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Shoshonitic series volcanic rocks (SSVR) and adakites are widely distributed in the Permian terrestrial volcanic
strata of the Yishijilike–Awulale range ofwest Tianshan, north Xinjiang, China. Isotopic dating yields Permian ages
of 280–250 Ma. The SSVR include absarokite, shoshonite and banakite which are characterized by enrichment of
alkalis, particularly in K, combinedwith lower Ti, higher Al (A/NKC=0.70–0.99, metaluminous) and Fe2O3NFeO.
The SSVR that are rich in LILE with high REE contents and Eu/Eu⁎ range from 0.59 to 1.30. They are rich in LREE
((La/Yb)N 2.15–11.97) and depleted in Nb, Ta and Ti (TNT negative anomalies). The adakites are metaluminous to
weakly peraluminous (A/NKC=0.85-1.16) and belong to the high-SiO2 type of adakite (HSA, SiO2=62%–71%).
They are characterized by lower ΣREE with strong LREE enrichment ((La/Yb)N 13–35). Pronounced positive Eu
anomalies (Eu/Eu⁎=1.02–1.27), very lowYb contents and distinct TNT-negative anomalies are evident. The SSVR
have εNd(t) (+1.28 to+4.92)and (87Sr/86Sr)i (0.7041–0.7057) that are similar to adakites in the regionswhichare
characterized by εNd(t)=0.95 to+5.69 and (87Sr/86Sr)i=0.7050–0.7053. Trace element, REE and Sr/Nd isotopic
compositions suggest that both SSVR and adakites possess similar source regions associated with underplated
mantle-derived basaltic materials. Lithosphere extension driven by magmatic underplating was responsible for
the generation of both the SSVR and adakites. This magmatism serves as a petrological indicator of underplating
during the Permian. Obviously thickened crust (62–52 km), a complex Moho discontinuity, high heat flow
(~100 mw·m−2), widespread contemporary alkali-rich granites, basic dike swarms (K–Ar ages of 187–271 Ma,
Ar–Ar ages of 174–270Ma and Rb–Sr ages of 255±28Ma; εNd(t)+1.84 to+10.1; (87Sr/86Sr)i 0.7035 and0.7065),
and basic granulites (SHRIMP U–Pb age of 268–279±5.6 Ma) provide additional evidences for the underplating
event in this area during Permian.
© 2009 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

Underplating refers to the process of emplacement or addition of
mantle-derived basicmagma to the base of the lower crust (Furlong and
Fountain,1986; Jin andGao,1996). As an importantmechanismof crust-
mantle interaction and vertical accretion of the crust, the underplating
process has attracted a more widespread interest. Granitoids and
associated rocks in particular have studied widely in understanding
crustal evolution and continental growth (e.g., Stern, 2008; Rino et al.,
2008; Ye et al., 2008). Continental growth in the Phanerozoic,
particularly the late Paleozoic of the North Xinjiang has attracted
much attention since the authors (Zhao et al., 1989, 1993a,b, 2006)
first reported that late Paleozoic granitoids along the south margin of
the Altay Mountains possess higher 143Nd/144Nd and positive εNd(t)
and their source region was juvenile crust. The 1998 IGCP-420 Project
lead by Prof. Bor-ming Jahn in 1998 promoted an investigation into the
ssociation for Gondwana Research.
Phanerozoic of North Xinjiang as well as central east Asia orogenic belt
(CEAOB), and a suite of late Paleozoic granitoids with high 143Nd/144Nd
andpositive εNd (t)were found (Kovalenko et al.,1996; Zhou et al.,1996;
Han et al., 1997; Jahn, 1998; Jahn et al., 2000a,b; Chen et al., 2000; Hong
et al., 2000; Wu et al., 2000; Chen and Jahn, 2004). Zhao et al. (1993a,b,
1996) proposed that the granites along the south margin of the Altay
Mountains resulted from partial melting of juvenile crust and the alkali-
richgranites inUlungur area fromhigherdegree fractional crystallization
of depleted-mantle. Han et al. (1997) considered that the alkaline
granites were derived from altered depleted-mantle. Zhou et al. (1996)
argued that the Alataw granites were derived from the mixing of crust
and mantle. In contrast, Hong et al. (2000) suggested new crust formed
by subducted ocean crust may have been the source region. The
formationmechanism of juvenile crust or mantle-derivedmaterials was
widely considered to be related to underplating. Jahn (1998) proposed
that the underplating mantle-derived magma interacted and melted
togetherwithpre-existinggranulite.Han et al., (1996) suggested that the
underplating of mantle-derived magma took place on the crust-mantle
interface or in the lower crust. Hong et al. (2000) considered that the
underplating of basic magma promoted the partial melting of the crust
formed by subducted ocean crust prior to 800–600 Ma.
Published by Elsevier B.V. All rights reserved.
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Additional evidence for the underplating event during the Late
Paleozoic in north Xinjiang, has been reported in various studies (Yang
et al., 2007; Wang et al., 2008; Xiao et al., 2008; Gao et al., in press).
Since 2000, late Paleozoic shoshonitic series volcanic rocks (Zhao
et al., 2000, 2004a,b) and adakites (Xiong et al., 2001; Xu et al., 2001;
Wang et al., 2003; Zhang et al., 2004; Xiong et al., 2005; Zhang et al.,
2005) have been found in North Xinjiang. Zhao et al. (2006) divided
the adakites of this area into a subduction-related type and an
underplating-related type. The shoshonitic series volcanic rocks
(SSVR), underplating-related adakites, alkali-rich granites and alka-
line rocks constitute an alkali-rich igneous province in North Xinjiang
(Zhao et al., 2000, 2004a,b). Permian (248–292 Ma) bimodal dykes of
the adjacent Tarim Basin were recognized which indicate large-scale
extension (Li et al., 2008). The late Paleozoic granites in east Tianshan
with low (87Sr/86Sr)I ratios, relative high 143Nd/144Nd ratios and
association with contemporaneous mafic and ultramafic rocks are
related to the underplating event (Wang et al., 2008). From the above,
it can be deduced that extensive underplating of mantle-derived
magma and obvious continental growth took place during Permian
times. These processes are the focus of this paper, which considers the
petrology, REE and trace element geochemistry and Sr and Nd isotopic
compositions of adakites and (SSVR) together with the data of a global
geosciences transect (GGT) across this area, such as thickening crust,
complex Moho discontinuity structure and high heat flow.

2. Shoshonitic series volcanic rocks (SSVR) and adakites as an
important indicator of continental growth

2.1. Distribution of shoshonitic series volcanic rocks and adakites

The SSVR are mainly distributed in two areas, i.e., Erqisi and West
Tianshan volcanic belts. The SSVR in the former are mainly composed
of middle Devonian D2 (Beitashan–D2b, Yundukara–D2y and Kasxi-
weng–D2k groups), lower Devonian D1t (Tuoranggekuduke Group)
(partly), and lower Carboniferous C1 (Nanmingshui–C1n and Bata-
mayineishan–C1b Groups). Contemporaneous adakites from these
areas not discussed in this paper because they are both related to
oceanic slab subduction.

The Permian volcanic-sedimentary rocks in Tianshan are mainly
composed of basic to acid rocks, which aremostly porphyries, but lack
the association of andesite, dacite and rhyolite, and sedimentary rocks
containing plant fossils (Zhao Junmen et al., 2003).

The SSVR constitute the majority of Permian volcanic rocks in the
region and are mainly distributed in the west Tianshan volcanic belt
Fig. 1. Sketch map showing the distribution of shoshonitic volcanic rocks and adakites in W
series; 4. Carboniferous volcanic rocks; 5. Proterozoic; 6. Ultramafic rocks; 7. Alkali-rich gra
Proterozoic basement; 12. Fault.
where they are concentrated in the Yishijilike–Awulale range (from
Kangsugou in the north of Zhaosu county to Naraqin on the east of
Nileke county) and the east section of the Nalaqin range (fromNalaqin
to Bayinbuluke). The Permian adakites of the Awulale range are
mainly distributed in the area from Heishantou to Bugulagou area,
around Nileke country. They are less common in the Sanchakou area of
East Tianshan. The adakites are temporally and spatially associated
with the SSVR, forming an E–W trending belt (Fig. 1).

2.2. Analytical methods

Major element contents were analyzed by conventional wet
chemical techniques with precision 2–5%(Li, 1997). The REE and
trace elements were determined by a Perkin-Elmer Sciex ELAN 6000
ICP-MS at the Guangzhou Institute of Geochemistry, Chinese Academy
of Sciences. About 50 mg of powder sample was dissolved in high-
pressure Teflon bomb using a HF+HNO3 mixture. An internal
standard solution containing the element Rh was used to monitor
the signal drift counting. The USGS standards BCR-1 and BHVO-1were
chosen for calibrating element concentrations. The analytical preci-
sion for most elements was generally better than 5% (Liu et al., 1996;
Li, 1997).

Sr and Nd isotopic compositions were determined on a Finnigan
MAT-262 spectrometer at the Institute of Geology and Geophysics,
Chinese Academy of Sciences, using the similar analytical procedure as
Li and McColloch (1996). The 87Sr/86Sr ratio of standard NBS987 and
143Nd/144Nd ratio of the La Jolla standard measured during this study
were 0.710234±7 (2σ) and 0.511838±8 (2σ), respectively. Mea-
sured 87Sr/86Sr and 143Nd/144Nd ratios were normalized to 87Sr/
86Sr=0.1194 and 143Nd/144Nd=0.7219, respectively.

The samples for Ar–Ar datingwerewrapped in Sn foil and seated in
6-mm-ID evacuated quartz-glass vials together with standard (bio-
tite) flux monitors, and irradiated for 37 h at Beijing Nuclear Research
Center. All samples were step-heated using a radio-frequency finance.
The Ar isotope analyses were conducted on a MM-1200 mass
spectrometer at the Laboratory of Analysis Center, Guilin Resource
and Geological Institute. The monitor standard was the ZBH-25
(biotie, 132.5 Ma) and ages were calculated using the constants
recommend by Steiger and Jager (1977). All errors are quoted at 1σ
level and do not include the uncertainly of the monitor age. The
experimental procedures were described by Dai and Hong (1982) and
Wang et al. (2003).

The U–Pb isotopic analyses of single zirconwere performed using a
Perkin-Elmer Sciex ElAN 6000 at Northwest University. A 30–40 μm of
est Tianshan. 1.Cenozoic; 2.Mesozoic; 3. Permian volcanic rocks (adakite, shoshonitic
nites (C1–P2); 8. Syenite porphyry; 9. Paleozoic granite; 10. Proterozoic basement; 11.



Fig. 2. K2O–SiO2 diagram of the shoshonitic series volcanic rocks and adakites in West
Tianshan (after Peccerillo and Taylor,1976; Rickwood,1989). SSVR Adakites; The shaded
area is the field in which fall the boundary lines of Peccerillo and Taylor (1976) and
Rickwood (1989): a. Absarokite; b. Shoshonite; c. Banakite.
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spot size was adopted. The concentrations of U, Th and Pb were
calibrated using 29Si as internal calibrant and NIST SRM 610 as
reference material. 207Pb/206Pb and 206Pb/238U ratios were calculated
using GLITTER 4.0 and corrected using the Harvard zircon 91500 as
external calibrant (Yuan et al., 2004). U–Pb ages were calculated using
ISOPLOT (Ver. 3) (Ludwig, 2003).

2.3. Petrography

2.3.1. Major element chemistry and mineral assemblage of SSVR
The SSVR as discussed here refer to a rock series with SiO2 48wt.%–

63 wt.% and K2O 1.6 wt.%–4.0 wt.% plots in the shoshonite field on the
K2O–SiO2 diagram (Fig. 2; Peccerillo and Taylor, 1976). They include
absarokite, shoshonite and a small amount of banakite, and are
characterized by enrichment of alkalis (K2O+Na2O=5 wt.%–14 wt.%),
particularly K2O (up to 8.12 wt.%) and K2ONNa2O (although K2ObNa2O
at SiO2b~50wt.%).Mostof themhave relatively lowTi (mostlyb1.6wt.%),
high Al2O3 (ranges from 13 wt.% to 19 wt.%), A/NKC(Al2O3/K2O+
Na2O+CaO molecule ratio)=0.70–0.99 (metaluminous rock) and
Fe2O3NFeO (Table 1, Fig. 2). These features are quite similar to those
of average shoshonites (Table 1, Morrison, 1980).

The SiO2 contents of absarokites are 48 wt.%–52 wt.%, which are
equivalent to basalts, and K2ON1.6 wt.%–2.4 wt.%. They are composed
of olivine, clinopyroxene, plagioclase, hornblende, magnetite and
ilmenite. The clinopyroxene is mainly augite and lesser diopside.
Hornblende is mostly altered to chlorite. Microcrystal K-feldspars in
the matrix have Ca-sanidine compositions (Ab19.0, An 3.3, Or 77.7).
Anorthoclase microcrystals (Ab 64.2, An 7.3, Or 28.5) occur as
apomicrocrystals. These rocks show porphyric, micro-ophitic, spor-
ophitic and augite glomerophyric textures.

Shoshonite SiO2 contents are 52 wt.%–56 wt.% and K2ON2.4 wt.%–
3.2 wt.%, which is equivalent to basaltic andesite. They are composed
of olivine, clinopyroxene, plagioclase, magnetite and a small amount
of biotite (~1%). The olivine phenocrysts occur as pseudomorphs and
were altered to soapstone. Clinopyroxene is augite and plagioclase is
typically altered to zoisite. The matrix was mostly devitrified and
composed of abundant K-sanidines (Ab 0.8, An 0.5,Or 98.7),
plagioclases and anorthoclases (Ab 84.2, An 2.7, Or 13.1). Sporophitic,
vitrophyric and hyalopilitic are dominant textures.

SiO2 contents in banakite are 56 wt.%–63 wt.% (equivalent to
andesite in composition) and K2ON3.2 wt.%–4.0 wt.%. They are
composed of olivine (pseudomorph), clinopyroxene, orthopyroxene
and magnetite. The clinopyroxene is augite. Labradorite (An 56.3)
plagioclase may exhibt Albite-Carlsband twins. Albitization and
zoisitization occur in the matrix of some samples. Microcrystal
aggregates of plagioclase occur in the apomatrix with K-feldspar
microcrystals (sanidine with Or 99, An1.0, Ab 0). They show
porphyritic, poikilitic and vitropilotaxitic textures.

2.3.2. Major element chemistry and mineral assemblage of adakites
The Permian adakites are hypabyssal quartz-albite porphyry, albite

porphyry, tonalite, plagioclase granite porphyry and dacite. There are
no Nb-enriched basalt (NEB) and high-Mg andesite (HMA) associated
with these adakites. These adakites are high-SiO2 type (HSA,
SiO2=62 wt.%–71 wt.%, Martin et al., 2005). They possess
Al2O3=13 wt.%–16 wt.% with A/NKC=0.85–1.16, indicating that
they are metaluminous to weak peraluminous. Whereas the Sancha-
kou adakites in the East Tianshan Mountains are medium-K calc-
alkaline series, the Awulaler adakites are notably rich in alkalis, being
part of the high-K calc-alkaline series with K2O+Na2O=6.46 wt.%–
11.11 wt.% and Na2O/K2O=1.6–9.3 (high up to 16) (Fig. 2). MgO
contents are lower (b3.0 wt.%) and Mg# ranges from 35 to 56 (Xiong
et al., 2001, 2005). These features are similar to those of underplating-
related adakites in Peru and different from those of subduction-
related adakites (Mg#55–71; MgO=1.22–6.78 wt.%; Table 2; Petford
and Atherton, 1996).

Plagioclase, hornblende, and less biotite, are the main phenocrysts
of the Awulale adakites. The phenocryst plagioclases are typical albite
with Ab values of 96.8–98.8. The hornblende phenocrysts are
classified as magnesian hornblende with MgO contents greater than
13 wt.%. Magnetite, ilmenite, apatite, zircon and sphene are the main
accessory minerals. In the Sanchakou adakites, the plagioclase
phenocrysts are andesines with the Ab values of 49.9–55.8 and An
values of 43.8–49.6.

2.4. REE and trace element geochemistry

2.4.1. REE geochemistry
Total REE (ΣREE) contents of SSVR are higher and range from40ppm

to 260 ppm (most of them are 100 ppm) and Eu/Eu⁎ ranges from0.59 to
1.30 (mostof themare ~1.0). Theyare rich in LREEwith (La/Yb)N ranging
from2.15 to 11.97 (mostly ~5). These features above are closely related to
the abundances of major element Si and K. The Eu displays from
enrichment to weak-and to moderate depletion. ΣREE and (La/Yb)N
gradually increase with SiO2 increase but decrease where SiO2 is higher
than 52 wt.%. Chondrite-normalized REE patterns can be divided into
four types: HREE enrichment-weak enrichment with Eu moderate
depletion ((La/Yb)N 0.98–4.36; Eu/Eu⁎0.59–0.74); LREE enrichment
with Eu moderate depletion ((La/Yb)N 3.99–6.00; Eu/Eu⁎0.79–0.94);
both LREE and Eu enrichment ((La/Yb)N 2.15–5.65; Eu/Eu⁎1.10–1.30)
and LREE obvious enrichment with weak or no Eu depletion((La/Yb)N
10.77–11.95; Eu/Eu⁎0.80–1.00)) (Fig. 3, a–d). The third one is mainly for
absarokite , the forth for the shoshonite, the firstmainly for the banakite
and the second for both absarokite and banakite.

The adakites are characterized by lower ΣREE ranging from50 ppm
to 100 ppm (most of them are ~70 ppm) with pronounced LREE
enrichment. (La/Yb)N of Awurale area adakites are 13–35 compared
to ~5 for Sanchakou area adakites. Pronounced positive Eu anomalies
(Eu/Eu⁎=1.02–1.27) and very low Yb contents (0.32 ppm −
1.67 ppm, lower than 1.9 ppm, Defant and Drummond, 1990) are
evident in the strongly fractionated chondrite-normalized REE
patterns (Table 2, Fig. 3e).

2.4.2. Trace element geochemistry
SSVR are rich in LILE, such as P, Rb, Sr, Ba, Pb, and LREE, which are

distinctly higher than those of island arc tholeiite. Th, U, Cr and Ni
contents are also higher (Table 1). Compared to the primitive mantle,
SSVR are obviously rich in LILE such as K, Rb, Ba and Th and HFSE such



Table 1
Chemical compositions of shoshonitic series volcanic rocks in west Tianshan.

Section Qunjisayi(2)⁎ Qunjiguokou(5) Kezikezang(2) Aobaganjin(4) Bugulagou(5) Kangsugou(4) Daharaganda(2) Qiaoerma(3) Ba'yinbuluke(3) Average of shosholite (109⁎)⁎⁎

SiO2 (%) 46.45–55.43 49.74–53.25 51.36–53.25 47.75–63.78 45.37–61.25 52.28–55.08 52.68–54.08 52.11–53.13 49.07–53.44 52.41(48–63)
Al2O3 (%) 15.72–16.01 13.86–14.56 15.28–16.36 13.77–16.80 15.54–17.07 15.05–16.62 14.78–15.74 17.65–18.62 16.06–17.10 16.17(14–19)
TiO2 (%) 0.89–1.93 1.40–1.62 1.28–1.62 0.86–1.35 0.40–1.31 0.81–1.45 1.15–1.30 0.81–0.88 0.84–0.86 0.95(b1.3)
K2O (%) 3.28–4.75 2.34–4.75 2.12–2.60 1.86–7.03 2.18–8.12 2.88–5.34 2.61–2.62 4.71–5.27 2.22–6.53 3.36(1.52–6.05)
Na2O (%) 2.70–3.53 3.37–5.58 3.52–4.12 2.20–5.28 3.15–6.01 2.17–4.29 3.49–3.51 2.79–3.76 2.80–3.13 3.14(2.05–4.15)
K2O+Na2O(%) 5.98–8.28 7.31–9.01 5.64–6.72 4.38–10.08 5.33–14.13 6.63–8.70 6.11–6.12 8.06–8.84 5.16–9.66 6.50(N5)
K2O/Na2O 1.21–1.35 0.42–1.17 0.60–0.63 0.62–1.63 0.66–1.35 0.77–2.46 0.74–0.75 1.34–1.89 0.76–2.09 1.07(N0.6; N1.0)
Fe2O3/FeO 1.49–2.33 3.21–4.17 6.64–9.14 0.85–11.46 0.79–5.24 0.72–1.12 6.42–50.1 1.23–12.22 1.35–43.1 1.03(N0.5)
Fe2O3+FeO(%) 9.42–11.72 8.80–11.12 10.25–11.97 5.43–12.44 4.18–15.73 6.98–8.39 8.16–9.70 7.14–8.44 8.38–10.53 7.78
A/NKC 1.07–1.11 0.72–0.98 1.00–1.83 0.88–1.27 0.83–1.49 1.05–1.30 1.00–1.01 1.08–1.20 1.04–1.39 1.04
∑REE(ppm) 120–125 194.5–260.5 80.4–201.2 68–152 56.3–138.9 174.8 183.8 141.9 49.5–134.7
(La/Yb)N 3.99–4.36 10.8–12.0 4.34–10.81 2.9–4.9 0.98–5.65 7.3 12 6 2.70–3.36
Eu/Eu⁎ 0.66–0.94 0.80–1.0 0.74–0.89 0.74–0.79 0.59–1.10 0.81 0.84 0.79 0.59–1.18
Rb (ppm) 96–271 26–100 35–94– 124–289 39–189 108 28 137 112–234 75(24–590)
Ba (ppm) 709–2041 356–2137 723–820 371–960 622–1021 992 686 514 565–608 635(250–1300)
Sr (ppm) 241–890 414–2056 666–748 159–372 60–140 532 601 420 43–513 916(480–2010)
Th (ppm) 1.6–8.8 1.94–4.29 2.43–6.74 2.7–14.3 1.72–20.1 5.24 2.7 11.36 2.58–8.02 2.87(0.79–5.63)
U (ppm) 0.50–2.62 0.86–1.05 0.82–1.9 0.75–3.71 0.47–5.30 1.38 0.68 3.13 0.72–1.76 1.01(0.18–1.93)
Zr (ppm) 192–206 160–195 149–237 82–293 53–550 280 231 169 84–294 91(26–880)
Ni (ppm) 21–75 35–72 20–56 5/16/2008 3–40 21 39 23 4/12/2008 48(4–340)
Co (ppm) 23–38 25–33 26–28 8–35 3/28/2008 20 19 25 6/24/2008 21(8–48)
V (ppm) 206–231 180–227 224–244 64–345 11–234 159 168 149 48–299 244(68–670)
Cr (ppm) 33–76 41–120 48–128 3/23/2008 2–132 25 90 26 12/16/2008 137(2–608)
K/Rb 145–284 308–747 334–508 168–202 354–570 339 777 285 204–255 374(94–1093)
Rb/Sr 0.11–1.12 0.04–0.08 0.05–0.06 0.33–1.8 0.33–3.15 0.2 0.05 0.33 0.22–5.44 0.10(0.02–0.68)
Ba/Rb 2.62–21.3 11.3–27.6 11.3–20.9 2.99–3.32 3.66–15.9 9.19 24.5 3.75 2.60–5.04 9.78(0.48–35)
Th/U 3.22–3.35 1.98–4.56 2.96–4.29 3.57–4.74 2.51–3.79 3.8 3.97 3.63 3.58–4.56 2.66(2.20–3.42)

⁎Number of sample, ⁎⁎Morrison, 1980.
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as Zr, Hf, but show Nb, Ta and Ti (TNT) negative anomalies relative to
the adjacent elements in primitive mantle-normalized spidergram
(Fig. 4). The contents of these elements above increase with SiO2. The
SiO2 content in sample Xt-336 is 61.25 wt.% and the contents of K2O
(8.12 wt.%), Na2O (6.01 wt.%), Zr (550 ppm), Hf (15.9 ppm), Nb
(19 ppm), Ta (1.8 ppm), are the highest contents in all of samples from
the area. Y contents are 11–42 ppm and Sr contents are usually lower
than 600 ppm, but the Sr contents in shoshonites associated with
adakites are higher (600–2056 ppm).

Similar to SSVR, the Permian adakites are significantly enriched in
LILE such as K, Rb, Sr, Ba, Th and U in primitive mantle-normalized
spidergram. However, the abundances of compatible elements of Cr and
Ni (Cr=4.95-20.4 ppm; Ni=2.9–25.8 ppm) are distinctly lower than in
subducted slab-related adakites of the same area (Cr=24–132 ppm;
Ni=2.28–45.61 ppm, ), or in average Cenozoic average adakites
(Cr=54 ppm, Ni=39 ppm, Drummond et al., 1996), Their Y contents
are also lower (3.9 ppm −15.17 ppm) but Sr contents are higher,
resulting in higher Sr/Y (51–336) (Table 2). Both obvious positive Sr
anomalies and TNT-negative anomalies occur on primitive mantle-
normalized spidergram (Fig. 4).

2.5. Isotopic ages

Isotopic dating was carried out using 40Ar/39Ar method for the
shoshonites (Table 3). The plateau ages of 5 samples range from
249 Ma to 288 Ma, mostly ~250 Ma (Fig. 5). The isochron ages are
between 236 and 277 Ma, indicating they were formed during late
Permian (Zhao Junmen et al., 2003).

Rb–Sr, 40Ar/39Ar and zircon SHRIMP and LA-ICPMS U–Pb dating
gave 248–278 Ma ages of late Permian for adakites (Table 3), which is
consistent with those of shoshonites in the same area.

2.6. Sr and Nd isotopic compositions

Sr and Nd isotopic compositions of SSVR and adakites are listed
in Table 4.The SSVR and adakites are very similar with higher
(143Nd/144Nd)i, positive εNd(t) and lower (87Sr/86Sr)i. For the SSVR,
(143Nd/144Nd)i values range from 0.51232 to 0.51256, εNd(t) from +
1.28 to +4.92 with lower T2DM (680–883 Ma), (87Sr/86Sr)i from
0.7041 to 0.7057, εSr(t) from −0.4 to +22. There are no obvious
differences in the rock units of SSVR. For the adakites, (143Nd/144Nd)i
ranges from 0.51238 to 0.51247, εNd(t) from+0.86 to +3.26 with T2DM
of 472–699Ma (the higher (143Nd/144Nd)I=0.51257with εNd(t)=5.69
is found in Sanchakou). (87Sr/86Sr)i change with narrow range of
0.7050–0.7054 but is lower(0.7039) in Sanchakou. These features are
quite similar to those of newly underplated basaltic crust-related
adakites of Cordillera Blanca Batholith in Peru with 143Nd/144Nd range
from 0.5125 to 0.5126, 87Sr/86Sr from 0.7047 to 0.7057(Petford and
Atherton, 1996).

The SSVR and adakites mostly plot in the first quadrant (εNd(t)N0,
εSr(t)N0) near the boundary of the first and second quadrant, and are
located to the right of mantle array in diagram of εNd(t) vs. (87Sr/86Sr)I
(Fig. 6). These are different from the potassic igneous rocks (Nelson,
1992) and shoshonitic series rocks in east China (Wang et al., 1996;
Zhao and Tu, 2003) but similar to those of Lesser Antilles in Grenada
and Vulture and Campania in the Apennines fold belt, Italy (Hawkes-
worth and Vollmer, 1979) (Fig. 6). The Permian adakites of the
Awulale area are different from the subduction-related adakites of
North Xinjiang and those of Cenozoic oceanic slab-related adakites
world-wide, which mainly plot in the second quadrant along mantle
array with higher positive εNd(t) and lower (87Sr/86Sr))ib0.7046
(Fig. 6).

These features imply that the Permian SSVR and adakites in this
area possess similar source materials but were not related to oceanic
crust subduction. Their source materials were the mantle-derived
basic magma underplated onto the crust-mantle interface which



Fig. 3. Chondrite-normalized REE patterns of shoshonitic series volcanic rocks and adakites (normalized -values are from Boyenton, 1984). Shoshonitic series volcanic rocks: a. HREE
enrichment-weak enrichment with moderate Eu depletion; b. LREE enrichment withmoderate Eu depletion; c. Both LREE and Eu enrichment. d. LREE obvious enrichment with weak
or no Eu depletion; Adakites: e. Both LREE and Eu enrichment.
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underwent slight contamination by crust materials during their
petrogenetic processes.

3. Petrogenetic conditions and tectonic settings of shoshonites
and adakites

3.1. Petrogenetic conditions

Experimental data indicates that the distinct K-rich SSVR could not
have formed by the partial melting of pyrolite. For instance, they
cannot have been produced from low degree partial melting of
lherzolite, even under 20–30 kb (70–100 km). For example, 2%–2.5%
of partial melting can only yield basanitic magma with SiO2 contents
that do not satisfy the criteria for shoshonite (Wang et al., 1991).
Crustal contamination alone also cannot generate K-rich magma from
partial melt originally derived from pyrolite (Wang et al., 1991). The
experimental data of Meen (1987, 1990), however, shows that
extreme enrichment in K2O was produced by high degrees of
fractional crystallization of basaltic magma under higher pressures.
Crystallization of low-Ca pyroxene, olivine, plagioclase and augite can
produce K2O contents of magma that can reach up to 6 wt.% at 10 kb
(35 km±) with little increase in SiO2. Shoshonitic magmas with
3.2 wt.% and 4 wt.%-5 wt.% of K2O require 85% and 90%–95% high
degree fractional crystallization of the basaltic magmawith 0.8 wt.% of
K2O, respectively. The contents of SiO2 and K2O of SSVR studied in this
paper are consistent with the experiment results.

In addition, some trace element ratios, such as higher La/Nb and
Pb/Nd (1.3–10.4 and 0.17–5.22, respectively), lower Ce/Pb, Nb/U and
Nb/Pb (0.30–9.7, 1.6–16.2 and 0.10–1.47, respectively) (Table 5), are all
between those of continental crust and island arc basalt, implying that



Fig. 4. Primitive mantle-normalized spidergram of trace elements of shoshonitic series volcanic rocks and adakites (normalized-values from Sun and McDonough, 1989).

Table 3
Isotopic ages of shoshonites and adakites in Tianshan, Xinjiang.

Locations Rocks Isotopic ages (Ma) Methods References

plateau
ages

isochron
ages

Heishantou Shoshonite 264±5 263±5 40Ar/39Ar This paper
Qunjigoukou Shoshonite 251±5 236±5 40Ar/39Ar This paper
South
Kezikezang

Shoshonite 288±6 277±6 40Ar/39Ar This paper

Kangsugou Shoshonite 249±4 250±5 40Ar/39Ar This paper
Aobaganjin Shoshonite 250±4 253±5 40Ar/39Ar This paper
Mosizaote Adakite 268±5 256±5 40Ar/39Ar This paper
Mosizaote Adakite 259.5

±0.5
zircon LA–
ICPMS

This paper

Mosizaote Adakite 248 Rb–Sr Li et al. (1998)
Sanchakou Adakite 278±4 zircon

SHRIMP
Li and Chang (1998),
Li et al. (2004a,b,c)

Sanchakou Adakite 276 Rb–Sr Sun et al. (2002)
Sanchakou Adakite 269±17 Rb–Sr Rui et al. (1989,

personal communication)
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the magma forming the SSVR had undergone high degrees of frac-
tional crystallization under high pressures (N35 km) and continental
crust contamination.

Comparison with the oceanic crust subduction-related adakites,
the adakites of this area have higher Na and K, lower MgO (Mg#35–56
with average of 43), more pronounced positive Eu anomalies (Eu/Eu⁎

1.01–1.27), obvious LREE enrichment ((La/Yb)N 4.9–32.5) and TNT(Ti,
Nd, Ta) negative anomalies. These features indicate that they were
generated in the garnet and rutile stablility field and below the
plagioclase stability field. It means that they were generated in the
transition zone from amphibolite to eclogite, corresponding to 33–
50 km and N650 °C (Defant and Dummond, 1990; Rapp et al., 1991;
Sen and Dunn,1994; Rapp andWatson,1995; Xiong et al., 2001, 2006).
The adakitic Cordillera Blanca Batholith derived from the underplating
of the late Miocene basaltic materials occurred in the crust that
was N50 km thick (Petford and Atherton, 1996).

From the above, the SSVR and adakites have very similar origins
and were generated under relatively high pressures (N35 km) from
the basaltic magma underplating.

3.2. Source materials

Key diagnostic ratios such as Nb/U, Ce/Pb and Nb/Pb of the SSVR
and adakites in the study area are lower and La/Nb and Pb/Nd are
higher than those of island arcs and primitive mantle. These ratios are
between those of island arc basalt and lower crust, indicating that
continental crust contamination (high Th/Yb and low Ce/Pb ratios)
occurred during their petrogenesis process (Table 5).

The trace element ratios are consistent with the Nd and Sr isotopic
characteristic of the SSVR and adakites noted above, which are quite



Fig. 5. Plateau and isochron ages of shoshonites.
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different from the most potassic volcanic rocks (Nelson, 1992) and the
subduction-related adakites in this area, or Aleutian, Cook and Cerro
Pamna (Kay, 1978; Kay et al., 1993; Stern and Killian, 1996; Zhao et al.,
2006), but are similar to those of underplating-related adakitic
Cordillera Blanca Batholith in Peru (Petford and Atherton, 1996).

Collectively, the above trace element and isotopic features imply
that the SSVR and adakites in this area had similar source materials,
i.e., underplated mantle-derived basalt that underwent continental
crust contamination during their petrogenesis.

3.3. Tectonic setting

Both SSVR and adakites occur in the Permian volcanic strata and
their isotopic ages confirm late Permian ages for the volcanism
(~250 Ma). The Permian volcanic-sedimentary rocks lack the typical
Table 4
Sr and Nd isotopic compositions of the shoshonitic series volcanic rocks and adakites in No

Location 143Nd/144Nd (143Nd/144Nd)i εN

Adakites
Mosizaote (3⁎) 0.512518–0.512547 0.51236–0.51238 −
Tetiedaban (2) 0.512589–0.512642 0.51241–0.51247 −
Heishantou (2) 0.512567–0.512578 0.512405–0.512414 −
Qunjisayi (3) 0.512556–0.512570 0.51239–0.51241 −
Shanchakou (1) 0.512806 0.51257
Underplating-related adakite 0.5123–0.5126
Subduction-related adakite N0.5125

Shoshonites
Qunjisayi 0.512763±6 0.512529
Qunjisayi 0.512911±13 0.512556
Qunjigou 0.512670±10 0.512483
Qunjigou 0.512650±10 0.512461
Kangsugou 0.512580±12 0.51234
Kangsugou 0.512558±14 0.51232
Kangsugou 0.512717±9 0.51247
Kezikezang 0.512642±7 0.51238
Bugulagou 0.512739±15 0.51243

⁎Number of sample.
island arc association of andesite, dacite and rhyolite, which may be
artributable to the tectonic evolution of Xinjiang Tianshan during the
Permian, which involved a transition from a active continental margin
to a continental intraplate or post-collisional settings characterized by
ocean closure (Han et al., 1996; Zhao et al., 1993a,b; Jahn, 1998; Li and
Xiao, 1999; Zhao et al., 2004a,b; Li et al., 2006).

4. Petrologic and geophysical evidences for the underplating in
North Xinjiang

4.1. Basic dike swarms and granulite

Basic dyke swarms are an important mark of lithosphere extension
(e.g. Hou et al., 2008; Zi et al., 2008). Widespread basic dike swarms
occur in granites, particularly in the alkaline granites of the Ulungur,
rth Xinjiang.

d(t) TDM(Ma) (87Sr/86Sr)i References

0.82 620–699 0.7054 this paper and Li et al. (1998)
1.11 472–571 0.7053 this paper
0.19 568–588 0.7051 this paper
0.25 578–598 0.7050–0.7054 this paper
5.69 618 0.7039 this paper

0.701–0.708 Petford and Atherton (1996)
b0.7050 Defant et al. (1992), Kay et al. (1993)

4.4 776 0.7053 this paper
4.92 728 0.7057 this paper
3.51 705 0.7046 this paper
3.08 742 0.7048 this paper
1.72 844 0.7054 this paper
1.28 883 0.7041 this paper
3.18 680 0.7051 this paper
2.13 798 0.7054 this paper
3.38 697 0.7047 this paper



Fig. 6. εNd(t) vs. (87Sr/86Sr)i diagram of shoshonitic volcanic rocks and adakites in
Tianshan, Xinjiang. Lesser Antilles: potassic basalt (Hawkesworth and Vollmer, 1979);
Vulture: potassic volcanic rocks, Italy (Hawkesworth et al.1979); S.E.Aust: olivine
leucitolith, Australia Nelson (1992); Pietre Nere; alkali volcanic rocks, Italy (Nelson,
1992); ECSP:Mesozoic shoshoinitic series rocks in eastern China (Wang et al., 1996;
Zhao et al., 2003; Zhao Junmen et al., 2003); Cenozoic subducted slab related adakite
(Defant et al., 1992; Kay et al., 1993; Aguillon-Robles et al., 2001); adakite of Codillera
Bianca Betholith (Petford and Atherton, 1996);Carboniferous adakite in Xinjiang
Tianshan (Rui et al., 2004; Zhao et al., 2006;Wang et al., 2007).

Table 5
Trace element ratios of adakites and shoshonites in west Tianshan.

Ratio Adakite(14)⁎ Shoshonite(22) Lower
crust⁎⁎

Island arc
basalt
(190–359⁎,
Kelemen
et al., 2003)

Primitive
mantle
(Sun and
McDonough,
1989)

Ce/Pb 5.34(3.05–14.4) ⁎⁎⁎ 5.00(0.30–9.70) 5 6.96(3.02–21.8) 9.59
Nb/U 3.81(1.84–7.21) 6.00(1.60–16.2) 25 9.88(2.8–22.4) 34
Nb/Pb 0.45(0.19–0.80) 0.57(0.10–1.47) 1.25 1.96(0.44–5) 3.85
Pb/Nb 0.47(0.05–0.75) 0.84(0.19–5.22) 0.36 0.24(0.09–5.0) 0.14
Th/Yb 4.4(2.3–6.7) 1.75(0.40–4.15) 0.8 0.65(0.18–4.20) 0.17
La/Nb 5.9(2.0–8.6) 4.2(1.3–10.4) 1.6 1.62(0.96–2.39) 0.96
Ba/La 39.6(13.8–71.1) 50.5(11.0–125.4) 32.4 24–88(12.9–50.9) 10.2

⁎Number of sample; ⁎⁎Calculated from Rudnick, 2003.
Mg#N60 for island arc basalt; ⁎⁎⁎ratio range.
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Sawuershan area on the south margin of Altay Mountain, in the
Karamay area of west the Junggar Basin and Tianshan. For example,
there are more than 40 mapped basic dykes in the Karamay granites.
They are typically several hundreds to thousands of meters in length
(longest 6.2 km) and several tens centimeters to several meters wide
(0.6–2.5 m) (Qi, 1993; Li et al., 2004a,b,c; Xu et al., 2008; Zhou et al.,
2008). These dykes aremainly composed of diabase, diabase porphyry
and quartz diorite porphyry with isotopic ages K–Ar of 187–271Ma (Li
et al., 2004a,b,c; Xu et al., 2008), Ar–Ar ages of 174–270 Ma (one
sample gave an age of 332 Ma, Zhou et al., 2008) and Rb–Sr 255±
28 Ma (Qi, 1993). These ages are consistent with those of SSVR and
adakites in this area, i.e., they are mainly later Permian. εNd(t) and
(87Sr/86Sr)i of the these basic dyke swarms range from +1.84 to +
10.1 and 0.7035–0.7065, respectively (Qi, 1993; Xu et al., 2008). These
features indicate that the basic dike swarms resulted from the
underplating of mantle-derived magma during the Permian.

Basic granulite is an important constituent of lower crust. It can be
produced by strong interaction or metamorphism between lower
crust and mantle-derived basaltic magma underplated at the crust-
mantle boundary. Accordingly, basic granulite may be an important
indicator of an underplating event. In recent years, basic granulites
have been found in the southwest Tianshan and Altay area. For
instance, basic granulite xenoliths (SiO2=46–52 wt.%) were found in
Tuoyun, southwest Tianshan, It displays obvious positive Eu anomaly
with Eu/Eu⁎=1.24 has a U–Pb age (single zircon) of 253±3 Ma
(Zheng et al., 2006). Basic granulite found inWuqiagou, Fuyun County,
Altay area, consists of amphibole-plagioclase websterite and pyrox-
enite (SiO2 48–54 wt.%), which has zircon SHRIMP U–Pb age of 268–
279±5.6 Ma (Li et al., 2004a,b,c; Chen et al., 2006). These granulite
zircon ages are younger than those of metamorphic rocks in the same
area, implying that the mafic materials had been added into the lower
crust through underplating (Dowens, 1993).

The associations of basic dike swarms and granulites with the
Permian alkaline granites, SSVR, adakites and the Permian basalts in
the area and neighbouring areas, such as the Tarim Basin (Li et al.,
2008), Tu–Ha Basin and Sangtanghu Basin (Zhou et al., 2006),
provided strong petrologic evidence for extensive underplating during
the Permian.

4.2. Geophysical evidence on the underplating

Underplating could give rise to variations in geophysically
detectable features, such as thickened crust, increased heat flow and
complex crust-mantle Moho discontinuity (Dowens et al., 1990;
Voshage et al., 1990; Rudnick, 1990a,b). North Xinjiang evolved
tectonically in to an intracontinental setting during the late Paleozoic
and the present crustal structure of Xinjiang was basically established
during the Permian (He et al., 1995). The crust in Tianshanwas mainly
developed before the Permian (Li and Xiao, 1999). Therefore, the data
obtained from the global geoscience transect (GGT) across the west
Tianshan could provide an important means of testing the theory that
an underplating event took place during late Paleozoic.

4.2.1. Thickening crust
Crustal thickening can result from the underplating, as noted by

Dowens et al. (1990) who estimated that the crustal thickness of French
Massif Centralwas increased by 6 km through this process. Underplating
is also estimated to have produced 7 kmof crustal thickening in the Ivera
area, Italy (Voshage et al.,1990, Rudnick,1990a) and8 km inQueensland,
Australia, corresponding to roughly 17% and 20% of the total crustal
thickness in these areas (Rudnick,1990b). Based on the filtered Bouguer
gravity anomalies and seismic data of GGT from Dushanzi (west
Tianshan) to Quanshuigou (west Kunlun mountain), the crustal
thickness ranges from 62 km to 52 km in the Tianshan area, which is
the same of the thickness as the crust in China, and 52 km−47 km from
north Tianshan to the Junggar Basin (Li et al., 2001).

4.2.2. Complex Moho discontinuity structure
Underplating can result in strong interaction at the Moho

discontinuity. The superposition or interleaving of underplated basic
granulite and basic rocks with anatectic products combined with
metamorphism can give rise to a complex Moho discontinuity
consisting of a mixed crust-mantle layer or crust-mantle transition
zone (Fountain and Salisbury, 1981; Jin and Gao, 1996). Based on the
GGT data from Shaya (north margin of Tarim Basin) to Buerjin (south
margin of Altay Mountain), the Moho discontinuity is composed of 7–
8 thin layers, each of which is 2–3 km in thickness resulting in a
complex crust-mantle transitional zone that thickness from south to
north to about 20 km beneath west Tianshan. Explosion seismic data
obtained at Kuitun (north margin of west Tianshan) also showed that
the transitional zone is composed of alternating high and low wave
velocity layers (Zhao Junmen et al., 2003). Geoelectromagnetic deep
sounding revealed that existence of low velocity and high conduc-
tance layers in west Tianshan may be derived from the formation of
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decollement surfaces or partial melting zones, which resulted from
the change in the geothermal regime and the rheologic state of the
low crust owing to underplating.

4.2.3. High heat flow
Underplating can transfer substantial heat to the lower crust,

leading to the formation of a geothermal anomaly. For instance, heat
flow in the upper part of the partial melting field resulting from the
underplating in the Basin-and-Range area, USA was 2-3 times higher
than those of around this area (Jin and Gao, 1996). Extensive
occurrences of hot springs and geothermal anomalies in Yellowstone
Park, USA, imply this resulted from large scale of basaltic magma
underplating (Jin and Gao,1996). The heat flow is about 100mw·m−2

in the Tianshan orogenic belt distributed SSVR and adakites, which is
about twice of the Junggar (41.8–42.3±7.8 mW/m2 ,Wang et al.,
2000; Qiu et al., 2008) and Tarim basins (44.1 mW/m2 , Wang et al.,
1995; Zhao Junmen et al., 2003).

5. Conclusions

The Permian SSVR and adakites with ages 280–250 Ma are widely
distributed in the Yishijilike–Awulale area of west Tianshan. Their
petrographic associations, trace element, REE and Sr, Nd isotopic
compositions preclude generation by subducted-slab melting. Instead,
partial melting of newly underplated mantle-derived basaltic materials
under high pressures (33–50 km) with or without minor lower crustal
contamination in an extensional tectonic setting is a plausible process.

Obvious crustal thickening, complex Moho discontinuity, high
crustal heat flow, the occurrence of widespread Permian alkali-rich
granites, basic dike swarms and basic granulites provide independent
support for the underplating event in this area during the Permian.
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