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Abstract Volcanic rocks consisting of adakite and Nb-enriched basalt are found in the
early Devonian Tuoranggekuduke Group in the northern margin of the Kazakhstan-
Junggar Plate, northern Xinjiang, northwest China. The geochemical characteristics of
the andesitic and dacitic rocks in this area resemble that of adakites. The relatively high
Al2O3, Na2O and MgO content and Mg# values indicate that the adakites were generated
in relation to oceanic slab subduction rather than the partial melting of basaltic crust. A
slightly higher SrI and a lower eNd(t = 375 Ma) compared to adakites of mid-oceanic ridge
basalt (MORB) imply that slab sediments were incorporated into these adakites during
slab melting. The Nb-enriched basalt lavas, which are intercalated in adakite lava suite,
are silica saturated and are distinguished from the typical arc basalts by their higher Nb
and Ti content (high field strength element enrichment). They are derived from the partial
melting of the slab melt-metasomatized mantle wedge peridotite. Apparently, positive Sr
anomalies and a slightly higher heavy rare earth element content in these adakites com-
pared to their Cenozoic counterparts indicate that the geothermal gradient in the Paleo-
Asian Oceanic subduction zone and the depth of the Paleo-Asian Oceanic slab melting are
between those of their Archean and Cenozoic counterparts. The distribution of the adakites
and Nb-enriched basalts in the northern margin of the Kazakhstan-Junggar Plate, north-
ern Xinjiang, indicates that the Paleo-Asian Oceanic Plate subducted southward beneath
the Kazakhstan-Junggar Plate in the early Devonian period.

Key words: adakite, Central Asian Orogenic Belt, Kazakhstan-Junggar Plate, Nb-enriched
basalt, Paleo-Asian Ocean, subduction.

INTRODUCTION

The association between adakite and Nb-enriched
basalt has a geotectonic significance because of its
close relationship with the subduction of young
oceanic slab. Most adakites and Nb-enriched
basalts were distributed in the arcs around the

Pacific Ocean in the Cenozoic era, such as Mount
St Helens of the Cascade volcanic chain (Defant
et al. 1992; Defant & Drummond 1993); western
Panama and southeastern Costa Rica (Defant
et al. 1992); Kamchatka, Russia (Kepezhinskas
et al. 1996); west Mindanao, Philippines
(Sajona et al. 1993; 1994; 1996; 2000); Vizcaino Pen-
insula, Mexico (Robles et al. 2001); and southwest
Japan (Morris 1995; Kimura et al. 2002; 2003;
Tamura et al. 2003). A few of them are found in
Archean greenstone belts, such as Wawa, Birch-
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Uchi and Pickle Lake of Superior Province,
Canada (Hollings & Kerrich 2000; Polat & Kerrich
2001; Hollings 2002) and usually regarded as
evidence  of  the  melting  of  subducted  oceanic
slab. The authors have found similar mixtures of
adakite and Nb-enriched basalt in the Devonian
strata in the northern margin of the Kazakhstan-
Junggar Plate, northern Xinjiang, northwest
China. These might be related to the southward
subduction of the Paleo-Asian Oceanic slab. The
aim of this paper is to document the geochemical
features of the adakites and Nb-enriched basalts.
The origin of these magmas is best explained by
the melting of a southward subducted Paleo-Asian
Oceanic slab beneath the Kazakhstan-Junggar
plate, and this is discussed in detail later.

GEOLOGY, SAMPLES AND ANALYTICAL METHODS

The northern Xinjiang area tectonically belongs to
the Central Asian Orogenic Belt (CAOB) that is
located between the Siberian and Sino–Korean–
Tarim cratons (Fig. 1a). CAOB is immense in size
and its geology is poorly understood in the areas
outside of the former USSR and China. Sengör
et al. (1993) suggested that the CAOB, nearly half
of which was derived from the mantle by arc accre-
tion, consists mainly of materials commonly found
in present-day subduction–accretion complexes,
intruded by vast plutons of mainly magmatic arc
in origin and covered in places by their derivatives.
Project IGCP-420 was established in 1997 and ran
for 5 years to investigate the tectonic and struc-

Fig. 1 (a) Simplified tectonic divisions in Asia (reproduced from Jahn et al. 2000, with permission). The Central Asian Orogenic Belt (CAOB) includes
a vast region of Kazakhstan, western Russia, northwestern China, Mongolia and northeastern China. The study area (northern Xinjiang) is located in the
middle of the CAOB. (b) Geotectonic sketch of northern Xinjiang (reproduced from Yu et al. 1995, with permission). The Erqisi Suture Zone between the
Siberian Plate and the Kazakhstan-Junggar Plate is considered to be the suture belt of the Paleo-Asian Ocean. In the southern margin of the Siberian
Plate, the Ashele forearc basin and the Kuerti back-arc basin have been identified from the high-Mg andesites and back-arc basin ophiolites, respectively.
(c) Geological map of the study area and sample locations. Adakites and Nb-enriched basalts are interbedded and distributed in the early Devonian
Tuoranggekuduke Group.
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tural evolution of the orogenic belts and the
growth history of the continent crust in the Phan-
erozoic era. The project showed that the CAOB
appears to have been formed by the assembly of
Precambrian continental slivers, some of which
could be microcontinental fragments, and a lot
more of which are Phanerozoic juvenile crust pro-
duced by both lateral accretion of arc complexes
and vertical under-plating of magmatic materials
of mantle origin. Arc accretion appears to have
been the dominant process in the formation of the
CAOB and complicated subduction–accretion and
collision processes may have taken place continu-
ously throughout the Phanerozoic era in Central
Asia (Jahn & Capdevila 2000; Jahn et al. 2004).
Recent studies indicate that most of the Phanero-
zoic granitoids of the CAOB are characterized by
low initial Sr isotopic ratios, positive eNd(t) (eNd

value at the time of formation) values and young
Sm–Nd model ages relative to depleted mantle
(TDM) of 300–1200 Ma, which is very different from
the coeval granitoids emplaced in some ‘classic’
orogenic belts, such as the European Caledonides,
and the Hercynides and Cathaysia of southeast
China and South Korea (Jahn et al. 2000; Chen &
Jahn 2004). These depleted isotopic compositions
suggest a high proportion of the mantle compo-
nent in their petrogeneses. The massive juvenile
continental crust was generated in Central Asia
during the Phanerozoic era.

The Altai Mountains straddle four countries:
Russia, Kazakhstan, China and Mongolia, and are
composed of continental slivers surrounded by
island arc accretionary prisms and ophiolite com-
plexes. North Xinjiang is situated in the south
Altai Mountains (Fig. 1a). Previous studies sug-
gested that northern Xinjiang comprises a com-
plex mosaic of continental fragments, island arcs
and ocean basins with an age between 1000 and
570 Ma (Coleman 1989; Kepezhinskas et al. 1991;
Amelin et al. 1996; 1997; Hu et al. 2000; Khain
et al. 2002). The occurrence of the Paleozoic Paleo-
Asian Ocean in northern Xinjiang was defined by
the ages of the ophiolites found in this area. The
Erqisi Suture Zone between the Siberian Plate
and the Kazakhstan-Junggar Plate was thought to
be the suture belt of the Paleo-Asian Ocean (He
et al. 1990; Xiao et al. 1992). High-Mg andesites
and Mg-rich dacites were found in the Ashele
Group in the southern margin of the Siberian Plate
(Niu et al. 1999), while the fossils found in the sed-
imentary rocks among the volcanic rock layers in
the Ashele Group have been dated as Early to
Middle Devonian (Xiao et al. 1992). This means

that this area was an ancient arc or forearc envi-
ronment during the Devonian era (Niu et al. 1999;
Fig. 1b). On the southeast side of the Ashele Arc
volcanic rocks, a back-arc basin ophiolite—the
Kuerti ophiolite that was produced by subduction
of the Paleo-Asian Oceanic slab—has been identi-
fied (Xu et al. 2003; Fig. 1b). Geological and geo-
tectonic studies on the southern margin of the
Siberian Plate led previous researchers to con-
clude that the Paleo-Asian Oceanic slab subducted
northward beneath the Siberian Plate in the Mid-
dle to Early Devonian era because arc–back-arc
materials were accreted to the Siberian Plate from
the south (Xiao et al. 1992; Niu et al. 1999; Xu et al.
2003) (Fig. 1b). This paper discusses the south-
ward subduction of the Paleo-Asian Oceanic slab
beneath the Kazakhstan-Junggar Plate as evi-
denced by the adakite and Nb-enriched basalt
combination that occurred in the northern margin
of the Kazakhstan-Junggar Plate where the late
Paleozoic volcanic rocks are widely distributed.
The adakite and Nb-enriched basalt combination
belongs to the early Devonian Tuoranggekuduke
Group that consists of four parts. From the bottom
to the top, they can be described as follows: (i)
basalt lava, volcanic tuff breccia, volcanic agglom-
erate, ferruginous silicalite; (ii) tuff, andesite and
dacite lavas; (iii) crystal tuff, tuff breccia, basalt
lava; and (iv) tuff, basalt lava, andesite and dacite
lavas. The samples in this study were collected
from an area near Suoerkuduke in Fuyun County
(Fig. 1c).

The analysis of major elements was carried out
using the X-ray fluorescence (XRF) spectrometer
at the Center for Instrumental Analyses, Yama-
guchi University, Japan, or a Varian Vista PRO
inductively coupled plasma–atomic emission spec-
troscopy (ICP–AES) at the Guangzhou Institute
of Geochemistry, Chinese Academy of Sciences.
The procedures for the analysis of major elements
using the XRF and ICP–AES were similar to
those described by Nagao et al. (1997) and Ramsey
et al. (1995), respectively. The precision and accu-
racy of the XRF and ICP–AES in analyzing the
major elements are generally better than 5%
(Table 1). Trace elements and Nd and Sr isotopes
were analyzed at the Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences. The
procedure  for  the  trace  element  analysis  using
a Perkin-Elmer Sciex ELAN 6000 inductively
coupled plasma–mass spectrometry (ICP–MS)
was similar to that described by Li (1997) and the
precision and accuracy of the ICP–MS in analyzing
the trace elements are better than 5% (Table 2).
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Nd and Sr isotopes were analyzed by a Micromass
Isoprobe multichannel inductively coupled plasma
mass spectrometry (MC-ICPMS) spectrometer
(Liang et al. 2003), with 143Nd/144Nd = 0.511996 ± 8
for the Shin Etsu JNdi-1 standard and 87Sr/
86Sr = 0.710282 ± 15 for NBS987 of the National
Bureau of Standards (Table 3).

PETROGRAPHY AND GEOCHEMICAL 
CHARACTERISTICS

PETROGRAPHY

Andesites in the area of study have porphyritic
texture with phenocrysts of dominant plagioclase
(20–40% by volume), some clinopyroxene and
amphibole (about 2–5% by volume, respectively).
All the phenocrysts are euhedral. The groundmass
consists mainly of plagioclase (30–70% by volume),
together with a few chlorites (about 5% by vol-
ume). Dacites in this area are composed of about
20% by volume of euhedral plagioclase pheno-
crysts and 80% by volume of plagioclase and
quartz groundmass. The Nb-enriched basalts also
have porphyritic texture with phenocrysts of
euhedral  plagioclase.  The  groundmass  consists
of plagioclase and amphibole. The Fe oxides are
abundant in the Nb-enriched basalts. The plagio-
clase and amphibole were slightly altered, but
there was no metamorphism in all the samples.

GEOCHEMICAL CHARACTERISTICS

The geochemical characteristics of the andesitic
and dacitic rocks in the study area are very similar
to those of the typical adakites that are considered
to be derived from the partial melts of subducted
oceanic crust (Defant & Drummond 1990; Defant
& Kepezhinskas 2001). They have a high Al2O3 con-
tent (ranging from 15.49 to 18.86%, with an average
of 17.55%) (Table 1), and very low heavy rare earth
element (HREE) (Yb <1.9 ppm) and Y (<18 ppm)
content, together with a high Sr content
(>400 ppm) and Sr/Y ratio (>40) (Table 2). Com-
pared to those of andesites, two dacites (FY01,
FY12) have similar Al2O3, CaO, Na2O and K2O con-
tent, but apparently a higher SiO2 content and
lower MgO (Mg#) and FeO content. The similar
Al2O3, CaO and Na2O content may indicate that the
fractional crystallization of plagioclase did not
occur, whereas the higher SiO2 content and lower
MgO (Mg#) and FeO content might be caused by
the fractional crystallization of pyroxene orTa
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amphibole. All but three samples show negative
Nb and Ta anomalies and a distinct, positive Sr
anomaly with very strong high field strength
element (HFSE) (Ti, Zr, Hf, Y and Yb) depletion
in primitive mantle-normalized trace element
patterns (Fig. 2). The chondrite-normalized rare
earth element (REE) patterns of andesites and
dacites are similar and show apparent HREE
depletion and no obvious Eu anomaly (Fig. 3).
Since different degrees of partial melting will
result in very different REE patterns, it is impos-
sible for the dacites and andesites in this study to
be formed by different degrees of partial melting
because of their similar REE patterns. At the same
time, the petrographic features do not show any
evidence of magma mixing. Therefore, the petro-
graphy and geochemistry of andesites and dacites
show that they might be formed by the frac-
tional crystallization of pyroxene or amphibole.

The basalts are silica-saturated. They are differ-
entiated from normal calc-alkaline arc basalts by
their extremely high Nb (between 12.6 and
20.9 ppm), TiO2 (ranging from 1.85 to 3.66%) and
P2O5 (more than 0.71%) content and HFSE enrich-
ment with low LILE/HFSE and LREE/HFSE
ratios (LILE, large ion lithophile element; LREE,
light rare earth element) (Defant et al. 1992;

Sajona et al. 1993; 1994). Compared to those of the
primitive mantle, the basalts are enriched in all
the trace elements in the spider diagram  (Fig. 2).
Usually, the circum-Pacific arc Nb-enriched
basalts show weakly positive or negative Sr, Ti and
Nb anomalies in the primitive mantle-normalized
trace element diagram due to their enrichment
(Defant et al. 1992; Kepezhinskas et al. 1996;
Sajona et al. 1996; 2000; Robles et al. 2001).
Although the absolute Nb, Sr and Ti content of the
basalts  in  the  study  area  is  higher  than  that  of
the circum-Pacific Nb-enriched basalts (such as
those from the Philippines and Baja, California,
and  Mexico),  the  obviously  negative  Nb,  Sr  and
Ti anomalies appear in the primitive mantle-
normalized trace element patterns because of
their extremely high REE content (Fig. 2). Their
REE content is even higher than that of associated
adakites, and it approaches the REE content of
bajaiite (Fig. 3). This feature is similar to that of
adakites and Nb-enriched basalts from Archean
greenstone belts (Hollings & Kerrich 2000; Polat
& Kerrich 2001), and also similar to that of the
combination of adakite and bajaiite in the Cenozoic
era,  which  strongly  suggests  that  these  basalts
and andesites are slab melts in origin (Rogers &
Saunders 1989).

Table 3 Isotopic compositions of the samples

Sample 87Rb/86Sr 87Sr/86Sr (2d) Isr (t = 375 Ma) 147Sm/144Nd 143Nd/144Nd (2d) eNd (t = 375 Ma)

A03-2 0.051840 0.705177 ± 0.000016 0.70490 0.127561 0.512676 ± 0.000011 +4.06
A06-3 0.093448 0.705154 ± 0.000017 0.70466 0.128005 0.512624 ± 0.000010 +3.02
A10-2 0.053810 0.705079 ± 0.000018 0.70479 0.126503 0.512644 ± 0.000009 +3.48

Fig. 2 Primitive mantle-normalized trace element spider diagram of
adakites and Nb-enriched basalts (NEB). The primitive mantle normaliza-
tion value is from Sun and McDonough (1989). See text for discussion.
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DISCUSSION

PETROGENESIS OF ADAKITES

Defant and Drummond (1990) suggested that ada-
kites are derived from the partial melting of young
and hot subducted slab, whereas Atherton and
Petford (1993) argued that the partial melting of
newly under-plated basaltic crust at depth should
be considered as an alternative way of generating
adakites. Yumul et al. (2000) considered adakites
from the back-arc region of Central Luzon, the
Philippines, to be formed by the partial melting of
lower crust rather than slab melting. Yogodzinski
et al. (2001) recently stated that adakites are likely
to be formed whenever the margin of a subducting
plate is warmed or ablated by a hot mantle flow.
Defant and Kepezhinskas (2001) summarized the
tectonic processes that can produce adakites,
including the partial melting of young and hot sub-
ducted slab or remnant slab, oblique or fast sub-
duction, arc–arc collision, initiation of subduction,
slab tears and flat subduction. Although studies
over the last decade have shown that there are
many ways to produce adakites, they can be
divided into two general types on the basis of their
origin: (i) adakites derived from the partial melting
of subducted oceanic slab (Type 1); and (ii) adak-
ites derived from the partial melting of newly
under-plated basaltic crust (Type 2).

Although these two types of adakites have some
geochemical similarities, distinct geochemical dif-
ferences (e.g. K2O and Al2O3 content; Mg# and dSr
values) also exist because of their different origins.

In a K2O versus SiO2 diagram, Type 1 adakites
appear in the tholeiitic to calc-alkaline field,
whereas Type 2 adakites mostly appear in the
high-K calc-alkaline field (Fig. 4). The K2O content
of adakites from Cordillera Blanca that are
thought to be the products of the partial melting
of newly under-plated basaltic crust ranges from
2.23 to 3.51%, with the Na2O/K2O ratio lying
between 1.2 and 2.0 (Atherton & Petford 1993),
whereas the Na2O content of Type 1 adakites is
more than 3.5%, with a relatively low K2O content
(Defant & Kepezhinskas 2001). Because the adak-
ites in this study underwent a slight alteration,
their alkali earth and fluid mobile element content
might have changed, so the K2O characteristic has
been omitted in the discussion of the petrogenesis
of adakites in this paper.

Type 2 adakites contain a lower Al2O3 content
than Type 1 adakites. The Al2O3 content of adak-
ites from Cordillera Blanca range from 15.03 to

16.05%, with an average of 15.3%, whereas the
average Al2O3 content of adakites from circum-
Pacific arcs is about 17%. The Al2O3 content of the
adakites in this study ranges from 15.49 to 18.86%,
with an average of 17.55%. It is similar to that of
Type 1 adakites.

Experimental results show that the maximum
Mg# value for partial melts of mid-oceanic ridge
basalt (MORB) is 45 (Rapp 1997), while typical
MORB has an Mg# value of about 60. The addition
of 10% of peridotite can increase the Mg# value
from 44 to 55, and decrease the SiO2 content (Rapp
et al. 1999). The average Mg# value of adakites
from the circum-Pacific arcs (Type 1) is about 55,
indicating that the ascending adakitic magma
interacts with the overlying mantle wedge (Ge
et al. 2002). It is impossible for Type 2 adakitic
magmas to interact with peridotite during their
ascent, because there is no overlying mantle
wedge. This means that the Mg# value of Type 2
adakites is always less than 45. For example, the
Mg# value of the adakites from Cordillera Blanca
and eastern China ranges from 30 to 45, with an
average value of 38 (Atherton & Petford 1993; Ge
et al. 2002). As for the adakites in this study, the
Mg# value of andesites ranges from 43.8 to 53.5,
indicating that the adakitic magmas may have
interacted with the overlying mantle wedge peri-
dotite during their ascent. This also leads to lower
Sr/Y and La/Yb ratios. The Mg# value of two
dacites are apparently lower (39.3 and 40.7), with

Fig. 4 SiO2–K2O diagram. Type 1 adakites and Type 2 adakites are
derived from the partial melting of subducted oceanic slab and under-
plated basaltic crust, respectively. The data are obtained from Ge et al.
(2002) for the circum-Pacific Ocean and eastern China; Atherton and
Petford (1993) for Cordillera Blanca; and Table 1 for northern Xinjiang.
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relatively higher SiO2 content (64.21 and 64.52%),
probably because of the fractional crystallization
of pyroxene or amphibole.

Defant et al. (2002) suggested that adakites con-
tain the typical arc signature: depleted Nb and Ta
content and, in most cases, MORB-like Sr and Nd
isotope characteristics. The extreme variations in
the more incompatible elements, such as Rb, Ba,
K etc., may be caused by the sediment incorpo-
rated into an adakite during slab melting. It may
also affect the isotopic composition of adakites.
Bebout et al. (1999) found that partial melts of the
subducted slab and sediments associated with the
hydrous composition in the Catalina schist can also
affect the isotopic composition of adakites. The Sr
and Nd isotopic compositions of adakites in this
study are listed in Table 3. Their 87Sr/86Sr and
143Nd/144Nd ratios vary from 0.705079 to 0.705177
and 0.512624 to 0.512676, respectively, whereas the
SrI and eNd(t) values range from 0.70466 to 0.70490
and 3.02 to 4.06, respectively. The slightly higher
SrI and lower eNd(t) values compared to those of
MORB (SrI < 0.70365 and eNd(t) > 5.1; Pyle et al.
1992) indicate that slab sediments were incorpo-
rated into the adakites during slab melting in the
study area. This also accounts for the relatively
lower Mg# value in the andesites compared to their
Cenozoic counterparts.

Therefore, the geochemical characteristics
imply that the adakites in this study are linked to
the subduction of oceanic slab with slab sediment
incorporation, rather than the partial melting of
newly under-plated basaltic crust.

PETROGENESIS OF NB-ENRICHED BASALTS

All the Nb-enriched basalts (or high-Nb basalts)
that are found worldwide are closely associated
with the presence of adakites, whereas adakites
can occur alone. This implies that the generation
of Nb-enriched basalts is closely related to that of
adakites (Defant et al. 1992). The Nb-enriched
basalts are distinguished from normal arc basalts
by their apparently higher Nb, Ti and P2O5 content
and HFSE enrichment, indicating that their petro-
geneses are different from those of normal arc
basalts.

Several potential causes of the higher Nb, Ti and
P2O5 content and HFSE enrichment in the origi-
nation of Nb-enriched basalt have been suggested.
These are: (i) crustal contamination via either
sediment incorporation in the mantle source or
assimilation of continental material by ascending
magma; (ii) partial melting of the subducted oce-

anic crust; (iii) partial melting of enriched mantle,
such as the source of an oceanic island basalt
(OIB); and (iv) presence of a hybridized mantle
wedge above the subduction zone (Kepezhinskas
et al. 1996). Crustal contamination has been
rejected as the cause of the higher Nb, Ti and P2O5

content and HFSE enrichment in the origination
of Nb-enriched basalt because of the extremely
enriched LILE that is inconsistent with Nb-
enriched basalts, and coexisting calc-alkaline
basalts with low HFSE concentrations imply that
there is no contamination in many natural cases.
Both natural and experimental products of the
partial melting of subducted oceanic crust do not
resemble Nb-enriched basalts (Sorensen & Gross-
man 1989; Rapp et al. 1991). Although some
geochemical features of Nb-enriched basalts are
similar to those of OIBs, relatively lower Nb/U
and Ce/Pb ratios (47 ± 10 and 25 ± 5 for OIB,
respectively; Hofmann et al. 1986) in the Nb-
enriched basalts eliminate the possibility that
they are derived directly from OIB-type mantle
(Figs 5,6). Furthermore, the most Nb-enriched
basalts have a negative Nb anomaly that is dis-
tinctly different from the positive Nb anomalies
observed in OIBs, and absolute values of the
HFSE in Nb-enriched basalts are frequently
lower than those in OIBs. Therefore, many studies
show that Nb-enriched basalts might be derived
from a slab melt-metasomatized mantle source
(Defant et al. 1992; Defant & Drummond 1993;
Sajona et al. 1993; 1996; Kepezhinskas et al. 1996).

Both experimental results and case studies in
nature in recent years are beginning to suggest

Fig. 5 Nb–Nb/U diagram. The data are obtained from Hofmann et al.
(1986) for mid-oceanic ridge basalt (MORB), oceanic island basalt (OIB),
C-chondrite and continental crust; and Polat and Kerrich (2001),
Kepezhinskas et al. (1996) and Table 2 for Nb-enriched basalt.
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that slab melts may play an important role in the
metasomatism of mantle wedge. Experiments con-
ducted by Sen and Dunn (1994) on the reaction of
(adakitic) amphibolite melts with spinel lherzolite
show that olivine, clinopyroxene and spinel are
consumed and amphibole and Fe-enriched ortho-
pyroxene are precipitated. The experimental
results of the reaction between slab-derived melts
and peridotite in the mantle wedge also show that
olivine is consumed, while Na-amphibole is pro-
duced (Rapp et al. 1999). The same results are ob-
tained in nature. Schiano et al. (1995) found that
the melt inclusions in mantle xenoliths from Batan
Island, northern Luzon Arc, are similar in compo-
sition to adakites. They concluded that slab melts
were present during metasomatism of the arc
mantle below the Luzon Arc. Quartz diorite veins
found in a plagioclase-bearing spinel lherzolite
xenolith in alkali basalt from Tallante, Spain, were
composed mainly of plagioclase and quartz, with a
thin orthopyroxene rim along the olivine wall. This
implies that the orthopyroxene rim is formed by
the reaction between the melt and olivine (Arai
et al. 2003). Kelemen et al. (1998) pointed out that
about 30% of continental upper mantle samples
(xenoliths and exposed massifs) are enriched in
orthopyroxene (Opx)/olivine relative to the re-
sidual peridotite from the partial melting of the
primitive mantle. They proposed a two-step pro-
cess to explain this. First, peridotite with high Mg#

and low Opx is created by a high degree of
polybaric melting that stops at pressures lower
than 30 kbar. Later, these depleted residues are
enriched in Opx by interacting with the SiO2-rich
melts generated mainly by the partial melting of

eclogitic basalt and sediment in a subduction zone.
Therefore, the interaction between slab-derived
melts and mantle wedge peridotite is ubiquitous.
Olivine, clinopyroxene and spinel will be consumed,
while amphibole and Fe-enriched orthopyroxene
will be precipitated during this interaction
process.

The interactions between slab melts and mantle
wedge peridotite lead to several different results.
Yogodzinski et al. (1994; 1995) discovered two
types of high-Mg andesites in the western Aleu-
tian Komandorsky Island region of Alaska and
Russia: Adak and Piip. They suggested that the
Adak type is a high-Mg adakite that comes from
the limited interaction of adakites with peridotite
in the mantle wedge before they are extruded,
whereas the Piip type is formed from the direct
melting of the mantle wedge after metasomatism
by the slab melts. The Setouchi Belt of southwest
Japan is also believed to be a Piip-type, high-Mg
andesite. Tatsumi and Hanyu (2003) suggested
that the possible mechanisms for the production of
mantle-derived, high-Mg andesite magams in the
Setouchi Belt of southwest Japan, including: (i)
partial melting of mantle wedge peridotite by the
addition of aqueous fluids from the subducting
lithosphere; and (ii) partial melting of the subduct-
ing sediments and altered oceanic crust, and sub-
sequent melt–mantle interaction, be examined by
the geochemical formulation of dehydration, par-
tial melting and melt-solid reactions. Although
both mechanisms can explain the incompatible
trace element characteristics of high-Mg andes-
ites, simple hydrous melting of mantle wedge
peridotite cannot account for the Sr–Nd–Pb–Hf
isotopic compositions of such andesites, whereas
the latter mechanism, which is consistent with the
thermal structure beneath the Setouchi volcanic
belt, can well reproduce the isotopic signature of
those high-Mg andesites. Kepezhinskas et al. 1996)
found HFSE-rich phases along the contact region
between the felsic veins and the mantle, and con-
cluded that the reaction preferentially increases
the HFSE in the Na-metasomatized mantle. Sub-
sequent melting of this Na-metasomatized mantle
produces Nb-enriched basalts or high-Mg andes-
ites. Several studies have suggested that both an
adakite and a hydrous slab fluid are involved in the
formation of boninites, attesting to the involve-
ment of young crust subduction (Taylor et al.
1994). Therefore, Defant et al. (2002) proposed the
term ‘adakite metasomatic volcanic series’ for this
genetically related volcanic suite of rocks that
would incorporate adakite.

Fig. 6 Ce–Ce/Pb diagram. The data are obtained from Hofmann et al.
(1986) for mid-oceanic ridge basalt (MORB), oceanic island basalt (OIB),
C-chondrite and continental crust; and Table 2 for Nb-enriched basalt.
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As for the minerals in the mantle peridotite that
can scavenge for Nb and HFSE during slab melts
and mantle peridotite interaction, current data
preclude all the common mantle minerals (Cpx,
Opx, Ol, Gt and Sp) as the Nb and Ta hosts. The
partition coefficients for Nb and Ta are very high
for rutile/fluid and rutile/melt pairs, but the low
modal abundance of these phases may neverthe-
less preclude their control of the Nb–Ta signature
(Ayers 1998). Although the experimental distribu-
tion coefficient (D-value) of Nb between amphibole
and slab melts is slightly low, ranging from 0.02 to
0.20 (Green 1994), Sajona et al. (1993; 1996) stated
that amphibole can be expected to be one of the
most common Nb-bearing metasomatic phases.
Ionov and Hofmann (1995) also suggested that
amphibole may be an important phase that con-
trols Nb and Ta in the subarc mantle. Tiepolo et al.
(2000) pointed out that the partition coefficients
between liquids and amphibole for Nb and Ta are
strongly dependent on the structure and com-
position of both amphibole and slab melts. By
combining current knowledge of amphibole crystal
chemistry and the results of single-crystal struc-
ture refinement, they suggested that amphibole
may determine the Nb and Ta signature of mag-
mas during mineral/melt fractionation processes
in the upper mantle. Hollings and Kerrich (2000)
and Polat and Kerrich (2001), however, mentioned
amphibole–ilmenite or amphibole–Fe-enriched
orthopyroxene as the Nb and Ta hosts. Studies of
the trace elements in minerals from metasoma-
tized spinel lherzolite xenoliths in western Victo-
ria, southeastern Australia, show that amphibole
and mica increase the concentration of HFSE. The
Nb and Zr concentrations in amphibole can reach
160  and  300 ppm,  respectively,  whereas  mica  has
a Nb content of 58 ppm (O’Reilly et al. 1991).
Since amphibole is the most common phase during
melt–mantle interaction, it must be one of the most
common Nb-bearing phases in metasomatized
mantle peridotite.

Therefore, Nb-enriched basalts might be
derived from the partial melting of the slab melt-
metasomatized mantle wedge peridotite.

GENERATION CONDITIONS

Previous studies have indicated that there are
some geochemical differences between the
Cenozoic and Archean adakites and associated Nb-
enriched basalts because of the different condi-
tions under which they are formed. Martin (1999)
suggested that the depth of slab melting and the

degree of interaction between slab melts and man-
tle peridotite are closely related to the geothermal
gradient. The extremely high geothermal gradient
in the Archean era caused the melting of the sub-
ducted slab in the relatively shallow plagioclase
stability field, whereas the melting of subducted
slab in the Cenozoic era could not occur until it
descended into the deeper garnet stability field.
Experimental studies show that the melts gener-
ated at 10 to 40% fusion of the metabasalts or
amphibolites are adakitic in composition and equil-
ibrated with residences made up of plagioclase
+ amphibole ± orthopyroxene ± ilmenite at low
pressure (8 kbar), garnet + amphibole ± plagio-
clase ± clinopyroxene ± ilmenite at 16 kbar and
garnet + clinopyroxene ± rutile at higher pressure
(Martin 1999). Therefore, higher geothermal gra-
dients (25–30∞C/km) and lower pressure (ranging
from 8 to 18 kbar) along the Benioff zone in the
Archean era could have resulted in relative HREE
enrichment in both adakites and Nb-enriched
basalts because of the lesser incorporation of
garnet in the residue. This also accounts for the
absence of a positive Sr anomaly in adakites as a
result of some plagioclases remaining in the resid-
ual phases. Archean adakites are relatively poorer
in transitional elements (e.g. Cr and Ni) and MgO
compared to their Cenozoic counterparts, indicat-
ing that the mantle–melt interactions were less
efficient, probably because of the shallower depth
of slab melting. In this case, the slab-derived melts
rise through a thinner mantle wedge, thus reduc-
ing the efficiency of the interactions (Martin 1999).

The positive Sr anomalies in the adakites in this
study indicate that the plagioclase in the source
region should almost be melts. So the depth of slab
melting in this area should be deeper than that of
Archean adakites whose slab melting occurred in
the plagioclase stability field. Based on experimen-
tal results (Martin 1999), the pressure might be
more than 16 kbar (i.e. a slab melting depth of
about 55 km) for adakite generation in this area. A
slightly higher HREE content of these adakites
compared to that of their Cenozoic counterparts
implies the lesser incorporation of garnet in the
residual phase. It means that the depth of the
Paleo-Asian Oceanic slab melting in northern Xin-
jiang is shallower than the depth of the slab melt-
ing in the Cenozoic era, which is about 70–90 km
(Martin 1999). Therefore, the depth of the Paleo-
Asian Oceanic slab melting lies between the depths
of the slab melting in the Archean and Cenozoic
eras. The lower transitional element and Mg# con-
tent in the adakites in this study compared to their
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Cenozoic counterparts might account for the rela-
tively weak melt–mantle interaction as a result of
the slightly shallower slab melting depth. A lower
Mg# content could also be caused by the incor-
poration of slab sediments during slab melting
(Tatsumi & Hanyu 2003). The geochemical fea-
tures of adakites and Nb-enriched basalts in
northern Xinjiang indicate that the geothermal
gradient in the Paleo-Asian Oceanic subduction
zone and the depth of the Paleo-Asian Oceanic slab
melting lie between their counterparts in the
Archean and Cenozoic eras.

GEOLOGICAL SIGNIFICANCE

It has been determined that the Paleo-Asian
Ocean occurred in northern Xinjiang during the
Paleozoic era. High-Mg andesites and Mg-rich
dacites of Devonian age in the Ashele area and a
back-arc basin ophiolite in Kuerti in the southern
margin of the Siberian Plate indicate that the
Paleo-Asian Oceanic Plate subducted beneath the
Siberian Plate during the late Paleozoic period
(Niu et al. 1999; Xu et al. 2003). As for the timing
of the subduction and the closing of the Paleo-
Asian Ocean, controversies still exist because of
the lack of precise chronological data that can
directly indicate the time of the subduction. Some
researchers suggested that the orogenesis in the
Altay area should have taken place before the late
Silurian or early Devonian period (Liu et al. 1997;
Graupner et al. 1999), whereas others believe that
the orogenesis between the Siberian Plate and the
Kazakhstan-Junggar Plate did not happen until
the late Carboniferous–Permian period (Yu et al.
1995; Han et al. 1997). Jahn et al. (2004) sug-
gested that the collage of the Altai Mountains was
achieved by strike-slip faulting resulting from two
periods of collision: (i) a late Devonian to early
Carboniferous oblique subduction and collision of
the Gondwana-derived Altai–Mongolian terrane
and the Siberian continent; and (ii) a late Carbon-
iferous to Permian closure of the Irtysh-Zaysan
branch of the Paleo-Asian Ocean and collision of
the Kazakhstan and Siberian continents. Recent
studies show that the plagiogranite from the
Kuerti back-arc basin ophiolite is derived from
the partial melting of amphibolite that is devel-
oped from gabbro within the ocean Layer 3 shear
zone by low-angle shear deformation during the
oceanic crust migrating process. The zircon
sensitive high mass-resolution ion microprobe
(SHRIMP) U–Pb age of 372 ± 19 Ma for this
plagiogranite represents not only the time of the

back-arc basin extension and Kuerti ophiolite for-
mation, but also the time of the northward sub-
duction of the Paleo-Asian Oceanic Plate (Zhang
et al. 2003a).

As for the south side of the Paleo-Asian Ocean,
the geological information that is linked to the
Paleo-Asian Oceanic Plate subduction is rarely
reported. Middle Devonian Boninitic rocks, which
may be formed in a forearc setting linked to the
southward subduction of the Paleo-Asian Oceanic
Plate, have been discovered recently in this region
(Fig. 1b) (Zhang et al. 2003b). A combination of
early Devonian adakite and Nb-enriched basalt
that occurred in the northern margin of the Kaza-
khstan-Junggar Plate and discussed in this paper
indicates that the Paleo-Asian Oceanic Plate
subducted southward beneath the Kazakhstan-
Junggar Plate in the early Devonian era.

CONCLUSIONS

1. The geochemical characteristics of andesitic
and dacitic rocks in the northern margin of the
Kazakhstan-Junggar Plate show that they are
very similar to those of adakites. A relatively
high Al2O3, Na2O and MgO content and high
Mg# values indicate that adakites in this area
are linked to oceanic slab subduction rather
than the partial melting of newly under-plated
basaltic crust. They might be derived from the
partial melting of the subducted Paleo-Asian
Oceanic slab. Slightly higher SrI and lower
eNd(t) values than those of MORB imply that
slab sediments were incorporated into the ada-
kites during slab melting. Positive Sr anomalies
and a slightly higher HREE content in the ada-
kites compared to their Cenozoic counterparts
indicate that the geothermal gradient in the
Paleo-Asian Oceanic subduction zone and the
depth of the Paleo-Asian Oceanic slab melting
lie between their counterparts in the Archean
and Cenozoic eras.

2. The intercalated basalts are distinguished from
the typical arc basalts by their higher Nb and
Ti content with HFSE enrichment. They are
Nb-enriched basalts and are derived from the
partial melting of the slab melt-metasomatized
mantle wedge peridotite.

3. The distribution of the adakites and Nb-
enriched basalts, together with boninitic rocks
in the northern margin of the Kazakhstan-
Junggar Plate, indicates that the Paleo-Asian
Oceanic slab subducted southward beneath the
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Kazakhstan-Junggar Plate in the early Devo-
nian era.
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