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Abstract

Five representative granitoid plutons in the Linxi area, northern Inner Mongolia of China, divided into two suites, are mainly

granodiorite and syenogranite and correspond to I- and A-type granites, respectively. Zircon U–Pb dating yields an age of ~ 230

Ma, but most ages range from 149 Ma to 111 Ma for intrusion of the five plutons. Suite 1 granitoids show lower SiO2 (66.1–

72.51%) and K2O, higher Al2O3, CaO, MgO, FeO, and TiO2, higher Sr, Ba, and Eu, and lower Sm+Gd, Nb, Y, and Yb than

Suite 2 granitoids (71.73–78.14% SiO2). Modeling of major and trace elements shows that fractional crystallization of

hornblende and lesser amounts of feldspars for Suite 1 and plagioclase and alkali feldspar for Suite 2, with overprint of

magmatic hydrothermal fluids, can explain the geochemical variations. The Linxi granitoids have initial eNd(t) values varying
between +5.60 and �2.89, and initial (87Sr/86Sr)t ratios ranging from 0.701764 to 0.707654. Geochronology of inherited

zircons, coupled with the Nd, Sr isotopic comparison between granitoids, Late Jurassic basalts, and Proterozoic gneisses,

indicates that the Linxi granitoids derive from a mixed source of dominantly underplated material or mafic magma with various

amounts of the Proterozoic gneiss. Basaltic underplating provides both material and heat to produce the Late Jurassic to Early

Cretaceous granitoids. Variation of eNd(t) and (87Sr/86Sr)t with age suggests involvement in the melting of increasingly greater

amounts of the old lower-crustal rock. Our refined equation yields less scattered Nd isotope depleted mantle model ages. The

least-fractionated granitoids from each suite have low Ca/Sr, Rb/Sr, Rb/Ba, and K/Ba ratios and, hence, represent parental

magmas. Suite 1 parent magma is produced by dehydration melting or derives principally from the fluid-metasomatized mantle.

Melting of the underplated tholeiites and their differentiated products generates Suite 2 parent magma.
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1. Introduction

Phanerozoic granitoids in the western segment of

the Central Asian Orogenic Belt are characterized by
9 (2005) 5–35
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generally positive eNd(t) values, young TDM ages, and

low initial (87Sr/86Sr)t ratios (e.g., Kwon et al., 1989;

Zanvilevich et al., 1995; Kovalenko et al., 1996; Han

et al., 1997). These characteristics reflect addition of

juvenile crust (e.g., Sengör et al., 1993). The eastern

segment of the Central Asian Orogenic Belt includes

the eastern and southern central Mongolia, northern

Inner Mongolia of China, and northeastern China. In

this region, extensive volcanism occurred in the Late

Jurassic and continued into the Early Cretaceous time

(Graham et al., 2001; Yarmolyuk and Kovalenko,

2001). These volcanics consist mainly of mafic to

intermediate and alkaline rocks, and show low

(87Sr/86Sr)t and high eNd(t) values (Chen and Chen,

1997; Yarmolyuk and Kovalenko, 2001). In this

region, the widespread late Mesozoic granitoids,

dominantly alkaline and peralkaline, show low

(87Sr/86Sr)t and positive eNd(t) values (Wu et al.,

2000; Yarmolyuk and Kovalenko, 2001).

The characteristics of low (87Sr/86Sr)t and high

eNd(t) values are shared by Phanerozoic granitoids in

areas such as the New England and the Lachlan Belts,

southeastern Australia (Hensel et al., 1985; Eberz et

al., 1990; Bryant et al., 1997; Keay et al., 1997; King

et al., 1997), the Cordillera of North America

(Samson et al., 1989; Coleman et al., 1992; Cui and

Russell, 1995; Friedman et al., 1995; Pickett and

Saleeby, 1999), Newfoudland Appalachians, Canada

(Whalen et al., 1996), and the Africa (Kinnaird and

Bowden, 1987; Bowden et al., 1990). The Proterozoic

A-type granites in Labrador, Canada (Kerr and Fryer,

1993) and rapakivi-type anorogenic granites in the

southwestern USA (Frost et al., 1999), and the fayalite

or high-silica rhyolites in the Yellowstone–Snake

River Plain province (Hildreth et al., 1991) and the

Basin and Range province (Bacon et al., 1981; Novak

and Mahood, 1986), USA, show similar character-

istics. Re-melting of newly underplated tholeiites and

their differentiated products generated these reduced

rapakivi-type granites and their eruptive equivalents,

high-K fayalite rhyolites (Frost and Frost, 1997).

However, this hypothesis is constrained merely by

low oxygen fugacity and pronounced iron enrichment

in these rocks, whereas direct evidence for the

underplating is lacking. Specifically, petrogenesis of

these granitoids that has important implications for the

continental crust growth under extensional regime in

general and in the eastern segment of the Central
Asian Orogenic Belt in particular is poorly under-

stood. The present study was conducted with the aim

to illuminate the above problems.
2. Regional geological setting

As shown in Fig. 1, the eastern segment of the

Central Asian Orogenic Belt is divided into the Altaid

and the Xingmeng (Sengör and Natal’in, 1996). The

Linxi area lies in the Xingmeng belt. This region has

undergone the evolution of the Paleo-Asian Ocean in

the Paleozoic through Triassic times, and collision-

related compression followed by extension in Meso-

zoic times (Meng, 2003). The Xingmeng and the

Altaid were amalgamated along the Ondor Sum–

Xilinhot–Linxi suture by the end of the Paleozoic time

(e.g., Yin and Nie, 1996; Lamb and Badarch, 1997).

Proterozoic metamorphic complex is the most

ancient rock unit within the northern Inner Mongolia.

The nearest outcrop of this unit occurs about 30 km to

the southeast of the Linxi town (Fig. 1), and consists

of amphibole plagioclase gneiss, biotite granitic

gneiss, and mica shists. Ordovician to Permian strata

are dominantly detrital rocks with minor carbonate

rocks. However, the Lower Permian strata are

dominantly mafic to intermediate lavas and lava

breccia.

During the Early Jurassic, crust around the Linxi

area was uplifted as evidenced by the absence of the

Early Jurassic sediments. During the late Middle

through early Late Jurassic time, collision of the North

China–Mongolia block with the Siberia plate along

the Mongol–Okhotsk suture to the north resulted in

thrust faulting in the northeast–southwest direction

and inversion structures in the Mesozoic basins (Zorin

et al., 1995; Kravchinsky et al., 2002). Extensional

tectonism that includes rifted basins, alkaline and

peralkaline granitoid plutonism, and metamorphic

core complexes prevailed in the northern Inner

Mongolia in the late Late Jurassic through Early

Cretaceous time (Zheng et al., 1991; Webb et al.,

1999; Davis et al., 2002). Rifted basins were initiated

by voluminous volcanic eruption, and culminated in

the Early Cretaceous (Meng, 2003). The volcanics

consist mainly of basalt, alkaline basalt, andesite,

trachyandesite, trachyte, and subordinate rhyolite,

with a petrogenetic succession from mafic to felsic.



Fig. 1. Geological sketch map of the northern Inner Mongolia. The upper inset shows the location of the northern Inner Mongolia (the shaded

area) within China. The lower inset shows sampling locations (stars) in the Xiaochengzi pluton, with the last two numbers from the sample

name. Stars labeled with P1 and J3 show sampling locations from the Early Permian and the Late Jurassic eruptive rocks. Star labeled with Pt

shows the sampling location from the Proterozoic gneisses.
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Granitoid plutonism is concurrent with the volcanism,

but became more vigorous in the Early Cretaceous

time following the peak of volcanism. These exten-

sional basins underwent little or no post-rift thermal

subsidence, which, integrated with intense granitoid

plutonism, implies an elevated geothermal gradient to

the Early Cretaceous time (Buck, 1991).
3. Petrography

We selected five granitoid plutons from the Linxi

area for this study. These plutons are the Maanzi, the

Yelaigai, the Longtoushan 1, the Longtoushan 2 (Fig.

2), and the Xiaochengzi (the lower inset of Fig. 1).

According to petrographic characteristics (Table 1),

the Xiaochengzi and the Longtoushan 1 were classi-

fied as Suite 1, whereas the Maanzi, the Yelaigai, and

the Longtoushan 2 are Suite 2. Suite 1 is granodiorite

with subordinate monzogranite. Plagioclase that pre-

dominates over perthite is mainly andesine with
oscillatory zoning. Besides biotite, hornblende and

skeletal pyroxene that is often included within biotite

also occur. Accessory minerals include ilmenite,

apatite, zircon, sphene, and trace allanite. Suite 2 is

syenogranite with subordinate monzogranite and

minor granodiorite porphyry. Perthite predominates

over plagioclase that is mainly oligoclase. Quartz has

a higher percentage (23–32% by volume) than that of

Suite 1 (21–26%). Besides biotite, minor skeletal

pyroxene (b 1%) was included within biotite. How-

ever, except within the Longtoushan 2, hornblende

was not observed. Accessory minerals include ilmen-

ite, apatite, zircon, fluorite, xenotime, and trace

allanite.
4. Experimental procedures

As shown in Fig. 2 and the lower inset of Fig. 1, 34

granite samples were collected from the five plutons.

Samples of basalt (S1718, S1805, S1815), alkaline



Fig. 2. Sketch map showing sampling locations from the Yelaigai, the Maanzi, the Longtoushan 1, and the Longtoushan 2 plutons. The dot and

the number represent the sampling location and the last two numbers from the sample name.
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basalt (S2001), and andesitic basalt (S2406, S2501)

were collected from the Late Jurassic eruptive rocks

(Fig. 1). Samples of amphibole plagioclase gneiss

(DB-101, FL62404, FL62406) and biotite granitic

gneiss (DB-102, FL62405) were collected from the

Proterozoic metamorphic complex (Fig. 1).

4.1. Major element and trace element analyses

Major and trace element compositions were

analyzed in the State Key Laboratory of Litho-

sphere Tectonic Evolution, Institute of Geology and

Geophysics, and the Guangzhou Institute of Geo-

chemistry, Chinese Academy of Sciences (CAS),

respectively. Rock samples weighing more than 1

kg were crushed and milled to 200 mesh and then

thoroughly mixed. Major elements were analyzed

on discs fused using 5:1 dilution with anhydrous

lithium tetraborate. The analyses were performed on

a Sequential X-Ray Fluorescence Spectrometer

(XRF). Precisions are of the order of 0.1 wt.% or

better for major elements. For the measurement of

FeO, 0.1 to 0.2 g of powdered samples (~100 mesh)

were decomposed with H2SO4 and HF solution, and

then titrated using a standardized K2Cr2O7 solution.
For the analysis of trace element abundances, about

40 mg was taken from each powdered sample and

decomposed with HF–HClO4 in Teflon bomb at 200

8C for more than 1 week. After addition of In as an

internal standard, sample solutions were diluted with

1% HNO3. The analysis was performed on a High

Resolution Inductively Coupled Plasma Mass Spec-

trometer (Finnigan-MAT). The geostandard W-2 was

used as standard sample that was checked after every

five samples. Trace element abundances analyzed on

the W-2, and its recommended values (Govindaraju,

1994) are listed in Table 2. The accuracy is better than

10% for all the trace elements except Pb and Zn by

our analysis. Moreover, as shown in Tables 2, 4 and 5,

the accuracies for Rb, Sr, Sm, and Nd abundances by

the ICP-MS analysis are better than 10% compared

with the isotope dilution analysis on the granite

samples.

4.2. Isotope dilution U–Pb dating on zircon

Samples LW97077 (Longtoushan 1), LW97066

(Maanzi), WL60423 (Yelaigai), WL60428 (Long-

toushan 2), and WL53063 (Xiaochengzi) were

selected for the zircon U–Pb dating. Zircons were
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separated from the whole-rock sample weighing up to

5 kg, employing magnetic separator and heavy

liquids. Zircons were chosen and divided into

fractions according to color, grain size, crystal form,

and integrity of crystal form. Representative zircons

for each population were mounted in epoxy and then

polished to expose the internal texture. We inspected

zircons using the binocular microscope, transmitted

and reflected light microscope, and cathodolumines-

cence technique to look for magmatic zonation,

xenocrystic cores, and recrystallized areas. Typical

internal textures of zircon are shown in Fig. 3.

Petrographic features for each fraction of the zircon

separates are briefly described in Table 3.

We carried out the U–Pb isotope dating on zircon

in the Institut für Mineralogie, Petrologie und Geo-

chemie, Universität Tübingen, Germany. Each zircon

fraction was abraded according to the method of

Krogh (1982) and then washed in hot 6 N HCl and hot

7 N HNO3, respectively. Zircon fractions were spiked

with a 205Pb–233U tracer solution and decomposed at

200 8C for 6 days. Zircon fractions were transferred

into polytetrafluorethylene vessels that fit a Teflon-

lined Parr bomb (Parrish, 1987). Then, 22 N HF was

supplied in the bottom of the Teflon bomb, enabling

vapor digestion. After decomposition of the zircons,

the HF in the Teflon bomb was replaced with 6 N

HCl, and the bomb was heated for 1 day to convert

fluoride salts to more soluble chloride salts. Separa-

tion and purification of U and Pb were performed on

Teflon columns with a 20-Al bed of AG1-X8 (100–

200 mesh) anion exchange resin (Poller et al., 1997;

Chen et al., 2000). The total procedural blanks for Pb

and U were approximately 12 and 5 pg, respectively.

The isotopic composition of the Pb blank contribution

was 206Pb/204Pb=18.5 and 207Pb/204Pb=15.5.

Measurement of U and Pb isotope ratios was

performed on a Finnigan MAT 262 mass spectrometer

operated in static collection mode. Pb was loaded with

a mixture of Si gel and H3PO4 onto a single-Re

filament and measured at 1300 8C. U was loaded with

1 N HNO3 onto a Re filament and measured in a

double-filament configuration. The lead standard NBS

981 was measured to determine the thermal fractio-

nation of Pb isotopes, and the isotopic ratios were

corrected for 0.11% fractionation per atomic mass

unit. Data regression was performed with ISOPLOT

(Ludwig, 1994).



Table 2

Major element oxide contents (wt.%) and trace element abundances (ppm) of the Linxi granitoidsa

Pluton/suite Sample no. SiO2 TiO2 Al2O3 MnO MgO FeO Fe2O3 CaO Na2O K2O P2O5

Maanzi Suite 2 WL852651 75.27 0.05 12.48 0.02 0.02 0.85 0.13 0.31 4.07 4.45 0.01

WL852652 74.22 0.18 12.81 0.03 0.18 1.40 0.28 0.74 3.70 4.92 0.04

WL852653 76.81 0.08 12.06 0.01 0.05 0.75 0.35 0.40 3.60 4.56 0.01

WL852654 75.33 0.12 12.86 0.03 0.11 0.90 0.18 0.71 3.80 4.65 0.03

WL852655 74.68 0.17 12.51 0.03 0.17 1.05 0.46 0.66 3.61 4.76 0.04

WL852656 78.14 0.07 11.37 0.02 0.05 0.60 0.34 0.40 3.33 4.53 0.01

LW97064 75.40 0.18 12.18 0.04 0.18 1.35 0.27 0.66 3.58 4.55 0.04

LW97064-1 77.23 0.09 12.00 0.02 0.06 1.00 0.06 0.42 3.49 4.76 0.01

LW97065 76.90 0.13 11.91 0.03 0.11 1.03 0.27 0.54 3.45 4.52 0.03

LW97066 75.77 0.12 12.26 0.03 0.10 0.65 0.49 0.57 3.61 4.68 0.02

Yelaigai Suite 2 WL60421 76.19 0.09 12.09 0.02 0.07 0.48 0.71 0.56 3.56 4.62 0.01

WL60422 74.05 0.14 13.28 0.03 0.11 0.90 0.65 0.65 3.88 5.03 0.02

WL60423 73.30 0.13 13.33 0.02 0.15 0.75 0.61 0.86 3.88 5.02 0.03

WL60424 74.51 0.18 13.29 0.04 0.22 0.85 0.79 0.91 3.78 4.71 0.04

WL60425 71.73 0.30 13.96 0.05 0.40 1.10 0.98 1.36 3.98 4.70 0.08

LW97079 76.20 0.11 11.93 0.02 0.08 1.45 0.07 0.57 3.29 4.81 0.01

LW97080 76.05 0.09 12.55 0.02 0.08 0.80 0.44 0.60 3.65 4.85 0.01

Longtoushan 1 Suite 1 WL60420 70.41 0.38 14.60 0.04 0.89 1.95 0.24 2.17 4.00 3.66 0.10

LW97076 70.56 0.34 14.58 0.04 0.82 1.50 0.46 1.99 3.91 3.95 0.09

LW97077 70.02 0.36 14.72 0.04 0.85 1.40 0.75 2.09 4.03 3.65 0.10

LW97078 70.79 0.37 14.62 0.04 0.88 1.50 0.69 2.03 3.93 3.88 0.10

VII07B 66.10 0.54 14.16 0.07 1.47 1.45 2.68 3.09 3.61 3.64 0.16

Longtoushan 2 Suite 2 WL60428 75.33 0.18 12.47 0.04 0.18 1.25 0.38 0.76 3.74 4.39 0.04

WL60429 74.72 0.13 12.63 0.05 0.11 0.70 0.85 0.50 4.06 4.44 0.02

LW97019 74.50 0.13 12.70 0.07 0.13 0.45 1.04 0.59 4.16 4.47 0.02

LW97020 75.67 0.12 12.78 0.06 0.16 0.50 0.94 0.55 4.18 4.47 0.02

Xiaochengzi Suite 1 WL53063 70.74 0.29 14.08 0.05 0.47 1.45 0.44 1.57 3.86 4.43 0.06

WL53064 71.90 0.26 14.43 0.04 0.44 1.25 0.50 1.61 3.85 4.54 0.05

WL53065 71.65 0.27 14.10 0.04 0.45 0.90 0.90 1.52 3.78 4.65 0.06

WL53066 71.51 0.28 14.04 0.04 0.46 1.40 0.44 1.53 3.72 4.58 0.06

WL53068 71.60 0.27 14.14 0.04 0.44 1.35 0.44 1.57 3.81 4.58 0.06

WL53069 71.31 0.29 13.88 0.04 0.48 1.40 0.43 1.57 3.78 4.45 0.06

WL53070 72.51 0.26 13.98 0.04 0.43 1.08 0.69 1.54 3.73 4.44 0.06

LW97016 72.19 0.24 13.74 0.04 0.40 0.82 0.86 1.45 3.70 4.57 0.05

This study W-2

Recommendedb W-2

a A/NKC: Al2O3/(Na2O+K2O+CaO) (molar); A/NK: Al2O3/(Na2O+K2O) (molar).
b Govindaraju (1994).
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4.3. Rb–Sr and Sm–Nd isotope analyses

Rb–Sr and Sm–Nd isotope compositions were

analyzed in the State Key Laboratory of Lithosphere

Tectonic Evolution, Institute of Geology and Geo-

physics, CAS. About 50 mg of powdered sample

mixed with suitable amounts of Rb–Sr and Sm–Nd

spikes was decomposed in Teflon bomb with HF and

HClO4 at ~ 200 8C for about 1 week. After decom-

position, samples were transferred to HCl solution.

Rb, Sr, and rare earth elements were eluted from the

Dowex AG50W�12 cation exchange resin with 5.0
N HCl. Then, Sm and Nd were eluted from HDEHP

(2-ethylhexyl), P204 resin with 0.1 N HCl. Isotope

ratios were measured with a Finnigan-MAT262 mass

spectrometer operated in static multi-collection mode

as metal ions. Rb–Sr and Sm–Nd abundances were

determined through isotope dilution. Blanks per

analysis ranged from 50 to 100�10�11 g for Rb,

and were around 50�10�11 g for Sr, around

7�10�11 g for Sm, and 8�10�11 g for Nd. 87Sr/86Sr

ratios were normalized to 86Sr/88Sr=0.1194, with

uncertainties indicated as 2rm.
143Nd/144Nd ratios

were normalized to 146Nd/144Nd=0.7219, and uncer-



(continued on next page)

LOI Total A/NKC A/NK P Ti V Cr Mn Co Zn Ga Rb Sr

0.58 98.23 1.03 1.08 100.8 383 7.00 104.7 179.7 0.144 29.74 33.09 576.8 5.74

0.73 99.23 1.00 1.12 273.5 1242.2 13.31 206.3 305.6 0.909 11.53 24.87 318.9 58.07

0.74 99.41 1.04 1.11 113.4 541.2 7.37 216.8 99 0.253 5.44 23.85 406.4 8.75

0.62 99.34 1.02 1.14 168.5 816.3 12.14 176.9 216.8 0.433 8.65 21.95 290.4 57.82

0.57 98.70 1.02 1.13 244.2 1031.3 8.87 147 262.5 0.811 15.45 20.57 266.2 50.40

0.61 99.47 1.02 1.10 163.9 629.5 5.82 228.2 129.6 0.064 6.49 20.75 320.1 19.71

0.58 99.00 1.01 1.13 226.6 1238.9 8.66 120.4 348.9 0.573 20.63 22.63 267.8 39.39

0.41 99.55 1.03 1.10 85.8 608.3 3.00 163.4 188.9 0.604 30.81 21.63 246.5 15.91

0.62 99.54 1.03 1.13 124 949.8 7.48 212.1 232.4 0.826 20.42 20.83 222.6 34.87

0.52 98.81 1.02 1.11 137.1 973.7 9.20 117.8 225.9 0.891 24.16 21.6 232 40.90

0.46 98.86 1.02 1.11 142.8 671.5 10.97 151.5 154.7 0.178 21.98 23.32 293.1 27.65

0.45 99.19 1.02 1.12 201.9 964.6 14.12 157.5 230.3 0.287 38.49 25.34 340.7 47.4

0.55 98.62 1.00 1.13 216.5 899.7 11.74 114.5 207.1 0.956 19.01 23.56 321 67.78

0.64 99.95 1.02 1.17 287.5 1150.5 13.68 151.3 313.1 0.741 33.99 22.69 322.3 112.3

0.56 99.20 0.99 1.20 440.7 1995.3 29.61 223.9 417.2 1.91 110.7 23.03 324.7 244.6

0.64 99.18 1.02 1.12 43.6 856.2 5.00 178.7 182.7 0.662 35.82 24.14 334.2 24.05

0.51 99.65 1.02 1.12 86.7 784.7 5.74 157.3 169 0.599 31.65 25.19 304.4 24.56

0.66 99.09 1.01 1.38 543.5 2332.1 46.34 149.8 357.3 4.92 30.54 19.32 147.3 320.8

0.33 98.57 1.02 1.36 412.3 2084.5 29.99 116.9 298.3 4.12 64.24 18.53 136.1 268

0.62 98.63 1.02 1.39 440.1 2284.6 33.93 137.2 328.2 4.37 57.39 18.82 140 285.7

0.75 99.58 1.02 1.37 436.8 2336.4 33.42 167.9 341 4.78 43.50 18.23 139.7 270.1

1.66 98.62 0.91 1.43 1008 3359 71.65 256.6 530 8.93 44.20 19.43 147.2 423.1

0.66 99.41 1.01 1.14 256.5 1141.2 12.74 231.2 307 1.35 24.56 22.17 274 59.86

0.62 98.83 1.02 1.10 194.6 865.8 12.68 163.1 448.8 0.317 40.42 18.31 164.5 53.50

0.47 98.72 1.00 1.09 174.9 1043.3 11.12 94.6 587.3 0.289 61.97 18.87 171 58.72

0.47 99.92 1.01 1.09 227.4 1107.4 12.91 117 527.2 0.341 58.77 20.04 189.1 59.53

0.60 98.03 1.01 1.26 352.3 1713.7 27.58 150.2 406.8 2.45 27.18 17.48 177.7 302.7

0.57 99.43 1.02 1.28 342.9 1450.9 23.25 104.4 354.7 2.42 32.31 18.39 197.5 299.1

0.57 98.89 1.01 1.25 362.6 1623.3 26.9 126 380.2 2.37 26.48 16.93 189.2 293.7

0.71 98.77 1.01 1.27 378.9 1550.7 27.62 138.2 376.8 2.44 32.71 16.94 183.3 282.7

0.60 98.89 1.00 1.26 361 1518.1 22.15 139 339.6 1.82 22.3 16.69 182.3 282.6

0.62 98.31 1.00 1.26 391.2 1655.4 26.01 109.8 379.2 2.56 21.42 17.35 174.3 280.7

0.38 99.14 1.02 1.28 370.9 1596.4 26 151.7 380.6 2.09 19.56 17.31 206.7 285.6

0.44 98.50 1.01 1.25 313.3 1590.7 17.6 122.4 380.7 1.78 217.1 16.46 203.7 261.1

523.7 6293.7 264 82.3 1316.6 43.5 87.20 17.9 19.8 195

567.3 6353.6 262 93 1239.1 44 77.00 20 20 194
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tainties were expressed as 2rm. Four measurements

on the Sr standard NBS987 and the Nd standard

LaJolla gave 87Sr/86Sr = 0.710234F7 (2r) and
143Nd/144Nd=0.511838F8 (2r), respectively.
5. Zircon U–Pb geochronology

As shown in Fig. 3, all zircons from the five

plutons exhibit well-developed oscillatory zoning

indicating a magmatic origin. Because the oscillatory

zoning is well-preserved through to the margin of the
zircon, recrystallization, if any, is negligible. Except

those from the Xiaochengzi (WL53063) and some

zircons from the Maanzi (LW97066), most zircons do

not contain a xenocrystic core.

U–Pb isotope analytical results are shown in Table

3 and the concordia diagrams (Figs. 4 and 5). Six

fractions of zircon separate LW97077 (Longtoushan

1) are concordant within error (Fig. 4(a)). They yield a

weighted mean 206Pb/238U age of 226.2F3.9 Ma,

with MSWD of 5.2. This age represents the time of

emplacement for the Longtoushan 1 pluton. It reveals

the Triassic granitoid plutonism after the amalgama-



Table 2 (continued)

Pluton/suite Sample no. Y Zr Nb Cs Ba La Ce Pr Nd Sm Eu Gd Tb

Maanzi Suite 2 WL852651 131.3 195.6 79.76 26.83 0.364 27.74 69.1 9.08 32.91 9.27 0.099 11.2 2.3

WL852652 57.1 226.7 27.78 13.57 155.6 56.06 113.7 13.26 47.21 9.25 0.441 8.82 1.62

WL852653 63.15 141.6 36.91 13.81 0.497 29.14 68.53 8.64 30.5 6.84 0.126 7.08 1.39

WL852654 30.92 150.2 22.79 8.12 115.1 27.24 55.93 6.83 24.44 4.67 0.447 4.55 0.802

WL852655 41.61 222.7 22.74 10.69 114.8 37.93 79.52 9.62 33.9 6.57 0.392 6.36 1.09

WL852656 31.04 112.7 27.31 6.05 12.1 19.92 45.2 5.49 18.54 3.99 0.194 3.64 0.731

LW97064 55.95 247.7 26.73 14.29 64.5 53.99 110.8 13.33 45.5 8.26 0.332 6.94 1.32

LW97064-1 38.17 120.3 24.24 10.55 2.35 31.16 67.8 8.47 28.63 5.46 0.142 4.49 0.878

LW97065 41.14 135.7 20.31 9.09 53.67 33.84 71.1 8.16 26.87 5.03 0.28 4.26 0.846

LW97066 32.87 113.8 21.24 9.36 80.36 28.17 61.72 6.98 23.18 4.59 0.321 3.93 0.767

Yelaigai Suite 2 WL60421 52.2 168.4 16.44 11.69 105.1 29.59 68.65 9.1 35.65 8.72 0.215 8.97 1.4

WL60422 68.13 226 18.96 11.43 257.8 48.15 106.7 13.55 54.66 12.52 0.396 12.37 2.08

WL60423 57.25 174.4 13.28 10.61 266.1 35.02 75.87 9.8 37.34 8.59 0.447 7.78 1.4

WL60424 48.9 204 14.2 23.38 342.4 37.64 80.03 9.97 37.89 7.26 0.468 6.66 1.09

WL60425 45.45 286.9 15.85 28.1 651.5 40.76 83.09 10.37 36.47 6.8 0.683 5.94 0.978

LW97079 64.44 195.6 17.23 15.54 107.6 33.76 77.2 10.56 42.02 9.96 0.188 10.52 1.76

LW97080 63.93 184.7 17.19 13.22 103.4 35.11 80.69 10.65 44.16 10.52 0.202 11.54 1.96

Longtoushan 1 Suite 1 WL60420 12.48 202.8 6.33 5.4 590.5 22.66 43.81 5.18 19.19 3.45 0.75 3.04 0.412

LW97076 10.56 137.6 5 5.2 520.2 21.63 40.51 4.72 17.72 2.9 0.648 2.19 0.332

LW97077 12.18 155.9 5.64 5.97 511.6 22.83 43.41 5.13 18.76 3.38 0.69 2.77 0.367

LW97078 10.85 204.9 5.63 6.3 556.6 22.19 41.3 4.8 17.17 3.3 0.625 2.37 0.375

VII07B 19.41 183.1 8.63 6.64 644.4 30.75 60.14 7.08 25.39 4.71 0.845 3.62 0.583

Longtoushan 2 Suite 2 WL60428 41.58 259.7 30.37 9.93 157.3 42.35 92.96 10.39 35.78 6.91 0.413 6.11 1.13

WL60429 33.2 201.6 14.36 5.04 373.4 34.11 66.59 8.67 34.26 6.5 0.256 5.75 0.929

LW97019 36.12 243.4 13.67 7.46 385.9 55.36 106.5 13.03 48.15 8.11 0.245 6.67 1.1

LW97020 35.93 268.1 17.19 8.57 405.8 50.07 99.64 11.96 45.02 7.98 0.315 6.21 1.02

Xiaochengzi Suite 1 WL53063 21.4 218.8 9.43 12.94 988.4 31.91 61.07 7.34 26.41 4.43 0.83 4.31 0.624

WL53064 20.8 210.2 9.45 14.16 937.9 32.45 66.62 7.13 25.63 4.28 0.789 3.58 0.574

WL53065 16.93 217.3 8.85 15.35 927.7 31.79 63.45 7.1 24.77 3.99 0.811 3.49 0.521

WL53066 16.42 218.3 8.09 15.11 909.9 30.28 59.86 6.49 22.99 3.65 0.727 3.01 0.495

WL53068 18.12 213.5 8.81 14.62 873.6 29.97 59.03 6.87 24.18 4.01 0.776 3.42 0.553

WL53069 16.94 250.5 9.88 8.41 852.8 39.44 75.08 8.31 29.17 4.4 0.753 3.18 0.509

WL53070 18.42 210 10.2 11.43 849.1 34.59 66.46 7.52 25.24 4.21 0.797 3.24 0.557

LW97016 17.43 175.6 8.99 12.68 852.2 25.01 47.36 5.77 20.75 3.69 0.64 2.92 0.477

This study W-2 22.7 96.3 8.5 0.99 177 10.6 24.1 3.15 13.1 2.98 0.93 3.58 0.65

Recommendedb W-2 23 94 7.8 0.99 173 10 23.5 3.20 14 3.25 1.01 3.60 0.63
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tion of the Xingmeng with the Altaid. Five fractions

of LW97066 (Maanzi) are concordant within error

(Fig. 4(b)). Four fractions excluding fraction 3 yield

a weighted mean 206Pb/238U age of 148.7F2.1 Ma

with MSWD of 2.1. Zircons of these four fractions

are dominantly prismatic, the pyramidal form being

less developed (Figs. 3(c) and (d)). Fraction 3 is

distinct from the above four fractions on the

concordia diagram, yielding a slightly older
206Pb/238U age of 158.4 Ma. This fraction exhibits

well-developed pyramidal form and wide oscillatory-

zoned bands (Fig. 3(e)), and either occurs as

individual crystal or is enclosed within the prismatic
zircon (Fig. 3(f)). Considering that country rocks of

the Linxi granitoids are dominantly Permian sedi-

mentary rocks, zircons of fraction 3 were probably

not assimilated from the Jurassic volcanic rocks. In

addition, this zircon fraction shows a relatively small

length-to-width ratio ranging from ~ 1.7 to 3.

Oscillatory zoning instead of sector zoning is

developed within them. These features suggest a

deep-seated, slow-cooling setting, instead of an

eruptive, rapid-cooling setting, for their crystalliza-

tion (Hoskin and Schaltegger, 2003). Therefore, we

infer that zircons of fraction 3 contain a population

inherited from the source rock. The age of 158.4 Ma



Dy Ho Er Tm Yb Lu Hf Ta Pb Th U Eu/Eu* (La/Yb)N Sr/Y

17.08 3.98 12.44 2.25 15.38 2.70 11.38 6.56 28.94 68.21 6.50 0.03 1.22 0.04

10.29 2.20 6.35 1.06 6.95 1.13 8.23 3.32 12.89 46.71 6.50 0.15 5.44 1.02

9.13 2.16 6.81 1.17 8.30 1.41 6.87 3.69 24.58 69.15 35.43 0.05 2.37 0.14

5.0 1.12 3.34 0.566 4.11 0.749 5.59 3.45 16.57 36.26 5.35 0.29 4.47 1.87

7.13 1.48 4.41 0.754 5.03 0.876 7.04 1.56 11.31 43.73 3.77 0.18 5.08 1.21

5.1 1.05 3.42 0.604 4.34 0.786 4.84 4.17 15.15 46.5 4.17 0.15 3.09 0.63

9.16 1.93 5.97 0.972 6.50 1.17 8.42 1.97 18.74 63.56 7.62 0.13 5.60 0.70

6.26 1.39 4.21 0.733 5.24 0.979 5.39 2.97 22.17 55.75 7.09 0.09 4.01 0.42

5.59 1.23 3.72 0.613 4.33 0.792 5.09 2.32 18.60 36.2 4.87 0.18 5.27 0.85

5.06 1.09 3.17 0.554 3.85 0.655 3.69 2.29 21.75 32.32 3.44 0.23 4.93 1.24

8.94 1.87 5.30 0.854 5.41 0.981 6.40 1.37 16.84 39.53 4.96 0.07 3.69 0.53

12.7 2.60 6.99 1.06 6.69 1.05 8.25 1.62 17.46 25.81 3.91 0.10 4.85 0.70

9.06 1.98 5.75 0.957 6.85 1.08 6.77 1.65 18.55 34.88 5.14 0.16 3.45 1.18

6.94 1.52 4.67 0.879 6.12 1.14 7.47 1.82 21.71 42.11 6.29 0.20 4.15 2.30

6.47 1.43 4.51 0.803 5.71 1.12 8.99 2.37 18.80 26.35 5.88 0.32 4.81 5.38

11.32 2.25 6.53 0.988 6.19 1.05 7.81 1.13 30.91 34.89 6.31 0.06 3.68 0.37

12.26 2.50 6.89 1.06 6.60 1.12 6.77 1.54 30.60 36.5 4.80 0.06 3.59 0.38

2.34 0.432 1.10 0.165 1.12 0.184 5.47 0.783 15.58 17.02 2.04 0.69 13.65 25.71

1.78 0.338 0.894 0.132 0.916 0.146 4.25 0.376 26.15 13.61 2.21 0.76 15.92 25.38

2.05 0.397 1.04 0.155 0.989 0.145 4.34 0.546 24.93 13.93 1.82 0.67 15.56 23.46

1.84 0.338 0.837 0.124 0.868 0.143 5.18 0.488 17.99 13.52 1.84 0.65 17.24 24.89

3.4 0.670 1.88 0.283 2.06 0.379 4.69 0.884 13.52 19.21 3.82 0.60 10.07 21.80

7.07 1.52 4.60 0.75 5.19 0.888 8.89 3.36 16.46 47.6 5.06 0.19 5.50 1.44

5.86 1.17 3.38 0.524 3.44 0.637 6.91 1.47 11.89 19.69 3.36 0.13 6.69 1.61

6.33 1.32 3.46 0.55 3.63 0.625 7.54 1.23 16.59 21.54 4.70 0.10 10.28 1.63

6.29 1.27 3.68 0.57 3.75 0.696 8.34 1.34 19.37 22.45 3.53 0.13 8.99 1.66

3.69 0.775 2.11 0.343 2.29 0.428 6.65 1.00 17.26 28.51 2.72 0.57 9.39 14.14

3.53 0.755 2.12 0.34 2.28 0.453 6.87 1.02 42.45 25.59 2.61 0.60 9.60 14.38

2.86 0.601 1.67 0.255 1.80 0.323 6.47 0.684 22.19 27.65 2.69 0.65 11.93 17.35

2.7 0.601 1.55 0.268 1.81 0.318 6.49 0.917 17.90 23.29 2.42 0.65 11.27 17.22

3.01 0.638 1.66 0.276 1.95 0.336 6.29 0.717 15.57 27.37 2.57 0.63 10.35 15.60

2.92 0.573 1.61 0.252 1.76 0.343 7.10 1.27 13.93 39.21 3.17 0.59 15.09 16.57

3.0 0.657 1.79 0.257 2.00 0.371 6.53 1.41 15.81 33.46 3.31 0.64 11.65 15.50

2.84 0.603 1.68 0.259 1.84 0.34 5.84 1.23 14.00 29.64 3.19 0.58 9.15 14.98

3.91 0.81 2.20 0.35 2.08 0.32 2.47 0.49 9.98 2.36 0.54

3.80 0.76 2.40 0.38 2.05 0.33 2.40 0.50 8.77 2.2 0.53
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probably represents that of the source rock. It is

noteworthy that the zircon cores are euhedral without

a subrounded surface, and that the zircon rims keep

the same crystallographic orientation (Fig. 3(f)).

These features suggest that re-melting of the source

rock soon followed its formation without a sharp

interruptive temperature drop. Five fractions of

WL60423 (Yelaigai) define a discordia line with a

negative lower concordia age (Fig. 4(c)). This line

represents the lead loss line (Davis and Krogh,

2000). The upper intercept age of 147.5F1.3 Ma,

with MSWD of 0.009, is actually identical to that of

the Maanzi pluton. Both ages represent the time of
granite magmatism, concurrent with or, strictly

speaking, soon following the extensive Late Jurassic

volcanism.

Five fractions of WL60428 (Longtoushan 2) are

clustered on the concordia diagram (Fig. 5(a)). They

yield a weighted mean 206Pb/238U age of 117.3F3.9

Ma with MSWD of 4.4. Fraction 2 of WL53063

(Xiaochengzi) is concordant (Fig. 5(b)). Zircons of

fraction 2 are acicular or long-prismatic without a

xenocrystic core (Fig. 3(k)). Its concordant 206Pb/238U

age of 111 Ma represents the time of emplacement for

this pluton. However, a majority of zircons from

WL53063 contain a dark, subrounded xenocrystic
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Fig. 3. Cathodoluminescence photographs showing the petrographic characteristics of zircon populations from the Longtoushan 1 (LW97077)

((a) and (b)), the Maanzi (LW97066) ((c)–(f)), the Yelaigai (WL60423) ((g) and (h)), the Longtoushan 2 (WL60428) ((i) and (j)), and the

Xiaochengzi (WL53063) ((k)–(m)). The pyramidal zircon (e) and its occurrence as the core within a prismatic zircon (f), and the dark,

subrounded xenocrystic cores ((l) and (m)) are noteworthy.
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core in various proportions. These xenocrystic cores

also show oscillatory zoning again suggesting a

magmatic origin (Figs. 3(l) and (m)). Four fractions

from WL53063 define a discordia line. The lower

intercept age of 110.5F1.1 Ma, with MSWD of 0.61,

is identical with that of fraction 2. The upper intercept

age of 1124F32 Ma represents the age of the

xenocrystic core. Because country rocks of the

Xiaochengzi pluton are the Upper Permian and the

Lower Permian, these xenocrystic cores are inherited

from the source rock. The age and the oscillatory

zoning of the xenocrystic cores reveal the presence of

the Proterozoic orthogneiss in the basement or the

lower crust. It is stressed that emplacement ages of the

Longtoushan 2 and the Xiaochengzi plutons represent

the time of intrusion of voluminous granites and

eruption of rhyolite tuff within the Great Xing’an

Mountains.
6. Major element and trace element compositions

Major element and trace element analytical data are

shown in Table 2. As shown in Fig. 6, all the data

have Alumina Saturation Index (A/NKC) less than

1.05, suggesting an igneous protolith (Chappell,

1999). Although Suites 1 and 2, except data of

VII07B, are indistinguishable in A/NKC values, Suite

1 displays distinctly higher A/NK values than Suite 2.

These characteristics confirm the petrograghic obser-

vation that the total amount of feldspar in the rock

varies little between Suites 1 and 2, but the amount of

alkali feldspar tends to be much greater in Suite 2

(Table 1). As shown in Fig. 7, all the data of Suite 2

plot in the field of A-type granites, whereas the data of

Suite 1, except one on the rectangular frame, plot

within the field for the other types. So, Suites 1 and 2

correspond to I- and A-types, respectively.



Table 3

Zircon U–Pb isotopic dataa

Sample

(fraction)

Pluton (Suite) Petrographic Description Sample

weight

(Ag)

206Pb/204Pb U

(ppm)

Pb

(ppm)

Pb*

(ppm)

Atomic ratios 207Pb*/235U F 2r 207Pb*/206Pb* F 2r Apparent ages (Ma) Rho

208Pb*/
206Pb*

206Pb*/
238U

F 2r 206Pb*/
238U

207Pb*/
235U

207Pb*/
206Pb*

LW97077 Longtoushan 1 (Suite 1)

(1) 39 grains, yellowish, prismatic,

fragments

70.4 1166 1119 38.7 38.5 0.0921 0.034998 0.000539 0.24408 0.00378 0.050581 0.000095 221.8 221.8 221.8 0.990347

(2) 21 grains, medium-sized,

yellowish, prismatic

133.2 3118 1361 50.0 49.9 0.0924 0.037312 0.000895 0.26185 0.00628 0.050898 0.000058 236.2 236.2 236.2 0.999003

(3) 37 grains, transparent,

long-prismatic or acicular

81.8 2753 1283 45.5 45.4 0.108 0.035550 0.000377 0.24830 0.00268 0.050656 0.000132 225.2 225.2 225.2 0.986505

(4) 18 grains, transparent, prismatic 43.1 290.3 818 30.9 29.4 0.103 0.036269 0.000754 0.25383 0.00536 0.050757 0.000165 229.7 229.7 229.8 0.988044

(5) 36 grains, small, transparent, stubby 24.4 334.3 841 29.3 28.9 0.0795 0.035321 0.000523 0.24656 0.00530 0.050628 0.000487 223.8 223.8 223.9 0.908919

(6) 32 grains, small, yellowish, stubby 97.5 1604 1037 37.2 37.1 0.103 0.036036 0.000386 0.25204 0.00275 0.050727 0.000119 228.2 228.2 228.4 0.990132

LW97066 Maanzi (Suite 2)

(1) 36 grains, small, yellowish, prismatic 32.5 1575 3968 89.6 88.5 0.0727 0.023134 0.000248 0.15627 0.00172 0.048992 0.000161 147.4 147.4 147.4 0.974598

(2) 20 grains, yellowish, prismatic, fragments 56.3 2958 2558 59.4 59.2 0.0925 0.023559 0.000254 0.15932 0.00174 0.049049 0.000088 150.1 150.1 150.2 0.992645

(3) 13 grains, medium-sized, transparent,

pyramidal

18.5 450.8 2087 52.3 51.6 0.107 0.024876 0.000378 0.16884 0.00304 0.049225 0.000418 158.4 158.4 158.6 0.926791

(4) 17 grains, transparent, prismatic,

fragments

20.0 218.8 660 16.2 15.5 0.113 0.023511 0.000496 0.15898 0.00418 0.049043 0.000750 149.8 149.8 149.9 0.893656

(5) 23 grains, medium-sized, yellowish,

prismatic

43.7 2121 3545 80.4 79.7 0.0771 0.023261 0.000254 0.15719 0.00173 0.049009 0.000159 148.2 148.2 148.3 0.987826

WL60423 Yelaigai (Suite 2)

(1) 41 grains, large, yellowish, prismatic,

fragments

60.0 1574 3334 70.4 69.7 0.0670 0.021773 0.000229 0.14716 0.00156 0.049020 0.000031 138.9 139.4 148.8 0.998203

(2) 59 grains, small, yellowish, prismatic 43.2 2030 3454 77.6 75.2 0.0784 0.022465 0.000234 0.15180 0.00158 0.049007 0.000036 143.2 143.5 148.2 0.997486

(3) 28 grains, large, transparent, prismatic,

fragments

56.2 1041 1323 25.9 24.4 0.0883 0.018881 0.000204 0.12780 0.00138 0.049091 0.000044 120.6 122.1 152.2 0.996583

(4) 51 grains, small, transparent, prismatic 62.4 1023 1266 28.1 26.4 0.0931 0.021257 0.000215 0.14372 0.00147 0.049034 0.000043 135.6 136.4 149.5 0.996207

(5) 53 grains, medium-sized, yellowish,

prismatic, fragments

39.5 1058 2532 55.2 52.0 0.0818 0.021109 0.000215 0.14271 0.00146 0.049033 0.000039 134.7 135.5 149.4 0.997041

WL60428 Longtoushan 2 (Suite 2)

(1) 30 grains, medium-sized,

orange yellowish, prismatic

39.6 331.8 413 8.03 7.54 0.126 0.018057 0.000337 0.12032 0.00243 0.048327 0.000349 115.4 115.4 115.3 0.924803

(2) 31 grains, medium-sized,

pale yellowish, prismatic

46.6 243.8 679 13.4 12.8 0.135 0.018466 0.000600 0.12317 0.00579 0.048379 0.001567 118.0 118.0 117.8 0.704900

(3) 61 grains, small, transparent,

prismatic or acicular

17.7 169.8 805 16.0 14.9 0.147 0.018031 0.000578 0.12014 0.00475 0.048322 0.001108 115.2 115.2 115.1 0.841950

(4) 32 grains, small, pale yellowish, prismatic 42.5 194.9 500 10.2 9.89 0.142 0.019303 0.000510 0.12905 0.00548 0.048490 0.001422 123.3 123.2 123.2 0.736670

(5) 175 grains, small, yellowish,

prismatic or stubby

30.0 227.1 861 17.2 16.7 0.152 0.018357 0.000441 0.12242 0.00312 0.048365 0.000598 117.3 117.3 117.1 0.945692

WL53063 Xiaochengzi (Suite 1)

(1) 41 grains, large, transparent, stubby 46.5 374.2 461 11.7 11.6 0.132 0.024602 0.000251 0.19554 0.00209 0.057647 0.000182 156.7 181.4 516.4 0.936526

(2) 41 grains, medium-sized, transparent,

acicular or prismatic

49.8 377.1 598 10.6 10.6 0.134 0.017365 0.000179 0.11546 0.00127 0.048225 0.000175 111.0 111.0 110.3 0.911051

(3) 37 grains, large, yellowish, stubby 39.0 214.2 441 9.76 9.16 0.137 0.020273 0.000215 0.14808 0.00176 0.052977 0.000278 129.4 140.2 327.8 0.879760

(4) 61 grains, small, yellowish,

stubby or prismatic

34.6 208.3 757 13.8 13.3 0.117 0.017497 0.000192 0.11770 0.00138 0.048788 0.000188 111.8 113.0 137.7 0.868770

The 206 Pb/204 Pb ratios are measured values. Row analytical data were calculated with the dPbdatT program of Ludwig (1988).
a Concentrations of U and Pb are calculated with the zircon weight.
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As illustrated in Figs. 8 and 9, Suites 1 and 2 of the

Linxi granitoids plot within distinct fields. However,

sample WL60425 from the Yelaigai of Suite 2 plots

within the field of Suite 1, but is distinct from the rest
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samples of Suite 2 so as to form an obvious gap (Fig.

8). Suite 1 tends to show lower SiO2 and K2O

contents, and higher Al2O3, CaO, MgO, FeO, TiO2,

and P2O5 than Suite 2 (Table 2 and Fig. 8). In both

suites, CaO+Na2O, P2O5, MgO+FeO, and TiO2 tend

to decrease with increasing SiO2. However, K2O tends

to increase, or decrease, with increasing SiO2 for

Suites 1 and 2, respectively. It is noteworthy that in

Figs. 8(b) and (e), the data of Suite 2, notably the

Maanzi pluton, are scattered. As shown in Fig. 9,

Suite 1 shows higher Sr, Ba, and Eu abundances, and

lower Sm+Gd, Nb, Y, and Yb than Suite 2. For each

pluton from Suite 1 and the whole data set of Suite 2,

Sr, Ba, and Eu decrease with increasing SiO2.

Sm+Gd, Nb, Y, and Yb decrease, or tend to increase,

with decreasing Eu for Suites 1 and 2, respectively.

These characteristics result in remarkably high and

low La/YbN and Sr/Y ratios for Suites 1 and 2,

respectively (Fig. 10). Nevertheless, the data of Suite

2 are much scattered (Figs. 9(d)–(g) and 10).

As shown in Fig. 11, Suite 1 shows relatively steep

rare earth element (REE) patterns with moderate

negative Eu anomalies. Large ion lithophile elements

(LILE) are enriched relative to high-field-strength

elements (HFSE), with notable depletions of Nb, Ti,

and P, and moderate or minor depletion of Ba and Sr.

As shown in Fig. 12, Suite 2 exhibits limited

enrichment of light REE, pronounced and various

negative Eu anomalies, and elevated heavy REE

patterns. Both LILE and HFSE are generally enriched,

with less obvious depletion in Nb and more pro-

nounced depletion in Ba, Sr, P, and Eu than in Suite 1.
7. Rb–Sr and Sm–Nd isotope compositions

Rb–Sr and Sm–Nd isotope analytical data are listed

in Tables 4 and 5, respectively. Values of (87Sr/86Sr)t,

(143Nd/144Nd)t, and eNd(t) were calculated at the
Fig. 4. 207Pb/235U vs. 206Pb/238U concordia diagrams for zircon

separates LW97077 (Longtoushan 1) ((a)), LW97066 (Maanzi)

((b)), and WL60423 (Yelaigai) ((c)). Data of each fraction is shown

as an error ellipse, with the fraction number indicated. The number

and the dot on the concordia curve (dotted) represent the age (Ma)

The dashed line in (c) represents the discordia line fitted with mode

1 solution of Ludwig (1994). Weighted mean 206Pb/238U ages were

calculated at 95% confidence, with fraction 3 excluded from the

calculation for LW97066 (b).
.

l



150

140

130

120

0.017

0.019

0.021

0.023

0.025

0.11 0.14 0.17 0.20

(b)

207Pb/ 235U
20

6 P
b/

 23
8 U

WL53063 (Xiaochengzi)
Upper intercept age = 1124 +/- 32 Ma
Lower intercept age = 110.5 +/- 1.1 Ma
MSWD = 0.61

1

3

4

2

128

124

120

116

112

108

0.0165

0.0175

0.0185

0.0195

0.0205

0.11 0.12 0.13 0.14

WL60428 (Longtoushan 2)
Weighted mean 206Pb/ 238U age
= 117.3 +/- 3.9 Ma
MSWD = 4.4

(a)

207Pb/ 235U

20
6 P

b/
 23

8 U

4

2

5

1

3

Fig. 5. 207Pb/235U vs. 206Pb/238U concordia diagrams for zircon separates WL60428 (Longtoushan 2) (a) and WL53063 (Xiaochengzi) (b). For

explanation, see caption of Fig. 4.
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emplacement age for granitoids, at 150 Ma for the

Late Jurassic basalts, at 120 Ma for the Proterozoic

gneisses, and at 230 Ma for the Early Permian mafic

to intermediate eruptive rocks (Y.F. Zhu, unpublished

data). Values (87Sr/86Sr)t of 32 granitoid samples vary

from 0.701764 to 0.707654, and values eNd(t) of 29
granitoid samples vary from +5.60 to �2.89. The

Xiaochengzi granitoids show the lowest negative

eNd(t) values ranging between �1.88 and �2.89,

whereas the Maanzi and the Longtoushan 1 granitoids

have the highest positive eNd(t) values that vary from

+5.45 to +4.06 and from +5.60 to + 3.01, respectively.
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Fig. 6. A/NK vs. A/NKC diagram showing the metaluminous

characteristic of Suites 1 and 2.
The Yelaigai and the Longtoushan 2 granitoids have

intermediate eNd(t) values.
To evaluate the error in the determination of initial

(87Sr/86Sr)t values, we calculated the error F D(87Sr/
86Sr)t that is caused by the analytical errors of both F
D(87Sr/86Sr) and F Dt, and F D(87Rb/86Sr) and F Dt

(Table 4). Errors resulting from the latter are much

greater than errors resulting from the former. Variation

in (87Sr/86Sr)t within each pluton is comparable with

the error F D(87Sr/86Sr)t, indicating that the variation

largely stems from the analytical errorF D(87Rb/86Sr).

Suite 2 granitoids exhibit relatively large 87Rb/86Sr

values as a result of extensive feldspar fractionation

(see Section 8.2) and, hence, large F D(87Sr/86Sr)t
values. Therefore, Suite 2 shows more scattered

(87Sr/86Sr)t values than Suite 1. Similarly, errors F
D(143Nd/144Nd)t andF DeNd(t) were calculated (Table
5). However, variation in eNd(t) within each pluton is

much greater thanFD eNd(t) caused byFDt and either

F D(147Sm/144Nd) or F D(143Nd/144Nd). So, eNd(t)
variations within and between plutons reflects hetero-

geneous (143Nd/144Nd)t compositions of the source

region.

These results are comparable to the Nd and Sr

isotope compositions of granitoids from the western

and the eastern segments of the Central Asian

Orogenic Belt. The western and the eastern Junggar,

Xinjiang are the western segment of the belt. Late

Paleozoic granitoids from the western Junggar have

eNd(t) varying from +6.06 to +5.65, and (87Sr/86Sr)t
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varying from 0.703715 to 0.704606 (He et al., 1994).

Late Paleozoic A-type granites from the eastern

Junggar have eNd(t) ranging from +6.67 to +5.06

(Han et al., 1997), and (87Sr/86Sr)t ranging from

0.701702 to 0.704464 (Liu, 1993; Han et al., 1997).

Northeastern China is the easternmost segment of the

Central Asian Orogenic Belt. In this region, Wu et al.

(2000) distinguished two groups of Mesozoic gran-

ites on the basis of emplacement setting. The

dominant Group I that occurs in the orogenic domain

without Precambrian basement has eNd(t) varying

from +3.96 to �3.45, and (87Sr/86Sr)t averaging

0.7048. The subordinate Group II that was emplaced

within the Precambrian basement shows eNd(t)

ranging from �6.27 to �7.36, and higher (87Sr/86Sr)t
varying from 0.7094 to 0.7183. In summary, the Nd

and Sr isotope compositions of granitoids within the

Central Asian Orogenic Belt indicate a significant

continental crust growth during the Paleozoic and the

Mesozoic times.

In terms of the eNd(t) and (87Sr/86Sr)t values, the

Linxi granitoids are intermediate between those from

the western and the easternmost segments of the

Central Asian Orogenic Belt. Granitoids from the

western to the eastern segments of the belt tend to

display increasingly lower eNd(t ) and higher

(87Sr/86Sr)t values. These variations suggest that

increasingly greater amounts of continental crust

materials are involved in the granitoid production

towards the eastern part of the belt.
8. Discussion

8.1. Sources of heat and material for the production of the Linxi granitoids

As shown in Fig. 13(a), eNd(t) and (87Sr/86Sr)t values of the Linxi granitoids, the Early Permian and the Late

Jurassic eruptive rocks, and the Proterozoic gneisses are broadly negatively correlated. For reasons shown below,
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the AFC process is not considered to be responsible for the eNd(t) and (87Sr/86Sr)t variations. First, no detrital

xenocrystic cores of zircon with old U–Pb isotope ages, which would have been assimilated from the country rock,

were observed in the Linxi granitoids except the Xiaochengzi pluton. With regard to the Xiaochengzi pluton, as

argued in Section 5, the xenocrystic zircon cores that yield the Proterozoic U–Pb isotope age derive from the source

rock rather than were assimilated from the much younger Permian sedimentary country rocks. Second, with

progressively greater amounts of crustal material assimilated, the magma would have more evolved and more

scattered Sr and Nd isotopic compositions (DePaolo, 1981). However, (87Sr/86Sr)t and eNd(t) values of the

Xiaochengzi granitoids that are high and the lowest, respectively, among the five plutons are clustered together

(Fig. 13(a)).

Magma mixing tends to generate undercooled magmatic inclusions (Poli and Tommasini, 1991; Tepley et al.,

2000). However, microdioritic enclaves occur rarely (b 1%) in the Longtoushan 1 pluton, and are scarce or absent

from the other four plutons. Therefore, magma mixing is not the main cause of the negative eNd(t) vs. (
87Sr/86Sr)t

correlation for the Linxi granitoids.

A heterogeneous or mixed source composition between two endmembers was tested as the cause of the Sr

and Nd isotope variation. Because sample S1805 from the Late Jurassic basalts has the highest eNd(t) value, it
was chosen to represent the newly mantle-derived material. Xenocrystic cores of zircon from the Xiaochengzi

pluton that show both oscillatory zoning and the Proterozoic U–Pb isotope age suggest the Proterozoic

orthogneiss as the crustal component. Moreover, the relatively steep negative trend of the Linxi granitoids in

Fig. 13(a) requires a crustal component with moderately negative eNd(t) at moderate (87Sr/86Sr)t values. The

Proterozoic gneisses meet this requirement. So, the average eNd(t) and (87Sr/86Sr)t values of the five

Proterozoic gneiss samples at 120 Ma were chosen to represent those of the crustal component. A hyperbola

of simple mixing was constructed between these two endmembers. The Maanzi and the Longtoushan 1
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granitoids show similar eNd(t) and (87Sr/86Sr)t values as the Late Jurassic basalts and alkaline basalt. In

addition, the 206Pb/238U age of 158.4 Ma for fraction 3 zircons from the Maanzi pluton indicates the Late

Jurassic age for the source rock. Therefore, the underplated equivalents of the Late Jurassic basalts form the

source rock for the Maanzi pluton. However, the Early Permian mafic to intermediate eruptive rocks show

lower eNd(t) and more scattered (87Sr/86Sr)t values than the Longtoushan 1 granitoids. This discrepancy may

result from greater amounts of crustal material mixed or assimilated into the former during melting or magma

ascendance. The underplated equivalents of the Early Permian eruptive rocks that should have more primitive

isotope compositions likely form the source rock for the Longtoushan 1 pluton. Alternatively, the Longtoushan

1 granitoids represent thoroughly blended magma. The rare occurrence of microdioritic enclaves within this

pluton represents the vestige of magma mixing. In or near the source region, mantle-derived magmas would

be directly introduced into the crustal melt resulting in thorough mixing (e.g., Cocherie et al., 1994). A

continued underplating at the base of the lower crust through the Late Jurassic to the Early Cretaceous time

provided prolonged heat supply to melt the earlier magma inputs. The Yelaigai and the Longtoushan 2

granitoids correspond to the segment of the mixing hyperbola between 0.9 and 0.8 fraction basalt, whereas the

Xiaochengzi granitoids correspond to the segment between 0.7 and 0.6 fraction basalt. With the emplacement

age becoming younger, the five plutons contain increasingly greater fractions of the lower-crustal component

in addition to the underplated basaltic material. This implies that, with prolonged heating of the lower crust,



Table 4

Rb–Sr isotopic data

Pluton/suite t (Ma) Sample no. Rb

(ppm)

Sr

(ppm)

87Rb/86Sr 87Sr/86Sr F 2rm (87Sr/86Sr)t
a F D(87Sr/86Sr)t

b F D(87Sr/86Sr)t
c

Maanzi Suite 2 148.7 WL852652 307.9 55.79 16.02 0.737023 8 0.703160 0.001166 0.000487

148.7 WL852654 285.8 57.14 14.517 0.734201 8 0.703516 0.001056 0.000442

148.7 WL852655 281.1 56.52 14.475 0.735858 9 0.705260 0.001053 0.000442

148.7 WL852656 308 18.36 49.013 0.806008 13 0.702407 0.003566 0.001478

148.7 LW97064 262.4 38.43 19.835 0.745483 12 0.703557 0.001443 0.000605

148.7 LW97064-1 265 14.6 52.105 0.814093 11 0.703954 0.003791 0.001568

148.7 LW97065 238.9 37.36 18.572 0.743131 2 0.703875 0.001351 0.000557

148.7 LW97066 241.1 41.68 16.793 0.738992 12 0.703495 0.001222 0.000514

Yelaigai Suite 2 147.5 WL60421 268.2 26.07 29.949 0.764789 12 0.701996 0.001821 0.000566

147.5 WL60422 320.6 46.59 19.758 0.743191 11 0.701764 0.001201 0.000377

147.5 WL60423 313.9 66.27 13.74 0.730789 9 0.701981 0.000835 0.000263

147.5 WL60424 310.2 109.8 8.184 0.720752 11 0.703592 0.000498 0.000162

147.5 WL60425 319.1 238.4 3.876 0.712366 11 0.704239 0.000236 0.000083

147.5 WL60427 362.5 142 7.397 0.719032 8 0.703522 0.000450 0.000145

147.5 LW97079 324.4 24.43 38.129 0.783107 5 0.703162 0.002318 0.000710

147.5 LW97080 303 26.59 32.725 0.771914 8 0.703300 0.001990 0.000613

Longtoushan 1

Suite 1

226.2 WL60420 134.9 304.3 1.283 0.708239 13 0.704111 0.000155 0.000084

226.2 LW97076 142 286.6 1.435 0.708712 7 0.704097 0.000174 0.000087

226.2 LW97077 145.7 315.8 1.378 0.708486 9 0.704053 0.000167 0.000086

226.2 LW97078 143.4 289.8 1.432 0.708659 13 0.704051 0.000173 0.000093

226.2 VII07B 149.8 449.9 0.9636 0.707001 8 0.703901 0.000117 0.000062

Longtoushan 2 Suite 2 117.3 WL60428 290.2 56.01 15.033 0.732715 10 0.707654 0.001352 0.000844

117.3 WL60429 160.4 51.86 8.964 0.720767 6 0.705823 0.000806 0.000503

117.3 LW97019 162.6 59.73 7.890 0.720282 12 0.707129 0.000709 0.000450

117.3 LW97020 165.5 52.96 9.057 0.721215 9 0.706116 0.000814 0.000511

Xiaochengzi Suite 1 110.5 WL53063 169.3 295 1.661 0.708859 6 0.706250 0.000079 0.000032

110.5 WL53064 186.8 283.8 1.906 0.709330 8 0.706337 0.000090 0.000038

110.5 WL53065 181.1 299.1 1.753 0.709278 6 0.706526 0.000083 0.000033

110.5 WL53066 175 274.3 1.847 0.709229 9 0.706328 0.000087 0.000038

110.5 WL53068 166.9 272.1 1.776 0.709092 9 0.706303 0.000084 0.000037

110.5 WL53069 165.9 278.3 1.725 0.709204 7 0.706495 0.000082 0.000034

110.5 LW97016 188.1 251.5 2.165 0.709770 11 0.706370 0.000103 0.000045

Proterozoic gneisses 120 DB-101 8.95 258.5 0.1003 0.706519 12 0.706348 0.000003 0.000012

120 DB-102 223.6 193.8 3.343 0.716817 11 0.711116 0.000114 0.000011

120 FL62404 30.93 201.5 0.4443 0.707644 10 0.706886 0.000015 0.000010

120 FL62405 216.9 130.8 4.807 0.721883 10 0.713685 0.000164 0.000010

120 FL62406 287.9 426.3 1.956 0.712439 8 0.709103 0.000067 0.000008

Late Jurassic basalts 150 S1718 106.4 665.3 0.4598 0.705010 12 0.704030 0.000020 0.000012

150 S1805 11.27 324.1 0.1001 0.704179 11 0.703966 0.000004 0.000011

150 S1815 14.15 374 0.1087 0.704241 9 0.704009 0.000005 0.000009

150 S2406 137.9 507.5 0.7806 0.706626 11 0.704962 0.000033 0.000011

150 S2501 64.37 799.6 0.2308 0.706510 11 0.706018 0.000010 0.000011

150 S2001 43.34 926.3 0.1342 0.704133 9 0.703847 0.000006 0.000009

D represents the uncertainty.
a (87Sr/86Sr)t =(

87Sr/86Sr)� (87Rb/86Sr)� (ekt �1), k =1.42�10�11.
b F D(87 Sr/86 Sr) t = {(87 Sr/86 Sr)� [(87Rb/86 Sr)FD(87Rb/86 Sr)]� [ek( tFDt ) �1]}�{(87 Sr/86 Sr)� (87Rb/86 Sr)� (ekt �1)},

D(87Rb/86Sr)=F2%.
c F D(87Sr/86Sr)t ={[(

87Sr/86Sr)FD(87Sr/86Sr)]� (87Rb/86Sr)� [ek(tFDt) �1]}�{(87Sr/86Sr)� (87Rb/86Sr)� (ekt �1)}.
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Table 5

Sm–Nd isotopic data

Pluton/suite Sample no. t

(Ma)

Sm

(ppm)

Nd

(ppm)

147Sm/
144Nd

143Nd/
144Nd

F 2rm (143Nd/144Nd)t eNd(t)
a F D(143Nd/144Nd)t

b F DeNd(t)
c F D(143Nd/144Nd)t

d F DeNd(t)
c fSm/Nd

e T1DM(Ma)f (147Sm/144Nd)S
g T2DM(Ma)h

Maanzi Suite 2 WL852651 148.7 8.67 29.12 0.180144 0.512880 12 0.512705 5.04 0.000012 0.23 0.000014 0.27 �0.08 1225 0.115677 518

WL852652 148.7 9.35 44.90 0.125873 0.512777 11 0.512655 4.06 0.000012 0.22 0.000013 0.24 �0.36 648 0.115677 596

WL852653 148.7 7.05 30.41 0.131758 0.512796 11 0.512668 4.32 0.000012 0.22 0.000013 0.24 �0.33 659 0.115677 576

WL852654 148.7 4.88 24.82 0.120573 0.512843 2 0.512726 5.45 0.000012 0.22 0.000004 0.06 �0.39 503 0.115677 486

WL852655 148.7 7.33 36.68 0.120828 0.512793 9 0.512675 4.47 0.000012 0.22 0.000011 0.20 �0.39 587 0.115677 564

WL852656 148.7 3.81 16.86 0.136746 0.512797 8 0.512664 4.24 0.000012 0.22 0.000010 0.18 �0.30 700 0.115677 582

LW97064 148.7 7.91 40.87 0.119748 0.512812 13 0.512695 4.86 0.000012 0.22 0.000015 0.28 �0.39 549 0.115677 532

LW97064-1 148.7 5.68 27.65 0.124197 0.512779 12 0.512658 4.13 0.000012 0.22 0.000014 0.26 �0.37 633 0.115677 591

LW97065 148.7 5.45 28.49 0.115677 0.512769 11 0.512656 4.09 0.000011 0.22 0.000013 0.24 �0.41 593 0.115677 593

LW97066 148.7 5.09 25.76 0.119408 0.512787 9 0.512671 4.38 0.000012 0.22 0.000011 0.20 �0.39 588 0.115677 571

Yelaigai

Suite 2

WL60422 147.5 12.70 53.39 0.119093 0.512666 9 0.512551 2.01 0.000011 0.21 0.000010 0.20 �0.39 780 0.119093 780

WL60424 147.5 6.45 32.25 0.120942 0.512620 7 0.512503 1.08 0.000011 0.21 0.000008 0.16 �0.39 871 0.119093 857

WL60425 147.5 6.64 33.71 0.119168 0.512664 13 0.512549 1.97 0.000011 0.21 0.000014 0.27 �0.39 784 0.119093 784

LW97079 147.5 10.58 41.01 0.143448 0.512665 11 0.512527 1.53 0.000011 0.22 0.000012 0.24 �0.27 1052 0.119093 820

LW97080 147.5 11.96 45.33 0.268966 0.512690 8 0.512430 �0.35 0.000012 0.24 0.000010 0.20 0.37 �1278 0.119093 974

Longtoushan

2 Suite 2

LW97019 117.3 7.42 39.86 0.112574 0.512606 11 0.512520 0.64 0.000011 0.21 0.000014 0.27 �0.43 820 0.112574 820

LW97020 117.3 7.50 40.28 0.134821 0.512626 6 0.512523 0.69 0.000011 0.22 0.000009 0.18 �0.31 1012 0.112574 816

Longtoushan

1 Suite 1

WL60420 226.2 3.33 17.07 0.117892 0.512753 12 0.512578 4.52 0.000018 0.36 0.000015 0.30 �0.40 632 0.117892 632

LW97076 226.2 3.06 16.68 0.111006 0.512798 7 0.512634 5.60 0.000018 0.35 0.000010 0.20 �0.44 523 0.117892 545

LW97077 226.2 3.55 18.90 0.113745 0.512747 12 0.512579 4.52 0.000018 0.36 0.000015 0.30 �0.42 615 0.117892 632

LW97078 226.2 3.23 17.39 0.112455 0.512712 8 0.512546 3.88 0.000018 0.35 0.000011 0.22 �0.43 660 0.117892 685

VII07B 226.2 4.73 25.51 0.112179 0.512667 3 0.512501 3.01 0.000018 0.35 0.000006 0.12 �0.43 726 0.117892 755

Xiaochengzi

Suite 1

WL53063 110.5 4.34 22.79 0.115285 0.512431 12 0.512348 �2.89 0.000008 0.18 0.000013 0.27 �0.41 1113 0.115285 1113

WL53064 110.5 4.22 22.33 0.114178 0.512456 9 0.512373 �2.39 0.000008 0.18 0.000010 0.21 �0.42 1063 0.115285 1073

WL53065 110.5 4.19 25.31 0.100070 0.512472 10 0.512400 �1.88 0.000008 0.18 0.000011 0.23 �0.49 910 0.115285 1033

WL53066 110.5 3.78 21.92 0.104150 0.512473 9 0.512398 �1.91 0.000008 0.18 0.000010 0.21 �0.47 942 0.115285 1036

WL53068 110.5 4.20 23.65 0.107501 0.512436 8 0.512358 �2.68 0.000008 0.18 0.000009 0.19 �0.45 1025 0.115285 1097

WL53069 110.5 4.31 26.75 0.098055 0.512428 15 0.512357 �2.71 0.000008 0.18 0.000016 0.33 �0.50 952 0.115285 1098

LW97016 110.5 3.39 18.60 0.110326 0.512428 9 0.512348 �2.88 0.000008 0.18 0.000010 0.21 �0.44 1064 0.115285 1112

Proterozoic

gneisses

DB-101 120 1.64 8.12 0.122200 0.512130 8 0.512034 �8.77 0.000008 0.15 0.000008 0.16 �0.38 1695

DB-102 120 4.41 21.27 0.125500 0.512210 11 0.512111 �7.26 0.000008 0.15 0.000011 0.21 �0.36 1621

FL62404 120 1.08 5.53 0.118100 0.512135 12 0.512042 �8.61 0.000008 0.15 0.000012 0.23 �0.40 1615

FL62405 120 4.20 18.39 0.137900 0.512193 10 0.512085 �7.78 0.000008 0.15 0.000010 0.20 �0.30 1918

FL62406 120 1.21 7.20 0.101600 0.512264 11 0.512184 �5.84 0.000008 0.15 0.000011 0.21 �0.48 1204

Late Jurassic S1718 150 3.98 19.57 0.123100 0.512751 13 0.512630 3.61 0.000010 0.20 0.000013 0.25 �0.37 672

basalts S1805 150 1.17 3.37 0.210600 0.512958 13 0.512751 5.98 0.000010 0.20 0.000013 0.25 0.07 9189

S1815 150 1.26 3.78 0.201100 0.512911 12 0.512714 5.24 0.000010 0.20 0.000012 0.23 0.02 2873

S2406 150 7.07 36.33 0.117800 0.512558 11 0.512442 �0.05 0.000010 0.20 0.000011 0.21 �0.40 941

S2501 150 8.20 44.53 0.111400 0.512400 12 0.512291 �3.01 0.000010 0.20 0.000012 0.23 �0.43 1117

S2001 150 10.54 51.11 0.124800 0.512843 8 0.512721 5.38 0.000010 0.20 0.000008 0.16 �0.37 527

D represents the uncertainty.

a eNd(t) values were calculated relative to CHUR with the present-day values of 143 Nd/144 Nd=0.512638 and 147 Sm/144Nd=0.1967 (Jacobsen and Wasserburg, 1980).

b F D(143 Nd/144 Nd)t ={(
143 Nd/144 Nd)� [(147 Sm/144Nd)FD(147 Sm/144Nd)]� [ek (tFDt ) �1]}�{(143 Nd/144 Nd)� (147 Sm/144Nd)� (ekt �1)}, D(147 Sm/144Nd)=F 1%.

c F DeNd(t)=F D(143 Nd/144 Nd)t�10,000/(143 Nd/144 Nd)t
CHUR =F D(143 Nd/144 Nd)t�10,000/(0.512638�0.1967� (eEt �1)).

d F D(143 Nd/144 Nd)t ={[(
143 Nd/144 Nd)FD(143 Nd/144 Nd)]� (147 Sm/144Nd)� [ek (tFDt ) �1]}�{(143 Nd/144 Nd)� (147 Sm/144Nd)� (ekt �1)}.

e fSm/Nd=[(Sm/Nd)Sample/(Sm/Nd)CHUR]�1=[(147 Sm/144Nd)Sample/(
147 Sm/144Nd)CHUR]�1.

f T1DM=1/kSm� ln{1+[(143 Nd/144 Nd)Sample� (143 Nd/144 Nd)DM]/[(
147 Sm/144Nd)Sample� (147 Sm/144Nd)DM]}, where (

143 Nd/144 Nd)DM=0.51315, (147 Sm/144Nd)DM=0.2137 (Peucat et al., 1988), kSm=6.54�10�12 a�1 . DM: depleted

mantle.

g (147 Sm/144Nd)S refers to the value of the source rock that is represented by the highest or the lowest value from each pluton of Suite 1 or 2.

h T2DM=1/kSm� ln{1+[(143 Nd/144 Nd)Sample� (exp(kSmt)�1)[(147 Sm/144Nd)Sample� (147 Sm/144 Nd)S]� (143 Nd/144 Nd)DM]/[(
147 Sm/144 Nd)S� (147 Sm/144Nd)DM]}.
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Fig. 13. (a) eNd(t) vs. (
87Sr/86Sr)t plot of granitoids, the Late Jurassic basalts, and the Proterozoic gneisses in the Linxi area. The data of the Early

Permian basalt (9 samples), trachyandesite (5), and basaltic andesite (1) are from Zhu, Y.F. (unpublished). Also shown is the hyperbola of simple

mixing between underplated basalt, as represented by sample S1805, and the lower-crustal rock, as represented by the average compositions (the

solid star) of the five Proterozoic gneiss samples (242.2 ppm Sr, 12.1 ppm Nd, 0.709428 (87Sr/86Sr)t, �7.65 eNd(t)). Tick marks on the mixing

hyperbola represent the increment of 0.1 mass fraction basalt. (b) Measured 147Sm/144Nd vs. T1DM plot for the Linxi granitoids showing the

overall positive correlation. Data of LW97080 from the Yelaigai that has a negative T1DM age is not shown. The arrow of the fitted correlation

line points to the direction of Sm/Nd fractionation.
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the melting depth was decreased to allow greater amounts of the old lower-crustal rock to be melted. Frost

and Frost (1997) suggested that re-melting of underplated tholeiites by continued underplating produces the

reduced rapakivi-type granites, among A-type granites. Kerr and Fryer (1993) and Poitrasson et al. (1995)

proposed similar petrogenesis for A-type granites through interaction of mantle-derived magmas with the

lower-crustal rock.

8.2. Fractional crystallization with or without the overprint of hydrothermal fluids as the cause of the geochemical

variation of the Linxi granitoids

Several processes could be responsible for the geochemical variation of the two suites. These include

crystal accumulation, fractional crystallization, magma mixing, crustal contamination, and overprint of

hydrothermal fluids. Significant magma mixing and crustal contamination are not favored (see the previous
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subsection). The Linxi granitoids show characteristic subhedral instead of cumulate textures. The analyzed

samples lack positive Eu anomalies that would be present if these samples were cumulate considering that

plagioclase is one of the major liquidus phases. Moreover, a cumulate–melt relationship between Suites 1 and

2 is untenable because their emplacement ages are different. Therefore, crystal accumulation is infeasible for

the Linxi granitoids. In the following, mass-balance calculations were applied to each pluton or suite to

determine if the geochemical variation could be ascribed to fractional crystallization with or without the

overprint of hydrothermal fluids.

8.2.1. Major element modeling

We chose samples VII07B and WL53063 to represent the parent magmas for the Longtoushan 1 and the

Xiaochengzi plutons, respectively, and WL60425 from the Yelaigai pluton for Suite 2. These samples show

the lowest SiO2 contents and the highest Sr, Eu, and Ba abundances within each pluton, and, hence,

represent the least-fractionated granitoids. Because the data of Suite 2 are clustered together or form an

integral trend (Fig. 8), they were modeled as a single set. To quantify the fractionation process, we used the

equation

cm0 � cms � 1� fð Þ ¼ cml � f

where c0
m, cs

m, and cl
m refer to the content of major element oxide m in the parent magma, the crystallizing

assemblage, and the residual melt, respectively; f to the mass fraction of the residual melt. Content cs
m is

calculated using the equation

cms ¼ Ran=s � cmn

where cn
m refers to the content of major element oxide m in mineral n; an/s to the mass proportion of

mineral n in the crystallizing assemblage. Content cn
m was evaluated by the molecular formula of mineral n,

and the analysis of mineral chemistry using electron microprobe.

If cn
m does not vary much during the fractional crystallization (c0

m is a constant), cl
m varies with an/s and f,

so as to depict a fractionation trajectory. We tried to fit the fractionation trajectory to the variation trend in

Fig. 8 by changing the value of an/s. When the variation trend of all the major element oxides is approached,

a reasonable estimation of value an/s is given. Moreover, when most of the data within a variation trend,

especially for the most evolved granitoids, are approached by the fractionation trajectory, a reasonable

estimation on the value of f is given.

Calculations for Suite 1 reveal that only a moderate degree of fractionation, ~ 12% for the Longtoushan 1

pluton and ~ 10% for the Xiaochengzi pluton, is necessary to generate the restricted compositional range.

Fractionation phases include dominant hornblende, subordinate plagioclase and K-feldspar, minor biotite,

ilmenite, and apatite. Calculations for Suite 2 were divided into two steps as required by the chemical

variation. Calculation of Step 1 fractional crystallization accommodates the chemical gap between WL60425

and the remaining samples of Suite 2, whereas calculation of Step 2 fractionation models the variation trends

of Suite 2. Step 2 fractionation ( f =1–0.68) is characterized by removal of dominant plagioclase and K-

feldspar, subordinate quartz and biotite, and trace apatite and ilmenite, without hornblende. However,

fractionation of Step 1 ( f=1–0.84) is characterized by removal of plagioclase, K-feldspar, quartz, biotite,

hornblende, ilmenite, and apatite in decreasing order of proportion. Details of the calculation are summarized

in Table 6. The fractionation trajectories were modeled to the three data sets (Fig. 8). In Figs. 8(b) and (e), the

scattered data of Suite 2 cannot be adequately modeled. Enrichment by the hydrothermal fluid would be

responsible for the K2O scatter (Poitrasson and Pin, 1998), whereas the presence of some minor

ferromagnesian minerals or iron oxides in the crystallizing assemblage makes the variation of MgO+FeO

complicated.



Table 6

Trace element and rare earth element modelling

Mineral Plagioclase K-feldspar Hornblende Biotite Apatite Ilmenite Quartz Zircon Allanite Bulk D Bulk D Bulk D Bulk D

Ref.a 1 2 3 4 5 1 1 6 7 Longtoushan 1 Xiaochengzi Suite 2, Step 1 Suite 2, Step 2

Partition coefficients used

Rb 0.105 1.75 0.014 3.2 0.041 0.366 0.532 0.792 0.885

Sr 15.633 5.4 0.022 0.447 4.32 2.41 5.67 5.68

Ba 1.515 11.45 0.044 23.533 0.022 2.64 3.76 4.69 5.90

Y 0.13 6 1.233 40 1.467 100 8.9 5.30 5.90 1.00 0.286

Nb 0.06 0.01 4 6.367 0.1 2.5 47.5 1.08 5.24 6.39 0.981 0.667

La 0.38 0.072 0.85 0.33 23.85 1.223 0.015 16.9 820 4.59 0.85 1.51 0.294

Ce 0.267 0.046 0.899 0.32 34.7 1.64 0.014 16.75 635 4.03 0.94 1.30 0.263

Nd 0.203 0.038 2.89 0.29 57.1 2.267 0.016 13.3 463 4.78 2.37 1.38 0.287

Sm 0.165 0.025 3.99 0.26 62.8 2.833 0.014 14.4 205 4.45 3.12 1.16 0.277

Eu 5.417 2.6 3.44 0.24 30.4 1.013 0.056 16 81 4.57 3.43 3.22 3.26

Gd 0.125 0.015 5.48 0.28 56.3 3 0.015 12 130 4.81 4.08 1.13 0.241

Tb 0.08 0.033 6 0.28 53.5 3.267 0.017 37 71 5.08 4.57 1.08 0.219

Dy 0.112 0.052 6.2 0.29 50.7 2.633 0.015 101.5 35.5 5.73 5.17 1.06 0.231

Yb 0.09 0.015 4.89 0.44 23.9 1.467 0.017 527 8.9 9.27 6.47 0.846 0.155

Lu 0.092 0.031 4.53 0.33 20.2 1.203 0.014 641.5 7.7 10.3 7.39 0.815 0.139

Mass fraction used Range of residual melt fractions

Suite 1

Longtoushan 1 0.2293 0.1310 0.5487 0.0328 0.018 0.0246 0 0.0115 0.0041 1–0.88

Xiaochengzi 0.1036 0.1362 0.6522 0.0856 0.0063 0 0 0.0161 0 1–0.90

Suite 2, Step 1 0.4053 0.2603 0.0853 0.0896 0.0068 0.0102 0.1408 0.0003 0.00128 1–0.84

Suite 2, Step 2 0.4396 0.293 0 0.0996 0.0026 0.0011 0.1641 0 9.00e�06 1–0.68

Mass fractions are as fractions of the total removed mineralogy.
a References: (1) Nash and Crecraft, 1985; (2) Rb–Nb: Nash and Crecraft, 1985; REE: Mahood and Hildreth, 1983; (3) Arth, 1976; (4) Rb–Nb: Nash and Crecraft, 1985; REE: Arth,

1976; (5) Rb–Ba and REE: Arth, 1976; Y and Nb: Pearce and Norry, 1979; (6) Mahood and Hildreth, 1983; (7) Brooks et al., 1981.
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8.2.2. Trace element and REE modeling

Variation in the concentrations of selected trace elements Rb, Sr, Ba, Y, Nb, and REE was modeled using the

equation of Rayleigh fractional crystallization:

ci1 ¼ ci0 � f Di�1ð Þ

where c0
i and cl

i refer to the concentration of element i in the parent magma and the residual melt, respectively, f to

the mass fraction of the residual melt and Di to the bulk distribution coefficient of i. Values of Di were calculated

using the equation

Di ¼ Raj=s � Di
j

where Dj
i refers to the partition coefficient of element i between mineral j and the residual melt; aj/s to the mass

proportion of mineral j in the crystallizing assemblage.

Trace element abundances of VII07B, WL53063, and WL60425 were used as c0
i for the Longtoushan 1, the

Xiaochengzi, and Suite 2, respectively. Values of f and aj/s were obtained by major element modeling. The Dj
i

values for dacite and rhyolite (Table 6) were used to calculate Di. Because trace elements, especially REE, have

strong affinities to accessory minerals, zircon and allanite were added to the crystallizing assemblage (Table 6).

The fractionation trajectories were modeled to the three data sets (Figs. 9, 10 and 14).

As shown in Fig. 9, the decrease in concentrations of Sr, Ba, and Eu with increasing SiO2 for both suites

is accounted for by removal of feldspars from the remaining melt. The presence or absence of a significant

amount of hornblende in the crystallizing assemblage for Suite 1 or 2 explains the decreasing or increasing

Sm+Gd, Nb, Y, and Yb with decreasing Eu, respectively. In addition, the proportion of zircon in the

crystallizing assemblage for Suites 1 and 2 (Steps 1 and 2) at 10�2 and 10�4 to 0 magnitudes, respectively,

also contributes to the two contrasting trends. As shown in Fig. 10, the relative importance of hornblende

over feldspars, coupled with the presence of a larger proportion of zircon, in the crystallizing assemblage for

Suite 1 results in remarkable increases in La/YbN and Sr/Y ratios in the analyzed samples. On the other

hand, the dominance of plagioclase and K-feldspar, integrated with the impoverishment or absence of zircon,

in the crystallizing assemblage for Suite 2 causes the exceedingly low Sr/Y in the analyzed samples.

Fractional crystallization also accounts for the constancy or slight increase and sharp increase in Ca/Sr, Rb/Sr,

K/Ba, Ga/Al, and Rb/Ba with increasing SiO2 for Suites 1 and 2, respectively (Fig. 14). However, the

fractionation trajectory cannot adequately model the scattered data of Suite 2 in Figs. 9, 10 and 14 with

regard to Sm+Gd, Nb, Y, Yb, K, and Rb. Additional process is required. Taylor et al. (1981) suggested that,

during the late stage evolution of peralkaline granites, the F�- or CO3
2�-bearing magmatic fluid concentrates

HREE, Y, Nb, and Rb among other elements. The presence of fluorite, and occurrence of dykes and pouch

of pegmatite and aplite within and around Suite 2 granitoid plutons indicate the presence of F�-rich

magmatic fluids during the evolution of Suite 2 granitoids. Overprint of these magmatic fluids would cause

additional enrichment but scattered distribution of K and Rb (Figs. 14(c) and (e)), HREE, Nb, and Y (Figs.

9(d)–(g) and 10).

In conclusion, the consistent modeling using major and trace elements shows that fractional crystallization

with or without the overprint of magmatic hydrothermal fluids is responsible for the chemical variations

within Suites 2 and 1, and that specific crystallizing assemblages determine the variation trends of the two

suites.

8.3. Nd isotope depleted mantle model age T2DM as calculated by a refined equation

As shown in Fig. 10, for Suite 1, LREE are enriched relative to HREE as indicated by increasing La/YbN, and

(Sm+Gd) are depleted during fractional crystallization, hence resulting in decreasing Sm/Nd. For Suite 2, HREE



Fig. 14. SiO2 vs. elemental ratio diagrams. The fractionation trajectory starting from the parent magma towards the residual melt (arrow-head)

was modeled to the data sets of the Longtoushan 1 (dotted), the Xiaochengzi (dotted), and Suite 2 (dotted for Step 1, and dashed for Step 2). For

details of the modeling, see Table 6. In (c) and (e), an arrowheaded dash-and-dotted line highlights the four data points from the Maanzi pluton

that show extremely high K/Ba and Rb/Ba ratios.
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tend to be enriched relative to LREE, and (Sm+Gd) are generally concentrated in the residual melt, resulting in

increasing Sm/Nd. These modified Sm/Nd ratios cause inaccurate and diverse T1DM ages (Table 5). As shown in

the 147Sm/144Nd vs. T1DM diagram (Fig. 13(b)), the Xiaochengzi and the Maanzi granitoids separately define

positive correlation, whereas the Yelaigai and the Longtoushan 2 granitoids generally follow the two trends. So,

T1DM ages depend strongly on the 147Sm/144Nd ratios. An increased or decreased Sm/Nd ratio would cause

increased or decreased T1DM ages, respectively.
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Instead of T1DM, we propose a refined equation for calculating the depleted mantle model age, termed T2DM.

We have:

T2DM ¼ 1

k
ln 1þ ð143Nd=144NdÞS � ð143Nd=144NdÞDM

147Sm=144Ndð ÞS � 147Sm=144Ndð ÞDM

� �
ð1Þ

143Nd=144Nd
� �

S
¼ 143Nd=144Nd

� �i
S
þ 147Sm=144Nd
� �

S
ekt � 1
� �

ð2Þ

143Nd=144Nd
� �i

S
¼ 143Nd=144Nd

� �i
M
¼ 143Nd=144Nd

� �
sample

� 147Sm=144Nd
� �

sample
ekt � 1
� �

ð3Þ

where the subscripts S, DM, and M refer to the source rock, the depleted mantle, and the magma, respectively; t

the emplacement age of the granite pluton; and the isotopic ratios with or without superscript i the ratio at t or

present-day.

By substituting Eqs. (3) into (2) and, then, substituting Eqs. (2) into (1), we obtain

T2DM

¼ 1

k
ln 1þ

ð143Nd=144NdÞsample� ekt � 1
� �

f 147Sm=144Ndð Þsample� 147Sm=144Ndð ÞSg� 143Nd=144Ndð ÞDM
147Sm=144Ndð ÞS � 147Sm=144Ndð ÞDM

" #

The highest or the lowest 147Sm/144Nd value was chosen from each pluton of Suite 1 or 2 to represent the

(147Sm/144Nd)S value, in order to offset Sm/Nd fractionation to a minimum. As shown in Table 5, the T2DM ages

are less scattered than the T1DM ages within each pluton. T2DM ages for the Linxi granitoids, with the exception of

the Xiaochengzi granitoids, are less than 1 Ga, again indicating a significant crustal growth during Phanerozoic

times. T2DM ages of the Xiaochengzi pluton are around 1.1 Ga, providing another line of evidence that its source

rock includes a significant amount of older lower-crustal material.

8.4. Petrogenesis of the Linxi granitoids

Petrography indicates that plagioclase is a liquidus phase in the least-fractionated rocks of both suites. Any

prior crystal fractionation would have considerably increased Ca/Sr and Rb/Sr ratios. However, as shown in

Fig. 14, the least-fractionated rocks of the Longtoushan 1, the Xiaochengzi, and Suite 2 have Ca/Sr ratios of

52.20, 37.07, and 39.74, Rb/Sr ratios of 0.35, 0.59, and 1.33, Rb/Ba ratios of 0.23, 0.18, and 0.5, and K/Ba

ratios of 46.89, 37.21, and 59.89, respectively. These ratios are comparable to those of the parent magmas for

the I- and A-type granites of the Chaelundi Complex, eastern Australia (Landenberger and Collins, 1996).

These low ratios indicate little prior fractionation of plagioclase and K-feldspar. Therefore, we consider these

rocks as parental magmas. As shown in Figs. 12(c) and (d), Suite 2 parent magma (WL60425) shows elevated

concentrations of HFSE, LILE and LREE and moderate depletions of Ba, Sr, and Eu. These features have

important implications for the petrogenesis of the Linxi granitoids.

We calculated the CIPW normative values for the parent magmas. By subtracting these values for the

Longtoushan 1 pluton and Suite 2 from each other, we obtain

Longtoushan 1þ 3:79% Qþ 5:96% Or þ 2:62% Ab ¼ Suite 2þ 5:75% Anþ 2:15% Diþ 2:23% Hy

Differences between parent magmas of Suites 1 and 2 in the Or, Ab, An, Di, and Hy normative contents

suggest a more abundant orthoclase component in Suite 2 parent magma, and more abundant An component
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and ferromagnesian component in Suite 1 parent magma. This inference is supported by the petrography

(Table 1).

In an extensional environment, I-type granites are produced by dehydration melting of the source involving

a prior-underplated material (Landenberger and Collins, 1996) or by magma mixing (Cocherie et al., 1994).

The voluminous Triassic I-type granitoids in the northern Inner Mongolia, as represented by the Longtoushan

1 pluton, are produced either by dehydration melting of dominantly underplated material or by magma

mixing. Post-collisional thermal relaxation or rifting during the Triassic would provide the heat and material

source. Suite 1 granitoids have abundant hornblende and biotite (Table 1), and are enriched in the LILE

relative to HFSE with pronounced depletions of Nb and Ti (Fig. 11). These features imply a fluid-

metasomatized mantle wedge as the ultimate source reservoir (Hawkesworth et al., 1991). Underplating during

the Late Jurassic provides both continued heat supply and the newly mantle-derived material to the base of

the lower crust. The heat supply is capable of elevating lower-crustal temperatures to above 850–900 8C
(Clemens et al., 1986) or 900–950 8C (Huppert and Sparks, 1988). From the Late Jurassic to the Early

Cretaceous times, melting of the underplated lower crust at elevated temperatures produced Suite 2 parental

magma that shows an affinity to A-type granites. Geochemistry and petrography showing the preserved

orthopyroxene, fluorite, and late crystallizing (interstitial) biotite (Table 1) both indicate the ddryT nature for

Suite 2 parental magma. However, crustal melting or magma mixing during the Triassic to yield the I-type

granitoids did not result in dehydration or charnockitization of the protolith for Suite 2 that was dominantly

underplated during the Late Jurassic. This fact casts doubt on the model of lower-crustal charnockitization as

a prerequisite for generating A-type granites (Landenberger and Collins, 1996). In Suite 2 granitoids, FeO is

much more enriched than MgO (Table 2), indicating a relatively low oxygen fugacity fO2. The low fO2 and

low water activity aH2O
of Suite 2 again indicate a derivation from the underplated tholeiite and its

differentiated product (Frost and Frost, 1997) because the latter are dry and reduced. With decreasing aH2
O,

the melt would become enriched in normative orthoclase at the expense of plagioclase (Conrad et al., 1988;

Ebadi and Johannes, 1991). This melting relation has resulted in more abundant K-feldspar and less abundant

plagioclase, and, hence, moderate depletions of Sr, Ba, and Eu in Suite 2 parent magma. On the other hand,

the low aH2
O, and the resultant increase in aHF led to the precipitation of fluorite (Frost and Touret, 1989),

and brought about elevated concentrations of HFSE, LILE, and LREE in Suite 2 granitoids (Collins et al.,

1982; Whalen et al., 1987).

Production of the I-type Xiaochengzi granitoids in the end of the Early Cretaceous postdates Suite 2.

However, this pluton derives from a source region that has a larger proportion of the Proterozoic gneiss

component probably at a higher level in the lower crust. In summary, the petrographic and geochemical

properties of parent magmas for Suites 1 and 2 largely depend on the source rock composition.

8.5. Petrogenetic model

The petrogenetic sequence from Late Jurassic to Early Cretaceous volcanics and granitoids around the

Linxi area can be interpreted in terms of progressive heating of the lower crust. When the basaltic

magmatism is initiated in the early Late Jurassic, the crust is cold and, hence, brittle enough to allow

some of the basalt to penetrate to the surface. A continued input of basaltic magma would add heat to the

crust. The heating effect will be increased if most intrusions are focused at the base of the lower crust.

Once extensive crustal melting is triggered, most of the basaltic magma will be trapped and become sills

beneath the melting region. Basaltic volcanism marks the initiation of the Late Jurassic magmatism.

Andesitic to trachytic volcanics are the product of extensive crustal melting or mixing of mantle- and

crust-derived melts. Suite 2 granitoids and potassic rhyolites are melted from the underplated basalts with

various amounts of the older crustal rock at elevated temperatures. With prolonged heating of the lower

crust, melting occurs at decreasing depth to allow increasingly greater amounts of the older crustal rock to

be melted.
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9. Conclusions

Five granitoid plutons in the Linxi area, northern

Inner Mongolia of China, were intruded from ~ 230Ma

to 111 Ma. These granitoids are divided into Suites 1

and 2 that correspond to I- and A-type granites,

respectively. Source rock of the Linxi granitoids

includes dominantly the mantle-derived material with

various amounts of the Proterozoic gneiss in the lower

crust. Although the Triassic I-type granitoids derive

ultimately from the fluid-modified mantle, basaltic

underplating provides the heat and material source for

generating the Late Jurassic to Early Cretaceous

granitoids. With the intrusion age of the Linxi

granitoids becoming younger, increasingly greater

amounts of the old crustal rock are involved in the

melting. The I- and A-type granitoids in the Linxi area

are genetically unrelated, whereas geochemical proper-

ties of their parent magmas essentially depend on the

source rock. Fractional crystallization of hornblende

and subordinate feldspars from the parent magma

produced Suite 1 granitoids. However, fractional

crystallization of plagioclase and alkali feldspar from

the parent magma, with overprint of the magmatic

hydrothermal fluid, produced Suite 2 granitoids.
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