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Abstract
This paper presents new zircon LA-ICP-MS U–Pb ages and whole-rock geochemical data for two granitic plutons and rhyo-
lites of the Baiyingaolao Formation in the western Xing’an range (NE China). The two syenogranite granitic plutons yield 
identical zircon U–Pb age of 142 ± 1 Ma, and the Baiyingaolao rhyolites yield zircon U–Pb age of 138 ± 2 Ma. The granites 
contain some hornblendes, and show low Zr and Zr + Nb + Ce + Y contents, and low A/CNK (0.98–1.11),  Mg# (6–55), 
and FeOT/MgO values. Rhyolite samples show similar geochemical characteristics with A/CNK of 0.99–1.10 and  Mg# 
of 14–21. In combination with the high  K2O contents (4.43–5.61 wt%) and negative correlations between  P2O5 and  SiO2, 
both the granites and rhyolites were classified as high-K calc-alkaline I-type granitoids. All samples give high zirconium 
saturation temperature of 794–964 °C with few initially inherited zircons, and belong to high-temperature I-type granitoids. 
They were generated by dehydration melting of biotite/muscovite from sub-alkaline meta-basalts in lower crust depth, leav-
ing garnet, amphibole, and plagioclase as the major residual minerals. The syenogranites and rhyolites are likely formed in 
Mongol–Okhotsk oceanic subduction setting. Incorporating other lower crust-originated felsic rocks in Erguna and Xing’an 
massifs and Songliao basin, it is argued that lower crustal reworking is pronounced in NE China during Early Cretaceous.
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Introduction

Crustal growth and reworking are two major geodynamic 
processes for Phanerozoic continental crust evolution (Heil-
imo et al. 2014; Kemp et al. 2007b; Sengor et al. 1993; Spen-
cer et al. 2014). Crustal growth means extracting material 

from the upper mantle to the earth’s surface (Albarede 1998) 
and is generally ascribed to vertical addition of mafic magma 
underplating at the crust–mantle interface (in intraplate 
settings) and lateral accretion of arc complexes at conver-
gent margins (Kemp et al. 2009; Rapp et al. 2003; Rudnick 
1995; Rudnick and Fountain 1995; Tang et al. 2012). Crus-
tal reworking means partial melting of the lower, middle, 
and upper crust, and transferring magma to the upper crust, 
causing the chemical differentiation of the continental crust 
(Sawyer 1998). Crustal reworking may occur in various tec-
tonic environments, including continental arc/back-arc basin 
(Heilimo et al. 2014; Yang et al. 2016), syn-/post-collision 
(Spencer et al. 2014; Xiong et al. 2014; Zeitler et al. 2001), 
within plate (Jayananda et al. 2006), and even mantle plume-
related settings (Shellnutt and Zhou 2007).

The Central Asian Orogenic Belt (CAOB; Fig. 1a) is 
regarded as the most pronounced site of Phanerozoic crus-
tal growth and reworking in the world (Guo et al. 2010; 
Jahn et al. 2000a, b, 2004; Safonova 2017; Tang et al. 
2012; Wu et al. 2003). NE China is located in the east-
ern segment of the CAOB (Fig. 1a), and has been jointly 
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influenced by the Paleo-Asian Ocean closure, the Paleo-
Pacific, and Mongol–Okhotsk subductions (Chen et al. 
2017; Kelty et al. 2008; Liu et al. 2017; Tang et al. 2016; 
Wang et al. 2015a). The previous studies have shown that 
NE China is composed of mainly subduction–accretion 
complexes, intruded by vast plutons of mainly magmatic 
arc origin and covered in places by their volcanic deriv-
atives, and thus, the Phanerozoic crustal growth in NE 
China is dominated by lateral accretion (Chen et al. 2017; 
Kelty et al. 2008; Liu et al. 2017; Tang et al. 2016; Wang 
et al. 2015c). However, less attention has been paid to 
the Phanerozoic crustal reworking in NE China (Safonova 
2017). Whether there occurred Phanerozoic crustal 
reworking in NE China, and the timing and location are 
still pending problems.

Felsic magmatism represents a major contribution to 
continental crust and plays an important role in evaluating 
crustal growth/reworking, and addressing thermal and geo-
dynamic evolution (Hawkesworth and Kemp 2006; Kemp 
et al. 2007a; Rudnick 1995; Rudnick and Fountain 1995). 
Phanerozoic felsic rocks (mainly granites and rhyolites) 
are widely distributed in NE China. In this study, we col-
lected Early Cretaceous rhyolite and syenogranite sam-
ples from the western Xing’an range (Fig. 1b; NE China). 
Then, we conducted zircon U–Pb dating as well as the 
whole-rock geochemical analyses for these Early Creta-
ceous felsic rocks, to unravel their origin and evaluate the 
Early Cretaceous crustal reworking in NE China.

Fig. 1  a Tectonic outline of Northeast Asia (modified after Tang et al. 2016) and b simplified geological map of NE China (after Li et al. 2017a 
and; Wu et al. 2011). MOS Mongol–Okhotsk suture, PAS Paleo-Asian suture, PTS Paleo-Tethys suture
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Regional geological background and sample 
descriptions

Siberian, Tarim, and North China cratons collided during 
late Paleozoic-to-early Mesozoic, building up the CAOB 
through a gigantic accretionary orogeny associated with 
the Paleo–Asian Ocean closure (Fig. 1a; Long et al. 2007; 
Meng et al. 2010; Pei et al. 2016; Xiao et al. 2013, 2003). 
NE China is located in the eastern section of the CAOB, 
and consists of the Khanka, Jiamusi, Songnen–Zhangguang-
cai Range, Xing’an, and Erguna massifs (Fig. 1a, Fritzell 
et al. 2016; Wang et al. 2006, 2016). These massifs were 
separated from the Siberia craton to the north by the Mon-
gol–Okhotsk suture and the North China craton to the south 
by the Solonker suture (Fig. 1a). The Paleo-Asian Ocean, 
Paleo-Pacific, and Mongol–Okhotsk subductions (Chen 
et al. 2017; Kelty et al. 2008; Liu et al. 2017; Tang et al. 
2016; Wang et al. 2015c) have jointly shaped this area at 
different time. The Paleo-Asian ocean was closed along the 
Solonker suture possibly during Early Permian-to-Late Tri-
assic (Wang et al. 2015c; Yang et al. 2017; Zhou et al. 2017).

Our samples were collected from the Erguna and Xing’an 
massifs (Fig. 1b). The Erguna and Xing’an massifs located 
between the Mongol–Okhotsk suture and Hegenshan–Heihe 
fault (Fig. 1b). The Erguna massif is connected with the 
central Mongolia massif and the Xing’an massif is con-
nected with the South Gobi massif. Their basement consists 
of Precambrian metamorphic supracrustal rocks and intru-
sions (IMBGMR 1991). Multiple middle Mesozoic volcanic 
rocks and clastic sedimentary rocks are widespread in these 
two massfis, including the Tamulangou  (J2tm), Manketouebo 
 (J3mk), Manitu  (K3mn), Baiyingaolao  (K1b), and Meiletu 
 (K1m) formations (Figs. 2, 3; Dong et al. 2014; Ji et al. 2016; 
Li et al. 2015; Sun et al. 2011). Late Paleozoic-to-Mesozoic 
granitoids also occur in the Erguna and Xing’an massifs with 
an NE–SW orientation, parallel to the Mongol–Okhotsk 
suture (Sun et al. 2001; Zhao et al. 2014).

Fifteen medium-grained syenogranite samples were 
collected from 10 km south of the Tuoliela village (in the 
lower-left corner of Fig. 2). They are brick-colored red and 
contained 60–65% alkali feldspar, 10–15% plagioclase, 
20–25% quartz, and ~ 5% biotite (Supplemental file 1).

Seven fine-grained syenogranite samples were collected 
from 10 km southwest of the Wuertu village (in the upper-
left corner of Fig. 2). They exhibit a porphyritic texture in 
which perthite and xenomorphic quartz are embedded in 
a fine-grained groundmass. The phenocryst is composed 
of 5–8% perthite and 2–5% quartz. The groundmass is 
composed of 40–50% perthite, 10–15% plagioclase, ~ 20% 
quartz, and minor biotite (Supplemental file 1).

Four rhyolite samples were collected from the Baiyin-
gaolao Formation in 3 km north of the Hanwulan volcanic 

vent (in the upper-right corner of Fig. 3). The Baiyin-
gaolao Formation  (K1b) unconformably overlies on the 
Manitu Formation Manitu  (K3mn) and is unconformably 
overlian by the Meiletu formation  (K1m). The Baiyin-
gaolao Formation is composed mainly of rhyolites and 
rhyolitic tuffs, with minor trachy dacites. The four rhyolite 
samples is grayish yellow in color (Supplemental file 1), 
displaying a porphyritic texture with a groundmass of a 
glassy or microcrystalline texture. The phenocrysts (~ 5%) 
are alkali feldspar (~ 2%) and plagioclase (~ 3%).

Analytical methods

Zircon grains were extracted using the conventional heavy 
liquid and magnetic techniques, and were mounted in 
epoxy, then polished, and coated with gold for cathodolu-
minescence (CL) imaging at Guangdong Provincial Key 
Laboratory of Mineral Resources and Geological Pro-
cesses, Sun Yat-sen University, Guangzhou, China.

Zircon U-Pb dating and trace element analyses were 
conducted using a laser ablation–inductively coupled 
plasma–mass spectrometry (LA-ICP-MS) at Tianjin 
Geological Survey Center (China). The zircon standards 
91,500 and GJ were used to calibrate the U–Th–Pb ratios. 
The spot size for data collection was 30 µm. The errors 
for individual U–Pb analyses are presented with 1σ error 
and uncertainties in grouped ages are quoted at 95% level 
(1σ). Off-line inspection and integration of background 
and analysis signals, and time-drift correction and quan-
titative calibration for trace element analyses and U–Pb 
dating were performed using ICP-MS DataCal (Liu et al. 
2010). Further detailed descriptions of the instrumentation 
and analytical procedure for the LA-ICP-MS zircon U–Pb 
and trace element technique are similar to those described 
by Yuan et al. (2004).

Whole-rock samples for geochemistry were crushed to 
200 mesh using an agate mill for elemental and Sr–Nd 
isotopic analyses. The major oxides were analyzed by a 
wavelength X-ray fluorescence spectrometry at Tianjin 
Geological Survey Center (China). Trace element analyses 
were performed at the Tianjin Geological Survey Center 
by a X Series II ICP-MS. Detailed sample preparation and 
analytical procedure followed Li et al. (2002).
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Geochronological and geochemical 
characteristics

Geochronology

Fine‑ and medium‑grained syenogranite

Samples GS1201 (medium-grained syenogranite) from 
the Tuoliela area and GS5892 (fine-grained syenogranite) 

from the Wuertu area were collected for LA-ICP-MS zir-
con U–Pb dating (Table 1; Fig. 4). Zircon grains from 
sample GS1201 were subhedral-to-euhedral, transparent-
to-colorless, and stubby-to-elongate in shape with lengths 
of 70–200 μm and widths of 50–100 μm (Fig. 4d). Zircon 
grains from sample GS3460 were subhedral and fragmen-
tary, transparent to colorless, and stubby in shape with 
lengths of 70–100 μm and widths of 50–90 μm (Fig. 4e). 
Backscatter electron (BSE) and cathodoluminescence (CL) 

Fig. 2  Geological map showing the stratigraphic and igneous compo-
nents of the Delidenihaermode area (modified from IMBGMR 1991). 
1—Baiyingaolao formation, 2—Manketouebo formation, 3—Gab-

bro, 4—Middle Triassic granite, 5—Late Triassic granite, 6—Middle 
Jurassic granite, 7—Cretaceous granite, and 8—Sample location
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images of all grains display well-preserved growth zones, 
with unperturbed oscillatory zoning, typical of igneous 
zircon (Hanchar and Miller 1993). Zircon U-Pb dating 
results are listed in Table 1 and presented on Concordia 
plots in Fig. 4a, b.

Twenty-four analyses were performed on 24 zircons 
from samples GS1201. Except one spot (GS1201.20) 
with Th/U = 0.06, these analyses documented Th/U ratios 
ranging from 0.3 to 1.6, reflective of an igneous origin. 
The 24 analyses show 206Pb/238U apparent ages ranging 
from 139 to 144 Ma and yield a weighted mean 206Pb/238U 
age of 142 ± 1 Ma [mean square of weighted deviates 
(MSWD) = 0.8, n = 24; Fig. 4a]. This age (142 Ma) is 
interpreted as the crystalline age of the medium-grained 
syenogranite.

Twenty analyses were performed on 20 zircon grains 
from syenogranite sample GS3460. Except one spot 
(GS3460.16) with Th/U = 0.06, these analyses docu-
ment Th/U ratios varying from 0.3 to 1.3, which are 
consistent with an igneous origin (Fig. 4b). One analy-
sis (GS3460.19) yields 206Pb/238U age of 172 ± 2  Ma, 
interpreted as the result of inheritance. The remaining 19 
analyses form a homogenous cluster and yield a weighted 
mean 206Pb/238U age of 142 ± 1 Ma (MSWD = 1.4, n = 19, 
Fig. 4b). This age (142 Ma) is interpreted as the crystalline 
age of the fine-grained syenogranite.

Rhyolite

Sample GS0820 (rhyolite) from the Hanwula area were col-
lected for LA-ICP-MS zircon U–Pb dating. Zircon grains 
were stubby in shape with lengths of 70–150 μm and widths 
of 50–90 μm. Cathodoluminescence (CL) images of all 
grains display well-preserved subhedral-to-euhedral growth 
zones, typical of igneous zircon (Fig. 4f; Hanchar and Miller 
1993). Zircon U–Pb dating results are listed in Table 1 and 
presented on Concordia plots in Fig. 4c.

Twenty-two analyses were performed on 22 zircon grains 
from rhyolite sample GS0820. These analyses document 
high Th/U ratios varying from 1.1 to 3.5, consistent with an 
igneous origin. Except one analysis (GS0820.12) showing 
an inherited 206Pb/238U age of 155 Ma, they yield 206Pb/238U 
apparent ages between 126 Ma and 143 Ma, and a weighted 
mean age of 138 ± 2 Ma with MSWD = 4.9 (n = 21, Fig. 4c). 
This age (138 Ma) is interpreted as the eruption age of the 
rhyolite.

Geochemical characteristics

Fine‑ and medium‑grained syenogranites

The fine- and medium-grained syenogranites show similar 
geochemical characteristics (Table 2), and were plotted in 

Fig. 3  Geological map showing the stratigraphic and igneous com-
ponents of the Aobaowula area (modified from Li et al. 2017b). 1—
Damoguaihe formation, 2—Meiletu formation, 3—Baiyingaolao 
formation, 4—Manitu formation, 5—Manketouebo formation, 6—

Tamulangou formation, 7—Wanbao formation, 8—Late Jurassic 
granite, 9—Permian granite, 10—Stratigraphic boundary, 11—Strati-
graphic unconformity, 12—Strike slip fault, 13—Inferred fault, 14—
Normal fault, 15—Sample location, and 16—Volcanic vent
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Table 1  LA-ICP-MS zircon U-Pb dating results for the Tuoliela syenogranite (GS1201), Wuertu syenogranite (GS3460), and Hanwula rhyolite 
(GS0820) in Erguna and Xing’an massifs

Spot Th/U Isotopic ratios Isotopic ages
206Pb/238U 1σ 207Pb/235U 1σ 207Pb/206Pb 1σ 206Pb/238U 1σ 207Pb/235U 1σ

GS1201
 GS1201.1 1.02 0.02252 0.00026 0.15308 0.00602 0.04929 0.00185 143.6 1.6 144.6 5.7
 GS1201.2 1.19 0.02188 0.00029 0.14840 0.01790 0.04918 0.00610 139.5 1.9 140.5 16.9
 GS1201.3 0.63 0.02252 0.00025 0.15578 0.00573 0.05016 0.00175 143.6 1.6 147.0 5.4
 GS1201.4 0.98 0.02252 0.00026 0.15587 0.01101 0.05021 0.00359 143.5 1.7 147.1 10.4
 GS1201.5 1.24 0.02214 0.00025 0.14924 0.00790 0.04888 0.00256 141.2 1.6 141.2 7.5
 GS1201.6 1.10 0.02244 0.00029 0.15319 0.00521 0.04952 0.00175 143.0 1.8 144.7 4.9
 GS1201.7 1.03 0.02244 0.00031 0.15120 0.01408 0.04886 0.00451 143.1 2.0 143.0 13.3
 GS1201.8 1.00 0.02210 0.00028 0.15227 0.00772 0.04998 0.00245 140.9 1.8 143.9 7.3
 GS1201.9 1.59 0.02200 0.00025 0.14760 0.00662 0.04866 0.00220 140.3 1.6 139.8 6.3
 GS1201.10 0.89 0.02253 0.00026 0.15463 0.00377 0.04978 0.00111 143.6 1.7 146.0 3.6
 GS1201.11 1.10 0.02255 0.00025 0.15706 0.00758 0.05052 0.00246 143.8 1.6 148.1 7.1
 GS1201.12 0.77 0.02235 0.00027 0.15461 0.00442 0.05016 0.00136 142.5 1.7 146.0 4.2
 GS1201.13 1.44 0.02218 0.00024 0.15077 0.00391 0.04930 0.00124 141.4 1.6 142.6 3.7
 GS1201.14 1.38 0.02179 0.00028 0.15197 0.00625 0.05058 0.00209 139.0 1.8 143.6 5.9
 GS1201.15 0.88 0.02219 0.00031 0.15005 0.01203 0.04905 0.00388 141.5 1.9 142.0 11.4
 GS1201.16 0.95 0.02255 0.00029 0.15123 0.00321 0.04863 0.00095 143.8 1.8 143.0 3.0
 GS1201.17 0.32 0.02229 0.00026 0.15674 0.00369 0.05100 0.00112 142.1 1.6 147.8 3.5
 GS1201.18 1.48 0.02203 0.00026 0.15154 0.00566 0.04990 0.00183 140.5 1.7 143.3 5.4
 GS1201.19 0.83 0.02259 0.00027 0.15246 0.01062 0.04896 0.00342 144.0 1.7 144.1 10.0
 GS1201.20 0.06 0.02217 0.00032 0.15453 0.02043 0.05056 0.00707 141.3 2.1 145.9 19.3
 GS1201.21 0.76 0.02233 0.00027 0.15251 0.01283 0.04954 0.00417 142.3 1.7 144.1 12.1
 GS1201.22 0.65 0.02209 0.00025 0.15014 0.01135 0.04929 0.00375 140.8 1.6 142.0 10.7
 GS1201.23 0.53 0.02262 0.00026 0.15447 0.01106 0.04952 0.00354 144.2 1.6 145.9 10.4
 GS1201.24 0.81 0.02204 0.00023 0.14900 0.00574 0.04903 0.00187 140.5 1.5 141.0 5.4

GS3460
 GS3460.1 1.04 0.02268 0.00026 0.15624 0.00540 0.04995 0.00170 144.6 1.7 147.4 5.1
 GS3460.2 0.94 0.02231 0.00024 0.15367 0.00682 0.04996 0.00216 142.2 1.6 145.1 6.4
 GS3460.3 0.98 0.02202 0.00023 0.15069 0.00424 0.04963 0.00135 140.4 1.5 142.5 4.0
 GS3460.4 0.89 0.02179 0.00024 0.15002 0.00291 0.04993 0.00084 139.0 1.5 141.9 2.8
 GS3460.5 1.33 0.02217 0.00023 0.15185 0.00491 0.04967 0.00157 141.4 1.5 143.5 4.6
 GS3460.6 0.84 0.02212 0.00023 0.15410 0.00290 0.05052 0.00085 141.0 1.5 145.5 2.7
 GS3460.7 1.03 0.02253 0.00026 0.15374 0.01126 0.04950 0.00340 143.6 1.7 145.2 10.6
 GS3460.8 1.05 0.02183 0.00026 0.15035 0.01564 0.04995 0.00530 139.2 1.7 142.2 14.8
 GS3460.9 0.75 0.02236 0.00025 0.15396 0.01037 0.04994 0.00331 142.5 1.6 145.4 9.8
 GS3460.10 1.05 0.02241 0.00025 0.15695 0.00498 0.05080 0.00155 142.9 1.6 148.0 4.7
 GS3460.11 0.77 0.02170 0.00026 0.15023 0.01491 0.05022 0.00460 138.4 1.7 142.1 14.1
 GS3460.12 0.78 0.02243 0.00025 0.15269 0.00805 0.04938 0.00257 143.0 1.6 144.3 7.6
 GS3460.13 1.09 0.02210 0.00031 0.15040 0.00309 0.04937 0.00088 140.9 2.0 142.3 2.9
 GS3460.14 0.84 0.02261 0.00030 0.15405 0.00913 0.04942 0.00278 144.1 1.9 145.5 8.6
 GS3460.15 0.32 0.02254 0.00029 0.15224 0.01527 0.04899 0.00486 143.7 1.8 143.9 14.4
 GS3460.16 0.06 0.02250 0.00026 0.15504 0.00941 0.04996 0.00300 143.5 1.7 146.4 8.9
 GS3460.17 0.81 0.02175 0.00024 0.15035 0.00680 0.05014 0.00217 138.7 1.5 142.2 6.4
 GS3460.18 1.10 0.02257 0.00029 0.15337 0.01334 0.04929 0.00426 143.9 1.9 144.9 12.6
 GS3460.19 0.90 0.02711 0.00037 0.18641 0.00421 0.04988 0.00097 172.4 2.4 173.6 3.9
 GS3460.20 0.77 0.02243 0.00030 0.15741 0.00703 0.05090 0.00196 143.0 1.9 148.4 6.6

GS08-20
 GS0820.1 1.81 0.16993 0.01381 0.02200 0.00018 0.05644 0.00458 140.3 1.2 159.4 8.2
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the field of granite in the TAS diagram (Fig. 5a). The 22 
samples exhibit high  SiO2 (71.5–77.6 wt%),  Na2O (3.1–4.5 
wt%),  K2O (4.5–5.4 wt%),  Al2O3 (12.0–14.3 wt%) contents, 
and low and variable MgO contents with  Mg# = 6–55. The 
samples are weekly peraluminous with most A/CNK  [Al2O3/
(CaO + Na2O + K2O)] values lower than 1.1 (0.98–1.11, 
Fig. 5c) and belong to high-K calc-alkaline series (Fig. 5d). 
 Al2O3, FeOT, MgO, CaO,  TiO2, and  P2O5 show negative 
correlations with  SiO2 (Fig. 6). The negative correlations of 
 Na2O + K2O with  SiO2 are insignificant. They show LREE-
enriched chondrite-normalized REE patterns with strongly 
Eu anomalies (Eu* = 0.16–0.73; Fig. 7a). On the primitive 
mantle-normalized spidergram (Fig. 7b), the syenogranite 
samples exhibit significantly negative anomalies of Nb, Ta, 
Sr, P, and Ti.

Rhyolite

The rhyolite samples are highly siliceous (Table 2), with 
 SiO2 contents ranging from 71.8 wt.% to 80.0 wt.% and were 
plotted mainly in the field of rhyolite in Fig. 5b. They have 
relatively high alkali contents with  K2O = 4.4–5.6 wt.% and 
 Na2O = 2.7–4.3 wt.%, and the total  K2O + Na2O contents 
varying from 7.1 to 9.9 wt.%. The samples are classified 
as high-K calc-alkaline series according to the  K2O ver-
sus  SiO2 classification scheme (Fig. 5d). They are weakly 

peraluminous with A/CNK ratios between 0.99 and 1.10. 
 Al2O3, FeOT, MgO, CaO,  Na2O + K2O,  TiO2, and  P2O5 
show negative correlations with  SiO2 (Fig. 6). The rhyolite 
samples show LREE-enriched chondrite-normalized REE 
patterns with significant Eu anomalies (Eu* = 0.16–0.52; 
Fig. 7a). On the multi-elemental primitive mantle-normal-
ized spider diagram (Fig. 7b), these samples are character-
ized by strong depletions in Nb, Ta, Sr, P, and Ti.

Discussion

Genetic type: I‑type, S‑type, or A‑type?

Based on chemical and mineralogical criteria, grani-
toid rocks have traditionally been classified as I-, S-, and 
A-types (Chappell and White 1974, 1992; Hineab et al. 
1978; Whalen et al. 1987). A-type granitoid typically con-
tains high-temperature anhydrous minerals, such as pyrox-
ene, fayalite, and interstitial biotite (Collins et al. 1982; 
Eby 1992; Whalen et al. 1987). A-type granitoids are also 
characterized by high FeOT/MgO ratios and the enrich-
ment of the HFSE and REE concentrations with Zr higher 
than 250 ppm and Zr + Nb + Ce + Y higher than 350 ppm 
(Eby 1990, 1992; Frost and Frost 2011). Both our rhyolites 
and syenogranites samples show low FeOT/MgO ratios, Zr 

Table 1  (continued)

Spot Th/U Isotopic ratios Isotopic ages
206Pb/238U 1σ 207Pb/235U 1σ 207Pb/206Pb 1σ 206Pb/238U 1σ 207Pb/235U 1σ

 GS0820.2 1.48 0.11821 0.01018 0.02204 0.00020 0.03998 0.00336 140.5 1.3 113.5 8.7
 GS0820.3 1.83 0.11408 0.01234 0.02199 0.00020 0.03771 0.00402 140.2 1.3 109.7 10.9
 GS0820.4 1.87 0.24528 0.03734 0.02223 0.00032 0.07938 0.01172 141.8 1.7 222.7 15.3
 GS0820.5 1.14 0.20546 0.01814 0.02226 0.00023 0.06673 0.00604 141.9 1.4 189.7 8.9
 GS0820.6 1.75 0.13728 0.00672 0.02228 0.00020 0.04479 0.00216 142.0 1.3 130.6 5.0
 GS0820.7 1.25 0.09992 0.01433 0.02189 0.00022 0.03403 0.00477 139.6 1.4 96.7 14.4
 GS0820.8 2.30 0.14761 0.00907 0.02146 0.00016 0.04980 0.00305 136.9 1.2 139.8 6.3
 GS0820.9 1.58 0.15236 0.03070 0.02145 0.00027 0.05513 0.01112 136.8 1.6 144.0 20.2
 GS0820.10 1.84 0.20331 0.01630 0.02179 0.00020 0.06723 0.00533 138.9 1.3 187.9 8.1
 GS0820.11 1.55 0.15622 0.00781 0.02203 0.00017 0.05140 0.00250 140.5 1.2 147.4 5.1
 GS0820.12 1.26 0.19058 0.01965 0.02439 0.00022 0.05708 0.00589 155.4 1.3 177.1 10.4
 GS0820.13 1.54 0.14899 0.00989 0.02197 0.00019 0.04963 0.00332 140.1 1.3 141.0 6.8
 GS0820.14 2.53 0.19791 0.03035 0.01971 0.00023 0.07027 0.01073 125.8 1.5 183.4 15.4
 GS0820.15 1.66 0.14437 0.01153 0.02095 0.00016 0.05041 0.00406 133.6 1.2 136.9 8.1
 GS0820.16 1.69 0.14294 0.00738 0.02100 0.00016 0.04925 0.00253 134.0 1.2 135.7 5.3
 GS0820.17 2.32 0.19035 0.01617 0.02235 0.00022 0.06231 0.00524 142.5 1.3 176.9 8.6
 GS0820.18 2.66 0.16513 0.00754 0.02196 0.00017 0.05478 0.00246 140.0 1.2 155.2 4.7
 GS0820.19 3.50 0.15492 0.01647 0.02070 0.00017 0.05371 0.00576 132.1 1.2 146.2 10.7
 GS0820.20 2.43 0.15334 0.01569 0.02179 0.00020 0.05062 0.00525 138.9 1.3 144.9 10.3
 GS0820.21 1.61 0.27461 0.03453 0.02225 0.00032 0.09604 0.01222 141.8 1.7 246.4 12.6
 GS0820.22 1.64 0.21376 0.03403 0.02192 0.00028 0.06807 0.01174 139.8 1.6 196.7 16.0
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and Zr + Nb + Ce + Y contents except one rhyolite sample 
(GS0820; Fig. 8). Besides, no high-temperature anhydrous 
minerals (pyroxene, fayalite, or interstitial biotite) have been 
observed in the rhyolite and syenogranite samples (Supple-
mental file 1). These mineral and chemical characteristics 
indicate that our rhyolites and syenogranites are not A-type 
granites.

S-type granites were first recognized as strongly peralu-
minous magmas derived (dominantly) from metasedimen-
tary rocks. Thus, S-type granites typically contain abundant 
inherited zircon (Collins and Richards 2008) and Al-rich 
minerals, such as muscovite, garnet, and cordierite, and are 
always strongly peraluminous with high A/CNK (> 1.1; 
Chappell 1999; Chappell and White 1992; Clemens 2003). 
In contrast, I-type granites were identified to be derived from 
the meta-igneous rocks, and contain hornblende, especially 

at the more mafic end of the compositional spectrum (Chap-
pell et al. 1998; Chappell and White 1992; Roberts and 
Clemens 1993). I-type granites are always metaluminous 
to weakly peraluminous with the A/CNK ratios lower than 
1.1 (Chappell 1999; Chappell and White 1992). Besides, 
the negative correlation between  P2O5 and  SiO2 is a cru-
cial criterion for distinguishing the I-type granites from 
S-type granites (Chappell and White 1992). Our syenogran-
ite samples contain some hornblendes. Both the rhyolites 
and syenogranites samples show low A/CNK ratios (< 1.1) 
and notable negative correlations between  P2O5 and  SiO2 
(Fig. 6f). Besides, the rhyolites of the Baiyingaolao forma-
tion show high and positive zircon εHf(t) values (2.6–12.1; 
supplemental file 2; Dong et al. 2014). Therefore, the rhyo-
lites and syenogranites are more likely to be I-type grani-
toids, rather than the S-type.

Fig. 4  a–c LA-ICP-MS zircon U-Pb concordia diagrams for the Tuo-
liela syenogranite (GS1201), Wuertu syenogranite (GS3460), and 
Hanwula rhyolite (GS0820). d–f Cathodoluminescence (CL) images 

of representative zircon grains. Red circles on CL images mark ana-
lytical site on each grain
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Petrogenesis of the early cretaceous rhyolites 
and syenogranites

Our rhyolites and syenogranite samples fall in the fields of 
high-K calc-alkaline series in Fig. 4d. According to Barba-
rin (1999), they could be classified as high-K calc-alkaline 
I-type granitoids. Such granitoids were derived from (1) 
fractional crystallization of mantle-derived basaltic magma 
coupled with crustal contamination (Barth et al. 1995), (2) 
mixing of mantle-derived mafic magma and crust-derived 
felsic magma (Cong et al. 2011; Yang et al. 2016), or (3) 
partial melting of sub-alkaline meta-basalts, followed by 
fractionation (Rapp and Watson 1995). The products from 
either case (1) or (2) usually show low  SiO2, but high  Al2O3 
(> 14.5 wt%) and  Na2O contents  (Na2O/K2O > 1), and con-
tain abundant inherited zircons. Besides, the products from 
case (1) are generally associated with large volumes of 
mafic–intermedia rocks, and mafic microgranular enclaves 
(MME) may occur in case (2) (Barbarin 2005). However, 
our rhyolites and syenogranites samples show high  SiO2 (up 
to 80.0 wt%), low  Al2O3 (10.5–14.3 wt.%) and  Na2O/K2O 

ratios (0.60–0.98). Only limited volumes of mafic–interme-
dia rocks crop out in this area and MMEs are absent in the 
syenogranite plutons (Supplemental file 1). Experimental 
studies have demonstrated that partial melting of basaltic 
rocks can produce intermediate-to-silicic melts leaving 
a granulite residue at 8–12 kbar or an eclogite residue at 
12–32 kbar (Rapp and Watson 1995). Thus, it is likely that 
the rhyolites and syenogranites are originated from partial 
melting of sub-alkaline meta-basalts.

The I-type granites may be classified into two distinct 
types, high- and low-temperature, based on the absence or 
presence, respectively, of initially inherited zircons (Chap-
pell et al. 1998). Our three age dating samples only contain 
two inherited zircons. The inherited zircons show young 
206Pb/238U ages of 172 and 155 Ma, which may be from 
the surrounding Middle Jurassic granites and the underlain 
Manitu formation, respectively. They are from wall rocks, 
rather than initially inherited. We carried out whole-rock 
zirconium saturation temperature (TZr) calculation and got 
the TZr in a range of 794–881 °C and 803–964 °C for the sye-
nogranites and rhyolites, respectively. Thus, the rhyolites and 

Fig. 5  a  SiO2 –  (K2O + Na2O) plot (Le Bas et  al. 1986). b Nb/Y-SiO2 plot (Winchester and Floyd 1977). c A/CNK [molar  Al2O3/ 
(CaO + Na2O + K2O)] versus  SiO2 diagram, and (d)  K2O versus  SiO2 diagram (Le Maitre et al. 1989)
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Fig. 6  Harker diagrams for the Early Cretaceous rhyolites and syenogranites in Erguna and Xing’an massifs. Symbols are the same as in Fig. 5
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syenogranites should be high-temperature I-type granitoids. 
The high-temperature I-type granites formed from a magma 
that was completely or largely molten (Chappell et al. 1998). 
Experiments reveal that water-unsaturated dehydration melt-
ing of the meta-basalts can generate mildly peraluminous 
melt with high-K content (Chappell et al. 2012; Rapp and 
Watson 1995), and water-saturated melting of the meta-
basalts yields strong peraluminous melts enriched in Ca and 
depleted in Fe, Mg, and K (Beard and Lofgren 1991). The 
rhyolites and syenogranites are weakly peraluminous and 
K-enriched, and they should be generated by water-unsatu-
rated dehydration melting of the meta-basalts. Experimen-
tal data have demonstrated that biotite and muscovite will 
breakdown when the temperature is higher than 800–850 °C 
(Thompson and Connolly 1995), but dehydration melting of 
amphibolites requires much higher temperatures (> 1000 °C, 
Rapp and Watson 1995). Rb/Sr and Ba show negative con-
nections, which are also in accordance with the dehydra-
tion melting of biotite/muscovite (Fig. 9). Residual mineral 
assembles after melt extraction may also play a crucial role 

Fig. 7  Primitive mantle-normalized incompatible elemental spider-
grams and chondrite-normalized REE patterns for the Early Creta-
ceous rhyolites and syenogranites in Erguna and Xing’an massifs. 
Normalized values for primitive mantle and chondrite are from refer-
ence (Sun and McDonough 1989)

Fig. 8  a FeOT/MgO versus (Zr + Nb + Ce + Y) (ppm) plot (Whalen 
et  al. 1987) and b Zr (ppm) versus (Zr + Nb + Ce + Y) (ppm) plot 
(Whalen et al. 1987). Symbols are the same as in Fig. 5

Fig. 9  Rb/Sr versus Ba for the Early Cretaceous rhyolites and sye-
nogranites in Erguna and Xing’an massifs. The trends for dehydration 
muscovite and biotite melting and plagioclase fractional crystalliza-
tion are from Zhang et al. (2004)
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in forming magmas with peculiar geochemical character-
istics (Beard and Lofgren 1991). Low HREE abundances 
and fractionated REEs indicate the possible presence of 
garnet in the residuum. The flat HREE patterns may sug-
gest amphibole as another residual mineral. Figure 9 and 
insignificant negative correlations of  Na2O + K2O with  SiO2 
in Fig. 6 show that plagioclase fractional crystallization was 
insignificant, but our samples show notable negative Eu and 
Sr negative anomalies (Fig. 7), implying that plagioclase 
might also play as residual mineral in the magma chamber 
(Martin 1999). Thus, the rhyolites and syenogranites were 
generated by dehydration melting of biotite/muscovite from 
sub-alkaline meta-basalts, leaving garnet, amphibole, and 
plagioclase as the major residual minerals.

Tectonic setting

High-K calc-alkaline I-type granites may be generated in 
two tectonic scenarios: (1) continental arc settings like that 
of the Andes and (2) post-collisional settings like that of the 
Caledonides (Roberts and Clemens 1993). In the case of 
Early Cretaceous rhyolites and syenogranites in Erguna and 
Xing’an massifs, three tectonic models may account for their 
generation, including (1) post-collisional extension related 
to the Paleo-Asian Ocean closure, (2) post-collisional exten-
sion related to the closure of the Mongol–Okhotsk Ocean, 
and (3) the Mongol–Okhotsk oceanic and/or Paleo-Pacific 
subduction setting (Cogne et al. 2005; Dong et al. 2014; Ji 
et al. 2016; Tang et al. 2015; Wang et al. 2015b, c; Yang 
et al. 2015). The final closure of the Paleo-Asian Ocean may 
occurred at Middle Permian, Late Permian, or Middle Trias-
sic, and that the associated collisional orogeny terminated 

at Late Triassic (Chen et al. 2015; Wang et al. 2015c; Yang 
et al. 2017; Zhou et al. 2017). The transition from the Paleo-
Asian oceanic regime to the circum-Pacific tectonic regime 
in NE China may took place during the Late Triassic-to-
Early Jurassic (Yang et al. 2017). Post-collisional extension 
often happened 10–20 Ma later of the final closure of the 
ancient ocean (Wang et al. 2007). Therefore, it seems impos-
sible for the Early Cretaceous rhyolites and syenogranites to 
be formed in a post-collisional setting related to the Paleo-
Asian Ocean closure.

Palaeomagnetic studies revealed that the Mon-
gol–Okhotsk ocean did not close until the end of Early Creta-
ceous (Kravchinsky et al. 2002) or later (Halim et al. 1998). 
These observations indicate that petrogenesis of the Early 
Cretaceous rhyolites and syenogranites cannot be controlled 
by post-collisional extension related to the closure of the 
Mongol–Okhotsk Ocean. Eastern central Asia was an active 
continental margin during the early Mesozoic, and closely 
associated with subduction of the Mongol–Okhotsk plate to 
the north (Halim et al. 1998; Kravchinsky et al. 2002) and 
the Paleo-Pacific plate to the east (Zhou and Wilde 2013). 
On the discrimination diagrams of Rb versus Y + Nb and 
Nb versus Y (Pearce et al. 1984), all the samples fall in 
the field of arc volcanic granite (Fig. 10). Thus, the Early 
Cretaceous rhyolites and syenogranites may be generated in 
the Mongol–Okhotsk oceanic or Paleo-Pacific subduction 
settings (Case 3). However, the Early Cretaceous igneous 
rocks are characterized by NE-trending zonation (parallel 
to the Mongol–Okhotsk suture) and is well distinguished 
from Paleo-Pacific subduction induced magmatism in the 
Songliao basin (Fig. 1b; Zhang 2014). Besides, the Early 
Cretaceous igneous rocks in the western Erguna and Xing’an 

Fig. 10  Tectonic discrimination diagrams for the Early Cretaceous rhyolites and syenogranites in Erguna and Xing’an massifs involving a 
Rb-(Y + Nb) and b Nb–Y diagrams (Pearce et al. 1984). Symbols are the same as in Fig. 5
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massifs are also relatively far from the Pacific subduction 
zone but near the Mongol–Okhotsk suture (Fig. 1b). Thus, a 
more plausible setting for the Early Cretaceous rhyolites and 
syenogranites is the Mongol–Okhotsk oceanic subduction. 
Zhang (2014) proposed a ridge subduction and slab window 
model for the petrogenesis of the large-scale igneous rocks 
in the Erguna and Xing’an massifs (Fig. 11). The thermal 
budget provided by radioactive decay or crustal thickening 
would not be sufficient to trigger the partial melting of the 
sub-alkaline meta-basalts without additional heat input from 
the mantle processes. The underplating of asthenospheric 
mantle associated with the ridge subduction and slab win-
dow during the Mongol–Okhotsk oceanic subduction may 
provide the likely heat source (Fig. 11).

Early cretaceous lower crustal reworking

One question remains as where the source rocks (i.e., the 
sub-alkaline meta-basalts) of the Early Cretaceous rhyolites 
and syenogranites were located, in upper, middle, or lower 
continental crust? The upper continental crust shows equal 
chemical compositions with the granites, the lower conti-
nental crust shows equal chemical compositions with the 
basalts, and the middle crust shows transitional chemical 
compositions between them (Rudnick 1995; Rudnick and 
Fountain 1995). Source rocks of the Early Cretaceous rhyo-
lites and syenogranites are geochemically identical to the 
lower continental crust. Besides, our samples show high  TZr 
(794–964 °C), suggesting that their generation should not be 
shallower than the lower continental crust. Thus, the source 
rocks (i.e., the sub-alkaline meta-basalts) may be parts of 
the lower continental crust in NE China, and their dehy-
dration melting may represent the partial melting of lower 
continental crust. The recycled melt was transferred to the 
upper crust, produced the rhyolites and syenogranites, and 
caused the chemical differentiation of the continental crust. 
This process was identified as the lower crustal reworking.

Although much less attention has been paid to the Phan-
erozoic crustal reworking in NE China, the following obser-
vations indicate that Early Cretaceous lower crustal rework-
ing in NE China may be rather pronounced. (1) The volcanic 
rocks of the Manketouebo and Baiyingaolao Formations are 
widespread in Erguna and Xing’an massifs, which were pro-
posed to be derived from the partial melting of Neoprotero-
zoic-to-Phanerozoic juvenile crustal material (Dong et al. 
2014; Ji et al. 2016). (2) Large volumes of Early Cretaceous 
acidic rocks crop out in Songliao basin as products of juve-
nile crustal remelting (Guo et al. 2009; Huang et al. 2010; 
Pei et al. 2010; Wang et al. 2010, 2002; Zhang et al. 2011). 
(3) Many I-type and A-type granitic plutons in Khanka, Jia-
musi, Songnen–Zhangguangcai Range, Xing’an, and Erguna 
massifs were previously believed to represent crustal growth 
(Guo et al. 2009; Liu et al. 2015; Wang et al. 2015b; Yang 
et al. 2014). However, these granites are also derived from 
melting of juvenile mafic lower crust (Guo et al. 2009); 
surely, they are products of lower crustal reworking.

Incorporating all these materials, we argue that Early Cre-
taceous crustal reworking is widely distributed in NE China.

Conclusions

(a) Early Cretaceous zircon U–Pb ages of 142–138 Ma 
were obtained for the syenogranites and rhyolites in 
the western Great Xing’an range (NE China).

(b) The syenogranites and rhyolites show low Zr and 
Zr + Nb + Ce + Y contents, and low A/CNK,  Mg#, and 
FeOT/MgO values. They are  K2O-enriched and yield 
negative correlations between  P2O5 and  SiO2. Both 
were classified as high-K calc-alkaline I-type grani-
toids.

(c) The syenogranites and rhyolites were generated by 
dehydration melting of biotite/muscovite from sub-

Fig. 11  Schematic diagram for 
the Early Cretaceous tectonic 
enviroments of the western 
Erguna and Xing’an massifs 
(China). The ridge subduction 
and slab window of Mongol–
Okhotsk ocean induced the 
asthenosphere upwelling which 
provided the likely heat source 
for the partial melting of the 
meta-basaltic source rocks
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alkaline meta-basalts in lower crust depth, leaving 
behind garnet, amphibole, and plagioclase as the major 
residual minerals. They are more likely formed in Mon-
gol–Okhotsk oceanic subduction setting.

(d) Lower crustal reworking is pronounced in NE China 
during Early Cretaceous.
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