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Abstract; The authors studied zircon U-Pb age and geochemical data of Baicaogou tuff in Yanji, Jilin Province.

The results indicate that the rocks formed in Early Cretaceous (125.6 +2.3 Ma). Geochemically, these tuffs

have high SiO, and total Na,O + K,O, low MgO and FeO, and they belong to metaluminous series, the rock
are enriched in LREEs and LILEs, depleted in HREEs and HFSEs such as Nb, Ta, Ti, and P, exhibiting an

affinity to I-type granite. All these characteristics implied that the volcanic rocks were derived from partial melt-

ing of lower crust. Combined with the geochronology and geochemical features of the coeval igneous rocks within

NE China, it is concluded that Yanji area was in a back-arc extensional setting in response to the subduction of

the Paleo-Pacific Plate beneath the Eurasian Plate.
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0 Introduction

Yanbian area is located in northeastern China
and situated on the conjunction of Paleo-Asian ocean
structural domain and Circum-Pacific structural do-
main (Zhang et al., 2002). The large scale volcanic
belt composed of Mesozoic volcanic rocks in Northeast
China is an important part of the giant volcanic belt in
the East Asian continent ( Lin et al., 1998). There
are frequently intensive volcanic activities in Yanji ar-
ea, but their stages and origin are unsure yet, due to
the lack of precise geochronology and geochemistry
analysis, which Lack of these essiential geological
facts restricts the understanding of tectonic evolution
in NE China. In this paper we focused on the Baicao-
gou tuff from Yanji area and examined them using LA-

MC-ICPMS zircon U-Pb geochronology analysis in
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combination with whole-rock geochemistry analysis.
Our results not only provided the zircon U-Pb age as
evidence to precisely determine the age of volcanic
rocks, but also provide evidence for the late Mesozoic

volcanic activities and their tectonic significance in

NE China.

1 Geological Background

NE China is located in the easternmost segment
of the Central Asian Orogenic Belt (CAOB). Tradi-
tionally this area is regarded as an important junction
of two different tectonic regimes, i. e. the EW-tren-
ding Paleo-Asian oceanic domain and the NNE-tren-
ding Paleo-Pacific domain. The study area, located in
the conjunction of three massifs i. e. the Jiamusi mas-
sif, Xingkai massif and North China Craton, was situ-

ated to east of Dunhua-Mishang fault. ( Fig. 1b) Over-
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all the tectonic evolution in the area during the Meso-
zoic, was dominated by the accretion of the East Asi-
an continental margin in relation to the subduction of
the Paleo-Pacific Plate, and the accretionary process
accompanied by the formation of large volumes of arc
rocks ( both plutons and volcanic rocks) ( Maruyama et
al.,1997; Wu et al., 2002; Xu et al., 2009 ; Zhou et
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al., 2014 ; Jahn et al., 2015).

In the study area massive granitoids, occupying
approximately ~70% of the exposed rocks in this re-
gion (JBGMR, 1988) , were emplaced at two distinct
stages, Late Triassic-Middle Jurassic (210-155 Ma)
and Early Cretaceous (135-100 Ma). (Wu et al.,
2011) (Fig.1a).
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Fig.1 Geological sketch map of Baicaoguo area

The samples were collected in northwestern Ba-
icaogou, the Mesozoic volcanic and volcaniclastic
rocks were exposed. The samples (Fig.2) consisted
of broken crystal fragments ( quartz + k-plagioclase +

biotite ) , volcanic ash, viroclasts, and accessory min-

erals such as Fe-Ti oxides, and zircon.

2 Analysis methods

2.1 LA-ICP-MS zircon U-Pb chronology

Zircons were exiracted from Baicaogou tuff sam-
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ples using heavy liquids and magnetic separation tech-
niques in Langfang Regional Geological Survey, Hei-
bei province, China. Zircon was carefully selected
using binocular microscope and zircon of different
characteristics was placed in the sticky glue, and
fixed with transparent epoxy resin, the zircon surface

was also polish. Transmitted light, reflected light and

cathodoluminescence (CL) image (Fig.3) were used
before testing to define the best locations for U-Pb dat-
ing. LA-ICP-MS zircon U-Pb dating and trace ele-
ments analysis were all accomplished in State Key La-
boratory of Continental Dynamicas, Northwest Univer-
sity. U-Th-Pb ratios and absolute abundant were de-

termined by reference to multiple measurements of the

Ly
1000 um

Qtz: Quartz; Kfs; K-feldspar; Pl Plagioclase; Bt: Biotite.

Fig.2 Microscopic photographs of Baicaogou tuff

zircon 91550 and NIST SR610 glass, and the detailed
analytical method followed ( Yuan et al., 2003,
2004). Common Pb was regulated following Andersen
(2002). The isotope ratios and contents were calcu-
lated by the ICP-MS-Data Cal program ( Liu et al.,
2008). Age calculation and concordia diagram were

obtained using Isoplot program (Ludwig, 2003).
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Fig.3 CL image of zircon from Baicaogou tuff

2.2 Major and trace elements analysis

The samples which were used to analyze major

and trace elements in College of Earth Sciences, Jilin
University, were subsequently tested in Beijing Re-
search Institute of Uranium Geology. Major elements
were tested with Holland FHLISP PW2404 sequential
scanning X-ray fluorescence spectrometer. Trace and
rare-earth elements were tested and analyzed by ELE-
MENT Finnigan MAT inductively coupled plasma
Mass spectrometry. Whereat, mass fraction of ele-
ments is less than 20 wg/g, and the error is within

10% . The final results errors are all within 5% .
3 Analysis result

3.1 LA-ICP-MS zircon U-Pd geochronology
Twenty-five samples were used to measure and
test, and the results are listed in Table 1. According
to these Cathodoluminescence ( CL) images (Fig.3),
all of the zircons are euhedral or subhedral in shape
with clear striped absorption and oscillatory zoning.
And their Th/U ratios are between 0.74 and 1.74( =
0.4) (Belousova et al.,2002) , indicating a magmatic
origin for the zircons. The **Pb/** U ages of twelve

analytical spots range from 120 £5 Ma to 133 £+6 Ma
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( Supplementary Table 1), yielding a weighted mean
*°Ph/*®U age of 125.6 2.3 Ma (Fig.4), the for-

mation time of the tuff is interpreted as 125. 3 =
1.2 Ma.
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Fig.4 U-Pb Concordia diagram and weighted average ages diagram
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Fig.5 Tas diagram of Baicaogou tuff

3.2 Major elements

Major and trace element data for the Baicaogou
tuff are given in Table 2. Since the ignition loss
(LOI) of the samples is too high (1.94% ~3.09% ),
certain correction was applied to the data. The Baicao-
gou tuffs have w(Si0,) =73.08%-75.10%. w(Al,0O;)
=13.43%-14.27% , w(MgO) =0.48%-0.79% , total w
(Fe,0;) =1.69%-2.36% , and total w(Na,O +K,0) =
8.07%-7.82%. On a total alkali vs. silica ( TAS)
classification diagram of Wilson (1989 ), the data
point fall in the rhyolite field (Fig.5). Chemically,

they belong to high-K calc-alkaline series ( Fig. 6a;
Peccerillo & Taylor, 1976). Their A/CNK ratios are
in the range of 1.08% -1.13% showing weakly per-
aluminous characteristics( Fig. 6b; Maniar & Piccoli,
1989).
3.3 Rare earth elements and trace elements

On a chondrite-normalized REE diagram ( Fig.
7a; Boynton, 1984 ), the Baicaogou tuffs are en-
riched in LREEs, depleted in HREEs with (La/Yb)
ratios of 8.70-13.72 and Eu/Eu” of 0. 62-0.68. On
a PM-normalized trace element spider diagram ( Fig.
8b; Sun & McDonough, 1989) , the samples are en-
riched in LILEs (e.g., Sr, Rb, Ba, Th, U, and K)
and depleted in HFSEs (e. g., Nb, Ta, Ti, and P).

4 Discussions

4.1 Petrogensis and magma source

The granites can be divided into three types i. e.
A-type, I-type, and S-type, of which S-type granites
are strongly peraluminous (A/CNK >1.1) and gen-
erally contain aluminous minerals such as primary
muscovite, cordierite and garnet ( Chappell & White ,
1974 ). But our samples are weakly peraluminous and
no aluminous minerals are found, so these characteris-
tics are not consistent with S-type granite. Comparing

to the A-type granites, they have relatively low HFSE
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Table 2 Major( %) and trace elements(10 ~°) data

w(Si0,)/%

Fig. 6 Diagrams for SiO,-K,O (a) and A/CNK-A/NK (b) of Baicaogou tuff(b)

Sample BCG-YI  BCG-Y2  BCG-Y3  BCG-Y4 Sample BCG-Y  BCG-Y2  BCG-Y3  BCG-Y4
Si0, 73.64 71.05 70. 87 71.08 || In 0.01 0.02 0.02 0.02
Al 0, 13.17 13.83 13.69 13.85 || Sb 0.50 0.56 0.83 0.64
Fe, 0, 1.66 1.96 2.29 1.93 || Cs 2.26 3.09 3.22 3.23
FeO 0.37 0.36 0.42 0.31 Ba 683.00  665.00  690.00  707.00
MgO 0.47 0.78 0.77 0.74 || La 32.70 32.10 36.50 33.60
Ca0 0.98 1.17 1.25 1.17 || Ce 59.10 56.80 65.20 58.30
Na, 0 3.44 3.21 3.31 3.27 || Pr 6.33 6.63 7.90 6.69
K,O0 4.35 4.46 4.27 4.56 || Nd 21.50 23.80 29.00 24.10
MnO 0.06 0.09 0.11 0.10 || Sm 3.40 3.71 4.78 3.83
TiO, 0.20 0.24 0.24 0.24 || Eu 0.66 0.80 1.03 0.76
P,0; 0.04 0.08 0.12 0.07 || Gd 2.75 3.35 4.43 3.45
LOI 1.94 3.09 3.03 2.95 || Th 0.44 0.51 0.71 0.53
A/CNK 1.08 1.13 1.11 1.11 Dy 2.15 2.73 3.71 2.79
A/NK 1.27 1.37 1.36 1.34 || Ho 0.45 0.57 0.76 0.57
TFe, 0, 2.11 2.44 2.84 2.34 || Er 1.34 1.72 2.44 1.77
TFeO 1.90 2.19 2.56 2.11 Tm 0.26 0.33 0.47 0.34
Mg# 20.21 26.91 23.57 26.45 || Yb 1.71 2.20 3.01 2.29
Li 16.50 17.50 18.60 17.20 || Lu 0.24 0.31 0.45 0.30
Be 1.66 1.99 2.20 1.50 | W 0.72 1.00 1.28 1.12
Sc 2.65 3.22 3.6 3.43 || Re <0.002  <0.002 <0.002  <0.002
v 16. 60 18.50 19.60 17.70 || T1 0.62 0.64 0.64 0.66
Cr 9.33 14. 60 18.70 15.70 || Pb 21.90 22.30 24.10 25.00
Co 2.70 4.12 .91 3.76 || Bi 0.03 0.89 1.34 0.77
Ni 4.96 6.44 .88 6.37 || Th 16. 40 15.20 15.70 15.80
Cu 8.29 8.21 8.9 8.47 || U 3.00 2.89 3.29 3.06
Zn 34.40 39.10 44.60 41.70 || Nb 7.17 6.85 .26 7.27
Ga 14.60 15.10 15.10 15.10 || Ta .69 0.67 .67 .69
Rb 135.00 136.00 136.00 138.00 || Zr 103.00 103.00 108. 00 107. 00
Sr 123.00 129.00 138.00 128.00 || Hf 4.09 3.83 .07 4.01
Y 13.00 18.40 27.40 19.00 (La/Yb) y 13.25 10.57 9.04 10.57
cd 0.04 0.04 0.04 0.04 || Eu/Eu * 0.64 0.68 .67 0.63
7 3.0

(a) (b)
6l
2.5F Metaluminous Peraluminous
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Fig.8 Diagrams of SiO,vs.Zr(a) and(Zr + Nb +Ce +Y) vs. TFeO/MgO(b) for Baicaogou tuff

contents ( <350 x107°). In the diagram of (Zr + Nb
+Ce+Y) vs. TFeO/MgO and SiO,vs. Zr (Fig.8)
( Chappell and White, 1974), the samples resemble
the characteristics of I type granites.

There are three presumptions about the petrogen-
sis of magmatic rock in NE China; (Dfractionation of
basaltic magma ( Yang et al., 2006; Jahn et al.,
2000; Annen et al., 2006 ). @mixture of Mantle and
crust magmas ( Turner et al., 1992 ; Han et al., 1997).
(3 partial melting of crustal materials ( Hildreth &
Mtoorbath, 1988; Wu et al., 2003 ). However, firstly,

there are no synchronous basaltic magma activities in

the Baicaogou area, indicating that the tuffs were not
from fractionation of basaltic magma. Secondly mixing
between the crust-derived melt and the mantle-derived
melt will produce rocks with the presence of the mafic
enclaves and inhomogeneous compositions, but sam-
ples have homogeneous geochemical characters, and
no mafic enclaves exists either. Furthermore, there are
no basic endmembers in the region which can mix with
crust-derived melt. The most important addition of man-
tle derived materials, which should be enrich in contents
of Ni, Cr and deleted in SiO, contents, but this is incon-

sistent with the samples of high SiO, (73.8 ~75.1% ),
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and low Cr (9.33 ~18.7 x107°), Ni (6.37 ~4.96 x
107°). Furthermore ratios of Nb/Ta vary from 10.23 to
10. 86, which resemble the crust ratio ( average 8. 3,
Rudnick et al., 2003) and differ from mantel ratio (av-
erage 17.5, Sun et al., 1989). Ba/La ratios are be-
tween 18.90 to 21.04, they close to crust Ba/La ratio
of 25 and be far away mantel Ba/La ratio of 9. 6
(Weaver, 1991). So the tuffs derived from the crust.

Moreover, the samples are enriched in LILE
(such as Rb,Th,U) but depleted in Nb and Ta. In
addition it shows a negative Eu anomaly and relatively
low Sr ( <400 x 107°) ( Fig. 8a), which requires
melting of a source rock within the stability field of
plagioclase ( Wang et al., 2016). Tt is therefore con-
clude that the source region of the granites is relatively
shallow ( <30 km). (Wang et al., 2015).

High contents of SiO, indicate that the original
magma is highly fractionated, negative anomaly of
Eu, Ti and P indicate fractional crystallization of pla-
gioclase, limonite, phosphate, rutile respectively.

In summary, the tuffs resemble I-type granites
and were derived from partial melting of lower crust
and have undergone significant crystallization differen-
tiation.

4.2 Tectonic setting

Formation time of Baicaoguo tuff is in Early Cre-
taceous. There are four main viewpoints on the Meso-
zoic tectonic background in NE China as follow. (D
Paleo-Asian oceanic slabs subduction ( Windley et al.,
2007 ; Lehmann et al., 2010). (2 Mantel plume rise
(Lin, 1998; Ge, 2000). (3Post orogenic extension
after closure of the Mongolia-Okhotsk Ocean ( Fan et
al., 2003). (@Paleo-Pacific plate subduction ( Zhao
et al., 1998; Zhang et al., 2008 ) Firstly, Previous
studies have shown that the final closure of the Paleo-
Asian Ocean between North China Craton and Siberi-
an Craton along the Solonker-Xra Moron suture took
place in the Late Permian ( Ruzhentsev & Pospelov.,
1992; Chen et al., 2009 ; Xu et al., 2013 ), which
was followed by the post-orogenic adjustment in the
Early Triassic ( Dewey, 1988; Zhang et al., 2008 ).

But the formation time of Baicaogou tuff is in early

Cretaceous, so the evolution of Paleo-Asian Ocean
hardly influence tectonic evolution of the study area.
Secondly, there are no reported symbolic products
which represent mantel plume activities ( Fan et al.,
2003), so the mantle plume rise viewpoint is given
up. Thirdly, final closure of the ocean is suggested to
have occurred sometime between the Late Jurassic
( ~155 Ma) and beginning of the Early Cretaceous
( ~120 Ma) (Zonenshain et al., 1990; Kravchinsky
et al., 2002). And Mongolia-Okhotsk Ocean structur-
al domain only affect western segment of Songliao Ba-
sin (Xu et al., 2013) , so it hardly affect the study ar-
ea. Since the late Mesozoic, it is more obvious that
NE China was significantly affected by subduction of
the Paleo-Pacific plates (Zhao et al., 1994; Maruy-
ama et al., 1997 ; Wu et al., 2011). From Jurassic to
Cretaceous, accretionary terranes and calc-alkaline I-
type granitoids were widely developed along the east-
ern Asian continental margin, including NE China,
Far East Russia and the Japan islands ( Wickham et
al., 1995; Jahn et al., 2004; Wu et al., 2007 ; So-
rokin et al., 2010). Besides, the Rb, Th, U, K and
LREE are enriched and Nb, Ta and Ti depleted,
which suggest that the rocks originate in activity conti-
nental Margin ( Gill, 1987). In(Yb + Nb)-Rb and
(Yb-Ta)-Rb discriminate diagrams ( Fig. 9 ), which
exhibits that the samples all fall in volcanic arc granite
(VAG) field. Combined with Early Cretaceous high-
Mg diorites in the Yanji (Ma et al., 2014 ), we con-
clude the tuffs are the products of Paleo-Pacific plates
subduction.

The long-lasting subduction caused the initiation
of extension on the back-arc side of the NE China
(e. g., the Xing’an and Songliao areas) at 155-130 Ma
(Fig. 10a). During the Early Cretaceous (130-110
Ma) (Fig. 10b) , extensive back-arc extension occurred
(Tatsumi and Kimura, 1991; Ge et al., 2005 ; Ma et
al., 2013) , as indicated by the formation of NNE-strik-
ing sedimentary basins (Liu et al., 2010; Zhang et al.,
2011; Ge et al., 2012), and the occurrence of im-
mense volumes of I- and A-type granites (Wu et al.,

2000; Wu et al., 2005; Jahn et al., 2001 ; Jahn et al.,
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2009). Volcanic rocks also occurred with the opening
of the Songliao Basin, which constituted a typical bi-
modal igneous rock association (Zhang et al., 2011;
Xu et al., 2013 ), suggesting an extensional environ-
ment induced by the roll-back of the Paleo-Pacific
Plate. Extensive upwelling and injection of astheno-
spheric materials resulted in high-temperature condi-

tions in the whole mantle wedge. During subduction of
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the Paleo-Pacific Plate beneath the Eurasian Plate,
melting occurred in the mantle wedge and produced a
large amount of basaltic magma. Then the basaltic
magma ascended and underplated the lower crust, pro-
viding the necessary heat to cause partial melting of the
lower crust, and the generation of voluminous granitic
magma. Finally the granitic magma extruded out the

surface, forming the tuff in the study area.

(Yb+Ta)/10°

Fig.9 Discriminations of (Yb +Nb)-Rb(a) and (Yb +Ta)-Rb(b) for Baicaogou tuff
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Fig.10 Possible petrogenetic model of Baicaogou tuff in Yanji area, NE China

5 Conclusions

(1) Weighted mean age of Baicaogou tuff is

125.6 +£2.3 Ma, corresponding to Early Cretaceous.
(2) Based on whole-rock chemical analyses and

diagrams, it is concluded that the Baicaogou tuff is
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similar to I-type granite and formed by partial melting
of lower crust.

(3) During Early Cretaceous Yanji area was in a
back-arc extension setting due to Paleo-Pacific plate

subduction.
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