520 830

Ba 60 60 105 100 144 870 930 390 400 650 370 540 670

Ta 1.0 0.6 0.9 0.7 1 1.6 3.9 1.9 0.8 1.5 1.4 2.0 1.8 2.1

Nb 13.9 10.9 14.5 11.2 20 34.1 131.6 39.6 22.6 35.2 29.1 43.3 39.5 46.7

Zr 121 113 134 109 154 217 420 147 130 208 133 135 191 255

Hf 3.6 3.3 3.9 2.9 3.8 4.5 6.7 4.0 2.9 3.5 3.8 4.4 4.5 5.3

Th 0.9 0.5 0.8 0.6 1 1.5 3.3 2.1 0.6 1.4 1.3 5.6 1.9 2.3

Y 23 22 26 22 29 32 55 21 21 28 20 20 27 29

U 0.4 1.1 1.3 1.0 0.4 0.4 0.5 1.3 0.6 0.8

Zr/Nb 9 10 9 10 8 6 3 4 6 6 5 3 5 5

(La/Sm)n 1.53 1.27 1.53 1.44 1 1.88 2.62 2.23 1.39 2.01 1.87 3.65 2.30 2.25

(Gd/Yb)n 1.99 2.12 1.95 1.71 2.2 2.48 2.11 2.29 2.85 1.65 2.93 3.03 3.41 2.10

(La/Yb)n 3.75 3.19 3.76 3.07 3.37 7.18 7.86 7.78 3.90 6.27 6.23 20.18 8.54 6.91

(Nb/La)pm 1.06 0.99 0.98 1.14 1.5 1.39 2.87 1.51 2.24 1.86 1.48 0.62 1.53 1.65

(Th/La)pm 0.51 0.46 0.51 0.43 0.65 0.51 0.60 0.67 0.50 0.62 0.56 0.67 0.62 0.68

(Nb/Th)pm 2.07 2.17 1.92 2.67 2.27 2.71 4.75 2.25 4.49 3.00 2.67 0.92 2.48 2.42

Al2O3/TiO2 5.9 6.7 5.4 7.7 3.4 5.8 7.3 5.9 6.1 6.7 5.0 5.6 5.4 5.6
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Thus, the temporal variations in the composition of
lavas from the Kurai and Katun’ paleoseamounts could
result from varying degrees of nonequilibrium melting
in the compositionally and structurally heterogeneous
column of the mantle plume. It is supposed that the col-
umn is composed of a more refractory matrix consist-
ing of the depleted upper mantle material and less
refractory heterogeneities (Phipps Morgan and Mor-
gan, 1999; Hoernle et al., 2000; etc.). The nature of
these heterogeneities in the mantle column is still
unclear, but it is supposed that they are domains
affected by a thermochemical mantle plume and
enriched with low-melting components from the lower
mantle (LREE and LILE) and Nb (Dobretsov et al.,
2006; Allègre and Turcotte, 1986).

The varying degrees of melting in a heterogeneous
mantle column could result from the different thickness
of the overlying lithosphere (Fig. 10). During progres-
sive melting of such a heterogeneous mantle, the melts
formed beneath the growing, but still thin lithosphere
will have lower concentrations and ratios of incompat-
ible elements (e.g., La, Nb, and Th) (Phipps Morgan,
1999). Therefore, we suppose that the more depleted
composition of the Kurai lavas resulted from the melt-
ing of the relatively refractory depleted component of
the upper mantle in the ascending plume column
(Fig. 10a). The younger Katun’ lavas were formed from

a melt produced by lower degree melting in a shorter
mantle column beneath a thicker oceanic lithosphere.
As a result, this melt contained less material from the
refractory matrix (Fig. 10b) but more material from the
enriched mantle heterogeneities.

A similar tendency providing evidence for a change
in the geochemistry of plume magmatism was reported
for other seamount chains: (1) the Ninetyeast Ridge
(from ~90 to 38 Ma) and the Kerguelen Archipel-
ago/Plateau (from ~45 Ma to Recent) in the Indian
Ocean above the Kerguelen plume (Gautier et al., 1990;
Frey and Weis, 1995; etc.); (2) the Easter volcanic chain
in the eastern Pacific (from the Recent volcanoes of
Easter Island to seamounts with an age of 30 Ma in its
eastern part; Cheng et al., 1999 and others); (3) the
Emperor–Hawaii Seamount Chain with lavas varying
in age from 85 Ma in its northwestern end to 42 Ma in
the east (Regelous and Hofmann, 1999; Keller et al.,
2000; Regelous et al., 2003).

Finally, it should be emphasized that variations in
the geochemical composition of seamount lavas are
related to the thickening of the oceanic lithosphere,
which is an important factor controlling the degree of
mantle melting above a plume and, consequently, melt
composition. The results reported by Ellam (1992),
Regelous et al. (2003), and Ito and Mahoney (2005)
suggest the dependence of intraplate basalt composi-
tion on lithosphere thickness, and this effect can be
observed only in island chains with an age range of no
more than 80 Myr. The relationships revealed by theses
authors were used in this paper to elucidate the reason
for the compositional differences between the intra-
plate volcanics of the Kurai (600 Ma) and Katun’ (550–
530 Ma) paleoseamounts in the southwestern Paleo-
Asian Ocean, whose basalt–sedimentary sequences are
accessible now for investigation in the Kurai and
Katun’ accretionary zones of Gorny Altai, southwest-
ern Siberia.

CONCLUSIONS

(1) The obtained petrochemical and isotopic data for
volcanic rocks from the fragments of two paleosea-
mounts of the Paleo-Asian Ocean shed light on the evo-
lution of intraplate oceanic magmatism over 50 Myr
(from 600 to 550 Ma) and showed that the geochemical
and isotopic characteristics of lavas changed signifi-
cantly during that period.

(2) The lavas of the older Kurai Paleoseamount
(~600 Ma) have more depleted trace-element and isoto-
pic characteristics compared with the younger lavas of
the Katun’ Paleoseamount (~550 Ma) and higher initial
εSr values compared with the oceanic tholeiites of the
Emperor–Hawaii Seamount Chain and Hawaiian
Islands, which is related to the postmagmatic alteration
of the Kurai lavas. The Kurai lavas correspond to the
Hawaiian rocks with respect to εNd values. The initial
εSr values of the tholeiites of the Katun’ Paleoseamount
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Fig. 9. Curves of partial melting (from 0.01 to 20 %) of
spinel and garnet peridotites (Regelous et al., 2003). Since
the Kurai basalts are probably derived from mixed garnet
and spinel peridotite sources, their low La/Sm and high
Lu/Hf values indicate relatively high degrees of melting
within the spinel stability field and a source with a La/Sm
ratio approaching that of the primitive mantle (Sun and
McDonough, 1989). The asterisk corresponds to the primi-
tive mantle composition. Other symbols are the same as in
Fig. 3.
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are on average higher, whereas the εNd values are on
average lower than those of the EHC lavas; however,
the composition of the Katun’ tholeiite plots within the
field of the Hawaiian tholeiites in the εSr–εNd diagram.

(3) The trace-element and isotopic characteristics of
the lavas vary depending on the age of the underlying
lithosphere of the Paleo-Asian Ocean during basalt
eruption. The older Kurai lavas probably erupted onto
the relatively young and thin lithosphere of the Paleo-
Asian Ocean closer to the spreading axis and have more
depleted incompatible element and isotope composi-
tions. In contrast, the younger Katun’ lavas erupted
onto a thicker lithosphere and have more enriched com-
positions.

(4) The major- and trace-element characteristics of
the lavas of the Kurai Paleoseamount suggest that they
were formed at higher degrees of mantle melting and
lower pressures compared with the younger lavas of the
Katun’ Paleoseamount.

(5) By analogy with the Emperor–Hawaii Seamount
Chain, it can be supposed that the temporal variations
in the geochemical characteristics of the intraplate
magmatism of the Paleo-Asian Ocean could be con-
trolled by the variable degree of melting of a composi-
tionally heterogeneous mantle and different thickness
of the oceanic lithosphere at the moment of melt gener-
ation. During the Ediacaran, the mantle plume was
located beneath a thinner lithosphere, probably closer
to the spreading axis, and the relatively high degrees of
melting produced the Kurai melts with more depleted
trace-element signatures owing to the higher contribu-
tion to the melt from the refractory depleted material of
the upper mantle. The Katun’ melts were derived in the

Early Cambrian beneath a thicker lithosphere and at
lower degrees of melting, which resulted in their
enrichment in the components of less refractory lower
mantle heterogeneities.
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