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ABSTRACT: The Huichizi granite complex is the largest Paleozoic I-type intrusion located in the 
North Qinling orogenic belt (NQB). In this study, we present systematic geochemical element data, 
zircon U-Pb ages, Lu-Hf isotopic data, and Sr-Nd isotopic data for the Huichizi granites. In terms of 
mineral and chemical compositions, these granites are biotite monzonitic and alkali-feldspar gran-
ites, both of which are characterized by high SiO2 and total alkali contents and low MgO, TiO2, and 
TFeO contents. These granites are weakly peraluminous (A/CNK values are 1–1.06 for biotite mon-
zonitic granites and 1.04–1.09 for alkali-feldspar granites) and possess the geochemical characteris-
tics of adakitic rocks, e.g., high Sr contents (319 ppm–633 ppm), Sr/Y ratios (18.5–174), and 
(La/Yb)N ratios (17.6–57) and low MgO (0.04 wt.%–0.83 wt.%), Y (3.0 ppm–17.2 ppm), and heavy 
rare-earth element (HREE) contents. This indicates that these rocks were most likely derived from 
the partial melting of a thickened lower crust. In situ zircon U-Pb dating of these granites yields 
Early Caledonian ages (437 Ma for biotite monzonitic granites and 424 Ma for alkali-feldspar gran-
ites), indicating that the Huichizi granitic complex is the product of multi-periodic magmatism. The 
positive but varying zircon εHf(t) values (+0.6 to +8.5) suggest that this thickened lower crust was 
mainly juvenile, i.e., accreted from depleted mantle during the Neo-Mesoproterozoic Period, but in-
volved the ancient recycled crust. Biotite monzonitic granites formed during crust thickening at the 
extrusion stage, whereas the alkali granites formed during crust thickening at the extension stage 
(post extrusion). The Huichizi granite complex witnessed the process of extrusion to extension be-
cause of the collision between the NCB and the Qinling microcontinent in the Caledonian. 
KEY WORDS: U-Pb age, Sr-Nd-Hf isotope, Huichizi granitic complex, adakitic granite, North 
Qinling orogen. 
 

0  INTRODUCTION 
The Qinling orogenic belt (QOB) is one of the most im-

portant collision orogens in China and the most important 
component of the central China orogenic belt (Wu and Zheng, 
2013; Zheng et al., 2012; Wu et al., 2009; Ratschbacher et al., 
2003; Yang et al., 2003; Zhang G W et al., 2001, 1996; Meng 
and Zhang, 2000, 1999; Kröner et al., 1993; Mattauer et al., 
1985). Extensive studies during the last several decades have 
provided new insights on the tectonic framework of the 
Qinling orogen (Dong and Santosh, 2016; Yu et al., 2016; 
Zhou et al., 2016; Dong et al., 2015, 2011a, b, c; Wang et al., 
2015; Wu and Zheng, 2013; Li et al., 2007; Zhang et al., 2001; 
Xu B et al., 2000).  

The QOB is generally acknowledged as a complex orogen 
between the South China Block (SCB) and the North China 
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Block (NCB), with a long history that can be traced back to the 
formation of the basement in the Archean (Fig. 1a). From north 
to south, the QOB can be divided into four tectonic units: the 
southern margin of the NCB, North Qinling orogenic belt 
(NQB), South Qinling orogenic belt (SQB), and northern mar-
gin of the SCB (Dong et al., 2015, 2011b; Bader et al., 2013; 
Zhang G W et al., 2004, 1996, 1995). 

Because of the multiple complex tectonic structures of the 
QOB, different types of granites have widely developed since 
the Neoproterozoic; most of these were emplaced mainly in the 
Neoproterozoic, Paleozoic, and Mesozoic periods (Wang H et 
al., 2016, 2013, 2011; Li et al., 2015; Wang X X et al., 2015; 
Qin et al., 2013, 2007; Zhang C L et al., 2013, 2005, 2004; 
Chen, 2010; Qin, 2010; Wang T et al., 2009, 1997; Zhang Z Q 
et al., 2006, 1999; Sun et al., 2002; Zhang G W et al., 2001; Lu 
et al., 1999, 1996). Note that most Paleozoic granites developed 
in the NQB, which has been the subject of researches over sev-
eral decades to trace back the tectonic evolution of the QOB 
during the Paleozoic (Wang H et al., 2016, 2013; Wang X X et 
al., 2013; Zhang C L et al., 2013; Dong et al., 2011b; 
Ratschbacher et al., 2003; Zhang G W et al., 2001; Meng and 
Zhang, 1999). These granites developed through subduction, 
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accretion, and collision of the Shangdan Ocean or Erlangping 
Back-Arc Basin. However, the precise timing, formation, scale, 
and processes of this tectonic event are controversial (Wang H 
et al., 2016, 2013; Wang X X et al., 2015; Wu and Zheng, 2013; 
Dong et al., 2011a, b; Wang T et al., 2009; Yan et al., 2006a, b; 
Lu et al., 2003; Zhang G W et al., 2001, 1996; Ren et al., 1999). 

The Huichizi granite complex is the largest Paleozoic I-type 
intrusion located in the NQB (Fig. 1b). The petrogenesis of this 
complex provides a good opportunity to trace the geodynamic 

evolution of the NQB during the Paleozoic. Although this gran-
ite complex has been studied widely, its geologic age, petro-
genesis, and geodynamic setting are still controversial (Qin et al., 
2015; Liu, 2014; Lei, 2010; Wang et al., 2009, 2000; Li et al., 
2001, 2000; Zhang H F et al., 1994). In this study, we present 
systematic geochemical element data, zircon U-Pb ages, Lu-Hf 
isotopic data, and Sr-Nd isotopic data from the Huichizi complex 
granites to constrain the timing of formation and petrogenesis 
and to trace the tectonic evolution of the area.

 

 

Figure 1. (a) Schematic geological map of North Qinling orogenic belt (modified after Dong et al., 2011c). (b) Geological map showing the Huichizi complex, 

North Qinling (modified after Zhang et al., 2013).  
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1  GEOLOGICAL SETTING AND SAMPLES 
The NQB is bound to the north by the Luonan-Luanchuan 

fault and to the south by the Shangdan fault. The NQB can be 
traditionally subdivided from north to south into several 
lithological units, including the Kuanping Group, Erlangping 
Group, Qinling Group, Songshugou complex, and Danfeng 
Group, which are separated from each other by thrust faults or 
ductile shear zones (Fig. 1b) (Dong et al., 2015, 2011a; Wang et 
al., 2011; Ratschbacher et al., 2003; Zhai et al., 1998; Zhang G 
W et al., 1995; Zhang Z Q et al., 1994; Kröner et al., 1993). 

The Kuanping Group mainly consists of metabasites 
(greenschist and amphibolite) and metasediments (mica schist, 
quartzite, and marble) (Wu and Zheng, 2013; Dong et al., 2011a; 
Diwu et al., 2010; Yang et al., 2003). Detrital zircons from me-
tasedimentary rocks yielded multiphase U-Pb ages with peaks of 
~2 550, ~1 750, 1 102–985, and ~650 Ma (Dong et al., 2011a; 
Zhu et al., 2011; Diwu et al., 2010), these data indicate that both 
the NQB and NCB were provenances of the continental clastic 
rocks of the Kuanping Group (Lu et al., 2009). 

Similarly, the Erlangping Group is mainly composed of 
metavolcanic and metasedimentary rocks, including minor ul-
tramafic rocks, mafic to intermediate volcanic rocks, hypabyssal 
dykes, clastic rocks, and cherts, which underwent upper green-
schist to amphibolite facies metamorphism (Wu and Zheng, 2013; 
Dong et al., 2011b; Ratschbacher et al., 2003; Sun W D et al., 
1996; Sun Y et al., 1996). Geochemical and geochronological 
data indicate that the Erlangping Group formed in an intra-  
oceanic arc (Wang et al., 2011; Hacker et al., 2004; Ratschbacher 
et al., 2003; Xue et al., 1996) or back-arc basin setting (Dong et 
al., 2011c; Zhang G W et al., 2004b) in the Early Paleozoic. 

The Qinling Group is the most important and oldest unit of 
the NQB. It is composed of biotite-plagioclase and garnet-  
sillimanite gneisses, mica-quartz schists, graphite-bearing mar-
bles, and amphibolites or garnet amphibolites with some ec-
logites (Ratchbacher et al., 2003; Zhang, 1988). Although the 
formation time of the Qinling Group is controversial, it is gen-
erally believed to be Paleoproterozoic (Zhang G W et al., 2001, 
1995; Zhang Z W, 1994), Mesoproterozoic (Lu et al., 2006; 
Yang et al., 2003), and Neoproterozoic (Wan et al., 2011; Yang 
et al., 2010; Shi et al., 2009; Chen et al., 1991). The Qinling 
Group generally suffered multiphase metamorphic deformation. 
Reliable in situ Lu-Hf isochron and zircon U-Pb ages show 
peak metamorphic ages of 518–486 Ma (Wang et al., 2014a; 
Cheng et al., 2012, 2011), which are considered to be the result 
of the northward subduction of the Shangdan oceanic plate 
along the southern edge of the NQB (Liu Q et al., 2014; Dong 
et al., 2011c; Lei, 2010), or  the result of the collision between 
the North Qinling microcontinent and the Erlangping oceanic 
arc (Wang H et al., 2014a, b, 2013, 2011). 

The Songshugou complex is the largest mafic-ultramafic 
ophiolite complex in the NQB (Fig. 1b). Ultramafic rocks have 
undergone variable degrees of retrogression, whereas mafic 
rocks display evidence of amphibolite facies metamorphism 
(Cao et al., 2016; Wang et al., 2014a; Liu L et al., 2013, 2010; 
Lu S N et al., 2009, 2003; Chen and Liu, 2011). Both high- 
pressure granulites and garnet amphibolites occur as lenses 
within amphibolites. High-pressure granulites have metamor-
phic ages of 505–485 Ma (Yu et al., 2016; Chen et al., 2015; 

Chen, 2004); this age was also assumed as the emplacement age 
of the Songshugou peridotite. 

The Danfeng Group comprises a series of greenschist to 
amphibolite facies metavolcanic and metasedimentary rocks. 
Isotopic data show that the complex formed during 520–420 Ma 
(Dong et al., 2011a). Metavolcanic rocks exhibit the character-
istics of MORB or arc-related volcanic-type rocks (Dong et al., 
2011b; Yan et al., 2009; Ratschbacher et al., 2003; Zhang et al., 
1995). The complex may be related to an arc-continent collision 
or the closure of the Shangdan Ocean Basin (Wu and Zheng, 
2013; Dong et al., 2011a, b). 

The Huichizi granite complex is the biggest granite batholith 
in the east of the NQB and covers an area of 340 km2. It mainly 
consists of biotite monzonitic granites and sporadic outcrops of 
alkali-feldspar granites in the southwest (Figs. 2a, 2b). A typical 
pegmatite-type uranium deposit, Guangshigou Uranium Deposit, 
is present at the southern edges of the complex close to the granite 
complex, indicating a close relation with granites. We selected 
granites as the subject for this study. This is the first time that the 
relation between alkali-feldspar granites and biotite monzonitic 
granites has been reported for this study area. 

The biotite monzonitic granite is generally gray and pale red 
with a medium- or coarse-grained texture (Figs. 2a, 2c). The min-
eral composition is mainly quartz (35%), K-feldspar (microcline) 
(15%–20%), plagioclase (30%–35%), and euhedral biotite (10%), 
with accessory hornblende, ilmenite, apatite, monazite, and zircon. 
The granite is characterized by gneissic schistosity, which is ba-
sically consistent with metamorphic foliation, whose direction is 
the same as that of the regional tectonic line. The granite has un-
dergone some chloritization and muscovitization.  

The alkali-feldspar granite appears pale red, has large min-
eral particles (Figs. 2b, 2d), and has a simple mineral composi-
tion primarily including quartz (35%), K-feldspar (microcline) 
(35%–40%), plagioclase (20%–25%), and a small amount of 
biotite (5%). Accessory minerals include apatite, zircon, mona-
zite, and sphene.  

Both granites intrude into the country rock of the Qinling 
Group, which comprises biotite plagioclase gneiss and biotite 
amphibolite. Migmatization is sometimes developed at the con-
tact zone between the granites and biotite plagioclase gneiss. 

 
2  ANALYTICAL PROCEDURES 
2.1  Major and Trace Elements  

Whole-rock element concentrations were analyzed at the 
State Key Laboratory of Ore Deposit Geochemistry, Chinese 
Academy of Sciences, Guiyang. Major elements were deter-
mined by X-ray fluorescence (XRF) on LiBO4 fusion glass 
plates using an Axios (PW4400) XRF spectrometer. Certified 
standards were used for calibration. Trace elements in granites 
were measured by inductively coupled plasma mass spectrome-
try (ICP-MS; PerkinElmer, ELAN DRC-e). Relative errors were 
<5%. The detailed analytical procedures are given in Qi et al. 
(2000). Analytical errors for major and trace elements were less 
than 1% and 10% (relative), respectively. 
 
2.2  Sr-Nd Isotope Analyses 

For Sr-Nd isotope analyses, ~100 mg of the powdered sam-
ple was placed into a Teflon beaker with a HF/HNO3 acid mixture. 
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Sr and Nd were then separated and purified by conventional 
cation-exchange techniques. The isotopic measurements of puri-
fied Sr-Nd solutions were performed using a Thermo Fisher ther-
mal ionization mass spectrometer (TIMS) (Triton) at the Tianjin 
Institute of Geology and Mineral Resources, China Geological 
Survey. Mass fractionation corrections for Sr and Nd isotopes 
were based on 86Sr/88Sr=0.119 4 and 146Nd/144Nd=0.721 9, re-
spectively.  

During sample analyses, the Sr standard NBS987 yielded 
87Sr/86Sr=0.710 2±5 (2σ, n=5) and the Nd standard LRIG 
yielded 143Nd/144Nd=0.512 2±7 (2σ, n=5). The procedural blank 
was 100 pg for Rb-Sr and 50 pg for Sm-Nd. 

 
2.3  Zircon U-Pb Dating 

The U-Pb dating of zircon was conducted using laser abla-
tion (LA)-ICP-MS at the State Key Laboratory of Geological 
Processes and Mineral Resources, China University of Geo-
sciences, Wuhan. Analytical conditions and data reduction were 
the same as those reported in Liu Y S et al. (2010, 2008). Laser 
sampling was performed using GeoLas 2005. An Agilent 7500a 
ICP-MS instrument was used for data acquisition. A blank run of 
20–30 s (gas blank) was performed before the analysis of a sam-
ple for 50 s. Agilent ChemStation was used for the acquisition of 
each analysis. Offline selection and integration of background and 
analyte signals and time drift correction and quantitative calibra-
tion for trace element analyses and U-Pb dating were performed 
using ICPMSDataCal (Liu Y S et al., 2010, 2008). Zircon 91500 
was used as an external standard for U-Pb dating and was ana-
lyzed twice for every five analyses of samples. Preferred U-Th-Pb 
isotope ratios used for zircon 91500 were obtained from Wieden-

beck et al. (1995), and the uncertainty in these values was propa-
gated to sample results. Concordia diagrams were created and 
weighted mean calculations were performed using Isoplot/Ex (ver. 
3) (Ludwig, 2003). 
 
2.4  Zircon Lu-Hf Isotope  

In situ Lu-Hf isotope analysis of zircon was performed 
using a New Wave UP193 LA microprobe attached to a Nep-
tune II MC-ICP-MS at the State Key Laboratory for Mineral 
Deposits Research, Nanjing University. Instrumental condi-
tions and data acquisition were similar to those described by 
Wu et al. (2006). A spot size of 60 µm and a repetition rate of 
10 Hz were applied in all analyses. Helium was used as the 
carrier gas to transport an ablated sample from a LA cell to 
the ICP-MS torch. 

To evaluate the accuracy of LA results and test the reliability 
of correction protocols, we repeatedly analyzed two zircon stan-
dards: 91500 and Mud Tank (MT). Our analyses yielded a mean 
176Hf/177Hf ratio of 0.282 306±0.000 008 (2σ) for the 91500 zir-
con standard and 0.282 490±0.000 004 (2σ) for the MT zircon 
standard. A decay constant of 1.865×10−11 yr−1 was adopted for 
176Lu (Scherer, 2001). Initial 176Hf/177Hf ratios, denoted as εHf(t), 
were calculated relative to the chondritic reservoir with the pre-
sent-day 176Hf/177Hf ratio of 0.282 772 and a 176Lu/177Hf ratio of 
0.033 2 (Blichert and Albarède, 1997). Single-stage Hf model 
ages (TDM) were calculated relative to the depleted mantle with a 
present-day 176Hf/177Hf ratio of 0.283 25 and a 176Lu/177Hf ratio of 
0.038 4 (Vervoort and Blichert-Toft, 1999). Two-stage model 
ages (TDM2) were calculated using an assumed 176Lu/177Hf ratio of 
0.015 (Griffin et al., 2002). 

 

 

Figure 2. Field photographs showing the biotite monzonitic granite (a) and the alkali-feldspar granite (b), thin section photomicrographs of representative 

sample of the biotite monzonitic granite (HCZ-1) (c) and the alkali-feldspar granite (DMZ-1) (d). Bi. Biotite; Mu. muscovite; Or. orthoclase; Pl. plagioclase. 
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3  RESULTS 
3.1  Whole-Rock Geochemistry 

Table S1 presents the whole-rock chemical compositions 
of granites, including 14 samples from biotite monzonitic gran-
ites and seven samples from alkali-feldspar granites.  

Both types of granites are characterized by high SiO2 (69.02 
wt.%–76.2 wt.%) and total alkali (Na2O+K2O=7.14 wt.%–8.74 
wt.%) contents. All samples fall within the granite domain of the 
total alkali versus silica diagram (Fig. 3a). Biotite monzonitic 
granites show lower K2O contents (1.95 wt.%–3.99 wt.%) than 
alkali-feldspar granites (3.69 wt.%–5.22 wt.%). This is also re-
flected in the K2O-SiO2 diagram (Fig. 3b). Samples from biotite 
monzonitic granites belong to the medium- to high-K calc-   
alkaline series, whereas most samples from alkali-feldspar gran-
ites fall in the high-K calc-alkaline series. Granites are weakly 
peraluminous (A/CNK=1–1.06 for biotite monzonitic granites 
and A/CNK=1.04–1.09 for alkali-feldspar granites; Fig. 3c) and 
are characterized by low MgO contents (0.04 wt.%–0.83 wt.%), 
TiO2 contents of 0.03 wt.%–0.31 wt.%, and TFeO contents of 
0.21 wt.%–2.05 wt.%. In Harker diagrams (Fig. 4), samples from 
these two plutons form two separate clusters, which show overall 
decreasing trends in TiO2, TFeO, CaO, P2O5, and Al2O3, and 
increasing trends in SiO2. These results suggest fractionation by 
the early crystallization of mafic minerals. 

The primitive mantle-normalized incompatible trace ele-
ment patterns of samples from the granites are similar, with en-
richment in large-ion lithophile elements (e.g., Rb, Ba, and Sr) 
and depletion in high-field-strength elements (e.g., Nb, Ta, P, and 
Ti) (Fig. 5a). They have relatively low compatible element con-
tents (e.g., Cr and Ni). In particular, the granites exhibit high Sr 
contents and Sr/Y ratios and low Y and Yb contents, indicating an 
affinity to adakitic granites (Defant and Drummond, 1990). The 
chondrite-normalized patterns of representative samples (Fig. 5b) 
show that the granites are characterized by highly fractionated 
REE patterns with a steeply right-sloping chondrite-normalized 
pattern. The (LREE/HREE)N ratios range from 15.2 to 25.7 for 
biotite monzonitic granites and from 10.9 to 15.97 for alkali- 
feldspar granites. Both granites are depleted in total REE contents 
(ΣREE=51.2 ppm–199.1 ppm). Biotite monzonitic granites ex-
hibit slightly negative to strongly positive Eu anomalies (δEu= 
0.9–2.1); however, alkali-feldspar granites exhibitstrongly nega-

tive Eu anomalies (δEu=0.3–0.5). Samples from biotite monzo-
nitic granites exhibit an upward concave REE pattern, with more 
depleted MREE relative to LREE and HREE; this is suggestive of 
hornblende fractionation (Bottazzi et al., 1999). 

 
3.2  U-Pb Zircon Ages 

Typical magmatic oscillatory zonation is common, and 
few inherited cores were observed for the zircons (Fig. 6). All 
zircon Th/U ratios vary between 0.01 and 1.98 (average 0.28) 
and most clusters vary around 0.4–0.8, which is consistent with 
a magmatic origin (Belousova et al., 2002; Hoskin and Black, 
2000). Thus, except in case of inherited cores, the ages of zir-
cons represent the formation ages of the granites. 

The entire U-Pb zircon analytical dataset is presented in 
Table S2 and plotted in concordia diagrams in Fig. 7. Selected 
zircons are mostly colorless subhedral and euhedral crystals, 
with the regular oscillatory zoning commonly present in mag-
matic zircon. Ages less than 1 000 Ma are 204-corrected 
206Pb/238U, whereas greater ages are 204-corrected 207Pb/206Pb. 

(1) Biotite monzonitic granite: Totally 33 analyses in two 
samples (HCZ-1 and HCZ-12) were conducted for zircon grains 
from two biotite monzonitic granite samples. Their U-Pb iso-
topic values concordantly plot in a Tera-Wasserburg diagram 
(Figs. 7a, 7b). Their 206Pb/238U ages range from 442 to 429 Ma 
(except for three zircon grains with distinct inherited cores) with 
weighted means of 437±1.8 (MSWD=0.56) and 434±2 Ma 
(MSWD=0.83) for the two granite samples. It is considered that 
these U-Pb ages can be interpreted as the crystallization age of 
biotite monzonitic granites. HCZ-1-4, HCZ-1-6, and HCZ-12-11 
zircon grains yield ages of 916 (206Pb/238U age), 1 466 
(207Pb/206Pb age) and 612 Ma (206Pb/238U age) with a distinct 
inherited core in the CL images (Fig. 6). 

(2) Alkali-feldspar granite: The plots of the alkali-feldspar 
granite are relatively more scattered in the Tera-Wasserburg 
diagram (Figs. 7c, 7d) because of the higher uranium content in 
the zircons compared with that of the biotite monzonitic gran-
ite. Two samples of alkali-feldspar granites have statistically 
identical ages. Sample DMZ-1 provided 10 concordant grains, 
yielding an age of 424.5±2.2 Ma (MSWD=0.82). Sample 
DMZ-2 provided 13 concordant zircon grains, yielding an age 
of 426±2 Ma (MSWD=0.29).
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Figure 3. Plots of (a) (K2O+Na2O) vs. SiO2, (b) K2O vs. SiO2 and (c) A/NK [molar ratio Al2O3/(Na2O+K2O)] vs. A/CNK [molar ratio Al2O3/(CaO+Na2O+ 

K2O)] for the biotite monzonitic granite and the alkali-feldspar granite from Huichizi complex. The (K2O+Na2O) vs. SiO2, (b) K2O vs. SiO2 diagrams are from 

Maniar and Piccoli (1989); The A/NK vs. A/CNK diagram are from Middlemost (1994).



Zircon U-Pb Ages and Sr-Nd-Hf Isotopic Characteristics of the Huichizi Granitic Complex 497

 

T
iO

(w
t.

%
)

2

T
F

e
O

 (
w

t.
%

)
P

O
(w

t.
%

)
2

5

A
l

O
(w

t.
%

)
2

3

T
E

M
M

5

15

R
b
 (

p
p

m
)

Y (ppm)

SiO (wt.%)2

68 71 7774

SiO (wt.%)2

68 71 7774
SiO (wt.%)2

68 71 7774

I-type trend

S-type trend

I-
ty

pe
tr

en
d

S-type trend

(d) (e) (f)

(g) (h) (  )

Biotite monzonitic granite

Alkali-feldspar granite

K
O

 (
w

t.
%

)
2

N
a

O
 (

w
t.

%
)

2

C
a
O

 (
w

t.
%

)

(a) (b) c

0.00

0.04

0.08

0.12 20

10

0
0 50 100 150 200

0

1

2

3

4

0

1

2

0.0

0.1

0.2

0.3

0

2

4

6 6

5

4

3

0

1

2

2

3
(  )

12

14

16

18

i

SiO (wt.%)2

68 71 7774
SiO (wt.%)2

68 71 7774

SiO (wt.%)2

68 71 7774
SiO (wt.%)2

68 71 7774
SiO (wt.%)2

68 71 7774

 

Figure 4. Major elements vs. SiO2 (a)–(h) and Rb vs. Y (i) diagrams for the biotite monzonitic granite and the alkali-feldspar granite from Huichizi complex. 

(a) K2O, (b) Na2O, (c) CaO, (d) TiO2, (e) TFeO, (f) Al2O3), (g) TEMM, (h) P2O5. 
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Figure 5. (a) Primitive mantle (PM) normalized trace element and (b) chondrite-normalized REE patterns diagrams for the biotite monzonitic granite and the 

alkali-feldspar granite from Huichizi complex. The values of chondrite and PM are from Sun and McDonough (1989). 

 

 

Figure 6. Representative cathodoluminescence (CL) images of zircon grains from the biotite monzonitic granite and the alkali-feldspar granite from Huichizi complex. 
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Figure 7. Zircon LA-ICP-MS concordia diagrams for the biotite monzonitic granite (a), (b) and the alkali-feldspar granite (c), (d) from Huichizi complex. The 

weighted mean age and MSWD are shown in each figure. 

 

3.3  Lu-Hf Isotope Composition 
The entire Lu-Hf isotope analytical dataset is presented in 

Table S3, εHf(t) values were calculated using the weighted 
mean 206Pb/238U age, as determined by the U-Pb method. The 

176Lu/177Hf ratios are less than 0.002 for test zircons, indicating 
that 176Hf was rarely generated by 176Lu decay and the test 
176Lu/177Hf ratios can represent the Hf isotopic composition of 
the source (Wu et al., 2007; Amelin et al., 1999). The ƒLu/Hf of 
zircons is between -0.99 and -0.94, lower than those of a mafic 
lower crust (-0.34; Amelin et al., 1999) and silic crust (-0.72; 
Vervoort and Patchett, 1996). Therefore, the Hf isotopic model 
age (TDM2) of zircons may represent the time that the source 
rock separated from the mantle.  

(1) Biotite monzonitic granite: Thirty-four zircon fractions 
from the two samples of biotite monzonitic granites were ana-
lyzed (HCZ-1 and HCZ-12). The entire analytical dataset is 
presented in Table S3. Zircons exhibit a wide range of 
176Lu/177Hf ratios, although all values are below 0.002 1, indi-
cating that they have low accumulation of radiogenic Hf. Three 
zircon fractions with distinct inherited cores show different Hf 
isotope compositions. The remaining 31 zircon fractions give a 
narrow range of initial 176Hf/177Hf of 0.282 538–0.282 748 for 
HCZ-1 and 0.282 630–0.282 717 for HCZ-12. These values 
correspond to initial εHf(t) values ranging from 1 to 8.5 for 
HCZ-1 and 4.2 to 7.1 for HCZ-12. Each sample shows Meso to 
Neoproterozoic two-stage Hf model ages: 1 352 to 876 Ma for 
HCZ-1 and 1 151 to 963 Ma for HCZ-12. 

Three zircon fractions with inherited cores were also ana-
lyzed. Zircon of HCZ-1-04 has a 176Hf/177Hf ratio of 0.282 637 
(εHf(t)=15.1), corresponding to an age of 916 Ma. Zircon of 

HCZ-1-06 has a 176Hf/177Hf ratio of 0.282 215 (εHf(t)=11.9), 
corresponding to an age of 1 466 Ma. Zircon of HCZ-12-11 
has a 176Hf/177Hf ratio of 0.282 229 (εHf(t)= -6.1), correspond-
ing to an age of 612 Ma. 

(2) Alkali-feldspar granite: Thirty-four zircons from the 
two samples of alkali-feldspar granite were also analyzed. 
Zircons from the sample DMZ-1 exhibit varied 176Hf/177Hf 
ratios ranging 0.282 545–0.282 704, with εHf(t) values ranging 
from 0.6–6.7. Sample DMZ-2 yields a narrow range of initial 
176Hf/177Hf ratios, 0.282 548–0.282 752, with εHf(t) values 
ranging from 0.9–8.2. Each sample shows Meso to Neopro-
terozoic two-stage Hf model ages from 1 362–892 Ma.  

 
3.4  Sr-Nd Isotopes 

Sample Rb-Sr and Sm-Nd isotope data are presented in Table 
S4. Initial ratios were calculated using an age of 437 Ma for biotite 
monzonitic granites and 424 Ma for alkali-feldspar granites.  

Samples from biotite monzonitic granites exhibit a narrow 
range of (87Sr/86Sr)i ratios (0.704 7–0.705 5) and positive εNd(t) 

values (0.2–1.1). Alkali-feldspar granites are characterized by 
similar but more variable (87Sr/86Sr)i ratios (0.705 7–0.706 0) 
and negative εNd(t) values (-0.7 to -2.9). 

 
4  DISCUSSION 
4.1  Crystallized Age of the Granites 

The emplacement age of the Huichizhi granites varies 
widely from 462 to 418 Ma (Qin et al., 2015; Liu B X, 2014; 
Lei, 2010; Wang et al., 2009; Li et al., 2000). These ages are 
acquired by the LA-ICPMS and SIMS methods, which ensure 
the reliability of the age data. Two ages are acquired by this 
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research, 434–437 Ma for the monzonitic granites and 426–424 
Ma for alkali-feldspar granites. The former age is consistent with 
Lei (2010) and Wang et al. (2009), and the later age is consistent 
with Qin et al. (2015) (422±5 Ma). Taking into account the age 
data of Liu B X (2014), which is 462–454 Ma for the biotite 
granite and granodiorite, we can infer that the Huichizi complex 
granites are most likely produced by multiple-stage magmatism. 
The biotite granodiorites are intruded in 460–450 Ma; the mon-
zonitic granites are intruded in 437–434 Ma; and the alkali-  
feldspar granites are intruded in 426–424 Ma. 

 
4.2  Petrogenesis of Granites 

Biotite monzonitic granites exhibit high Sr contents (366 
ppm–633 ppm), Sr/Y ratios (83–174), and LaN/YbN ratios (26–57) 
and low Y (3 ppm–6.7 ppm) and Yb (0.3 ppm–0.5 ppm) con-
tents, suggesting an affinity to adakitic granites (Defant and 
Drummond, 1990). Alkali granites exhibit a relatively slightly 
lower Sr contents (319 ppm–375 ppm), low MgO (<0.16 wt.%), 
Y (6.4 ppm–17.2 ppm) and Yb (0.3 ppm–1.2 ppm) contents, and 
high Sr/Y (19–53) and (La/Yb)N (18–52) ratios, which also sug-
gest an affinity to adakitic granites (Defant and Drummond, 

1990). In the Sr/Y-Y and (La/Yb)N-YbN diagrams (Figs. 8a, 8b), 
both granites plot in the adakite region. Typically, there are five 
possible origins for rocks with adakitic compositional features: 
(1) partial melting of a subducted basaltic oceanic crust (Martin, 
1999; Defant and Drummond, 1990); (2) crustal assimilation and 
fractional crystallization (AFC) processes from parental basaltic 
magmas (Macpherson et al., 2006; Castillo et al., 1999; Ware-
ham et al., 1997; Feeley and Hacker, 1995); (3) partial melting of 
a delaminated mafic lower crust in the mantle and subsequent 
interaction with mantle peridotites (Gao et al., 2004; Kay and 
Kay, 2002); (4) partial melting of a thickened lower crust in 
continental subduction/collision orogens (Chung et al., 2003; 
Petford and Atherton, 1996; Muir et al., 1995); and (5) a mixed 
origin from mantle-derived mafic magma and crust-derived 
felsic magma (Guo et al., 2007; Streck et al., 2007). 

Adakites derived from the partial melting of a subducted 
young, hot, hydrated oceanic slab can be excluded because of 
the high silicon contents (SiO2>65 wt.%), K2O content (>2 
wt.%), and low Na2O. Granite rocks are not likely the product 
of basaltic magma AFC processes because there are no 
large-scale coeval basaltic and intermediate lavas related to the  
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Figure 8. Diagrams of the biotite monzonitic granite and the alkali-feldspar granite from Huichizi complex. (a) Sr/Y vs. Y (Drummond and Defant, 1990), (b) 

(La/Yb)N vs. YbN (Drummond and Defant, 1990), (c) MgO vs. SiO2 and (d) Mg# vs. SiO2 (Yu et al., 2016). The peridotite melts and crust AFC curves from 

Stern and Kilian (1996). The field of delaminated lower crust, subducted oceanic slab crust, and metabasaltic and eclogite experimental melts (1–4.0 GPa) 

follow the compilations of Huang et al. (2009) and Wang et al. (2007, 2006, 2005). Symbols are the same as in Fig. 5. 
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study granites. In addition, the granites show high SiO2 con-
tents and low K2O contents.  

The study granites could not be derived from the partial 
melting of the subducted basaltic oceanic crust and the delami-
nated lower crust. In most cases, melts derived from a delami-
nated thickened lower crust would also interact with the overly-
ing mantle peridotite during magma ascent, resulting in the ele-
vation of MgO, Mg#, TFeO, CaO, Na2O, Cr, and Ni contents and 
relatively low SiO2 and K2O contents (Castillo, 2006; Wang et 
al., 2006; Martin et al., 2005; Prouteau et al., 2001; Smithies, 
2000). These characteristics conflict with those of the study 
granites. A critical feature of magma-mixing models is the 
petrographic observation of mafic microgranular enclave and 
complex compositionally zoned phenocrysts, especially re-
versely zoned pyroxene. However, there is no such evidence in 
the study granites; therefore, the magma-mixing mechanism can 
be excluded. We consider that the partial melting of a thickened 
lower crust is the most likely mechanism of adakitic granite 
formation. In Figs. 8c and 8d, all granodiorite samples plot in the 
transitional field between adakitic rocks formed by the melting 
of a thickened lower crust and those generated by the melting of 
metabasaltic and eclogite experimental melts. The granites have 
low MgO or Mg# contents, which is similar to that of the ex-
perimental melts from metabasalts and eclogites (mostly 
Mg#<45, Rapp et al., 1999; Sen and Dunn, 1994). The geo-
chemical characteristics and abovementioned results suggest that 
the granites were most likely derived from the partial melting of 
a thickened basaltic lower crust.  
 
4.3  Source Materials 

There are different views about the origin of the Huichizi 
complex: a mixed origin from mantle crust material (Lei, 2010; 
Zhang H F et al., 1994), partial melting of the mafic lower 
crust (Qin et al., 2015; Li et al., 2001), partial melting of the 
lower crustal mafic volcanic rocks (Liu B X, 2014), anatectic 
melting of the lower crust involving mafic material (Wang X X 
et al., 2015; Wang T et al., 2009). 

The highly positive εHf(t) values (1–8.5 for biotite monzo-
nitic granites and 0.6–8.2 for alkali-feldspar granites) and slightly 
negative to positive εNd (0.2–1.1 for biotite monzonitic granites 
and -0.7 to -2.9 for alkali-feldspar granites) do not agree with the 
εHf(t) and εNd values for the ancient central Qinling Group    
basement-derived rocks.  

Meanwhile, the TDM2 ages of the granites are relatively 
young (876–1 368 Ma), indicating that the presence of an old, 
recycled crust in the magmatic source may be insignificant. 

The positive εHf(t) values and young TDM2 ages of the gran-
ites indicate that the magmatic source of the granites mainly 
consisted of mafic material such as a subducted oceanic crust, 
juvenile lower crust, or upwelling mantle. As mentioned above, 
the major and trace element characteristics indicate that the gran-
ites are most likely related to a thickened basaltic lower crust. In 
addition, there is no obvious evidence of magma mixing in the 
study granites. Therefore, the granites were likely derived from a 
thickened basaltic juvenile lower crust. 

The εHf(t) values of the two types of granites are similar and 
an individualized limited variable. Inherited zircon cores of biotite 
monzonitic granites provided an age of 612 Ma with a negative 

εHf(t) value (-6.1). It is considered that magma source materials 
comprised little old recycled crust. It is concluded that the granites 
are mainly derived from the partial melting of a juvenile thickened 
basaltic lower crust and comprised little old recycled crust when 
melting. In addition, compared with biotite monzonitic granites, 
the lower εHf(t) and εNd(t) values of alkali-feldspar granites indicate 
that more old recycled crust was present in the granite sources. 
Moreover, the source materials exhibit isotopic characteristics 
similar to those of Songshugou mafic-ultramafic ophiolites. The 
εHf(t) values of the granites likely fall on the evolution trends of the 
Songshugou complex in the εHf(t)-t diagram (Fig. 9). This inter-
pretation can also be confirmed by the bulk Sr-Nd isotopic com-
positions of the granites, whose plots fall within the field of the 
Songshugou complex in the εNd(t)-(

87Sr/86Sr)i diagram (Fig. 10).  
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Figure 9. 206Pb/238U ages vs. εHf(t) of zircons from the biotite monzonitic 

granite and the alkali-feldspar granite from Huichizi complex. Data sources 

for the Qinling Group (Liu B X, 2014; Yan et al., 2009; Zhang Z Q et al., 

1994), Kuanping Group (Zhang et al., 1995), Danfeng Group (Sun et al., 

2002), Fushui complex (Liu B X, 2014; Wang et al., 2014b) and Song-

shugou eclogite (Qian et al., 2013; Wang X X et al., 2013). 
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Figure 10. Initial 87Sr/86Sr vs. εNd(t) plot of the biotite monzonitic granite and 

the alkali-feldspar granite from Huichizi complex. Data sources for the Qinling 

Group (Diwu et al., 2014; Shi et al., 2013), Kuanping Group (Shi et al., 2013), 

Wuguan Group (Shi et al., 2013), Fushui complex (Liu, 2014; Wang et al., 

2014b) and Songshugou eclogite (Wang X X et al., 2013). 
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In conclusion, both granites possess similar source character-
istics, which are similar to those of Songshugou mafic-ultramafic 
ophiolites. The granites are derived from the basaltic lower conti-
nental crust accreted from the depleted mantle during the 
Neo-Mesoproterozoic Period. It is also indicated that continental 
crustal growth occurred during the Neo-Mesoproterozoic Period. 

 
4.4  Crustal Thickness of Partial Melting 

The trace element characteristics of adakitic rocks provide 
information to constrain residual minerals and the pressure and 
depth of adakitic melt generation (Zhang et al., 2015; Ma et al., 
2014; Xiong et al., 2009, 2006, 2005; Xiong, 2006; Defant and 
Drummond, 1990). The granites were most likely derived from 
the partial melting of a thickened basaltic lower crust with the 
similar source materials, as discussed above. The REE charac-
teristics show that both granites exhibit strong fractionation 
between LREE and HREE ((La/Yb)N=26–57 for biotite mon-
zonitic granites and 18–53 for feldspar granites), high Sr con-
tents and Sr/Y ratios, and low Yb and Y contents. These char-
acteristics are believed to be because of the presence of garnet 
as the main residue phase during partial melting (Defant and 
Drummond, 1990). However, biotite monzonitic granites ex-
hibit slightly negative to positive Eu anomalies, relatively 
higher Sr contents, and relatively lower Rb contents compared 
with alkali-feldspar granites, which had strongly negative Eu 
anomalies, indicating different residue minerals during the 
partial melting. It is considered that plagioclase feldspar is a 
minor residual mineral in biotite monzonitic granites, whereas 
it is more dominant in feldspar granites (Moyen, 2009; Rapp 
and Watson, 1995).  

Nb and Ta are geochemical analogs because of their similar 
ionic radii and valence states (Jochum et al., 1986); therefore, the 
Nb/Ta ratio is barely affected during magmatic processes (Ding 
et al., 2013, 2009; Liang et al., 2009; Foley et al., 2002; Dostal 
and Chatterjee, 2000; Green, 1995). However, previous studies 
have revealed that rutile effectively fractionates Nb from Ta 
(Xiong et al., 2011; Liang et al., 2009; Foley et al., 2000). Hence, 
melt that is in equilibrium with residual rutile during melting will 
be characterized by high Nb/Ta ratios. The Nb/Ta ratios of the 
biotite monzonitic granites vary from 7.9 to 16.5 (average 11.5), 
which are higher than the average value of a lower continental 
crust (i.e., 8, Rudnick and Gao, 2003). This indicates the pres-
ence of rutile in the residual mineral. On the other hand, the  
alkali-feldspar granites are characterized by low Nb/Ta ratios, 
from 4 to 14.7 (average 7), which is lower than that of the lower 
continental crust. This phenomenon may indicate the absence of 
residual rutile in the magma source of alkali-feldspar granites. 

It can be concluded that residual minerals during the partial 
melting of source for the two types of granites are quite different: 
more garnet and rutile but less feldspar in biotite monzonitic gran-
ites and more feldspar but less garnet and no rutile in alkali- 
feldspar granites. Previous studies have indicated that the stability 
and content of garnet and rutile will increase with the pressure 
increase during partial melting, accompanied by a decrease in the 
content of feldspar (Qian and Hermann, 2013; Xiong et al., 2011; 
Huang and He, 2010; Wolde and Team, 1996; Peacock et al., 
1994; Sen and Dunn, 1994; Wolf and Wyllie, 1994; Beard and 

Lofgren, 1991; Rapp et al., 1991; Rushmer, 1991). The experi-
mental data on the partial melting of basic metamorphic rocks or 
hydrous basalt indicate that the residual mineral is eclogite when 
the pressure is above 2 GPa and granulite when the pressure is 
between 1 and 1.5 GPa (Xiong et al., 2011). The simulated calcu-
lations also indicate that feldspar is stable below a pressure of 1.5 
GPa (Xiong et al., 2011, 2005; Huang and He, 2010). Therefore, 
we conclude that biotite monzonitic granites are derived under a 
pressure of above 2.0 GPa (>60 km) and alkali-feldspar granites 
are derived under a pressure of 1.5 GPa (<50 km).  

 
4.5  Tectonic Implications 

Multiphase metamorphic and magmatic events were devel-
oped in the NQB and accompanied by numerous igneous and 
metamorphic rocks, making the NQB a classic example for study-
ing the evolution of a structure belt. Highly precise ages of high- 
ultrahigh pressure Paleozoic metamorphic rocks have been ac-
quired in recent years (Chen et al., 2015; Wang et al., 2014a, 2011; 
Liu L et al., 2013, 2010, 2003; Chen and Liu, 2011; Liu J F et al., 
2009; Yang et al., 2005, 2003, 2002). The formation and evolution 
of the NQB in the Paleozoic have attracted increased attention, 
including the development of different structure models (Dong and 
Santosh, 2016; Yu et al., 2016; Dong et al., 2015, 2014, 2011c; Liu 
et al., 2013, 2003; Shi et al., 2013; Wang X X et al., 2013; Wu and 
Zheng, 2013; Zhang et al., 2013; Wang T et al., 2009). It is gener-
ally known that the NQB underwent deep subduction and uplifting 
of the continental crust in the Paleozoic, accomplished by multiple 
metamorphic and magmatic events due to the evolution of the 
Shangdan Ocean Basin. However, there is some controversy over 
the origin, region, and tectonic process of the Shangdan Ocean as 
above mentioned. 

In the Nb versus Y and Rb versus (Yb+Nb) diagrams (Fig. 
11), the biotite monzonitic granite plots mainly fall in the VAG 
field, and the alkali-feldspar granite plots fall in the syn-COLG 
field, which indicate that the tectonic settings of the biotite mon-
zontic granite and the alkali-feldspar granite are different. More-
over, our research indicates that the granites possess adakitic 
characteristics, being derived from the partial melting of the 
thickened basaltic juvenile lower crust. The residual phases of the 
partial melt source of biotite monzonitic granites are mainly 
composed of garnet and rutile with no feldspar, which indicates a 
crust thickness of above 60 km when partial melting occurred. 
However, those of alkali granites are mainly composed of feld-
spar with less garnet, suggesting a crust thickness of below 50 
km when partial melting occurred.  

It can be concluded that the formation mechanisms of biotite 
monzonitic granites and alkali-feldspar granites may be related to 
the superimposed thickening of the lower crust due to collision 
between the NCB and Qinling microcontinent in the Paleozoic. 
Biotite monzonitic granites formed during crust thickening at the 
extrusion stage, whereas alkali granites formed during crust 
thickening at the extension stage (after the extrusion stage). 

The U-Pb chronologies of zircons indicate that the gran-
ites intruded at 437 and 424 Ma. These ages are consistent with 
two intense Paleozoic metamorphic and magmatic activities in 
the NQB at ~450 and ~420 Ma (Wang X X et al., 2015; Dong 
et al., 2011c; Wang T et al., 2009; Zhang Z Q et al., 2006; Hu  
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Figure 11. (a) Nb vs. Y and (b) Rb vs. (Yb+Nb) diagrams of the biotite monzonitic granite and the alkali-feldspar granite from Huichizi complex (Pearce et al., 

1984). Abbreviations are: syn-COLG. syn-collisional granites; VAG. volcanic arc granites; WPG. within-plate granites; ORG. ocean ridge granite. 

 

et al., 2004; Zhang B R et al., 1996). The granites show the 
characteristics of continental granitoids can be considered as 
products of the collision between the NCB and Qinling micro-
continent. The conversion time of the collision, from extrusion 
to extension, in the NQB Caledonian was ~430 Ma. 

The collision between the NCB and Qinling microcontinen-
tal thickened the crust, which heated and melted the juvenile 
basaltic lower crust and some of the ancient crust. This process 
formed the biotite monzonitic granites of the Huichizi complex. 
Following this event, crust extrusion obviously weakened at 430 
Ma. Meanwhile, the activity and thickness of the crust decreased 
because of uplift and extension of the continental crust, leading 
to a more effective partial melting of the lower crust. The source 
environment changed from garnet phase equilibrium to plagio-
clase phase equilibrium, including more ancient crust, to produce 
alkali feldspar granites. Thereafter, the NQB entered a relatively 
stable post-collision evolution stage. 

 
5  CONCLUSIONS 

(1) The U-Pb zircon ages indicate that the Huichizi gran-
itic complex is the product of multi-periodic magmatism. The 
biotite monzonitic granites intruded at 437 Ma and alkali- 
feldspar granites intruded at 424 Ma. 

(2) The major and trace elements of the granites show the 
characteristics of adakitic rocks, indicating that the granites 
were derived from the partial melting of a thickened basaltic 
lower crust. Moreover, it is concluded that monzonitic granites 
were derived under a pressure of above 2.0 GPa (>60 km) and 
alkali-feldspar granites were derived under a pressure of 1.5 
GPa (<50 km). 

(3) Both granites possess similar source characteristics, 
which are also similar to Songshugou mafic-ultramafic ophio-
lites. The granites were derived from the basaltic lower conti-
nental crust accreted from the depleted mantle during the 
Neo-Mesoproterozoic Period. It is also indicated that the conti-
nental crustal growth occurred during the Neo-Mesoproterozoic 
Period. 

(4) The Huichizi complex witnessed the process of extrusion 
stage to extension because of the collision between the NCB and 
Qinling microcontinent. The conversion time of the collision, 
from extrusion to extension, in the NQB Caledonian is ~430 Ma. 
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