
1 Introduction 
 

In past twenty years, more than ten tungsten deposits 
have  been  found  in  northeast  China,  north  of  the 
Xilamulun–Changchun suture, including three large- and 
six medium-sized deposits. The deposits at Yangjingou, 
Honghuaerji, Wudaogou, and Shamai can be classified as 
lode-type (Ren Yunsheng et al., 2010a, 2011; Guo et al., 
2016;  Jiang  et  al.,  2016),  and  polymetallic  tungsten 
deposits at Cuihongshan, Yangbishan, Baishilazi, Sanjiazi, 
and Gongpengzi are skarn-type (Ren Yunsheng et al., 2010b; 
Zhao Hualei et al., 2011; Hao Yujie et al., 2013; Liu Yu, 
2013; Zhao Hualei, 2014). There is clearly great potential 
for further discoveries of tungsten deposits in the region. 

In recent years, the tungsten deposits in NE China have 

garnered increasing attention from researchers, who have 
discussed the geological conditions of ore formation, the 
ore genesis, the characteristics of the ore-forming fluid, 
the  mineralization  age,  and  the  tectonic  setting  (Ren 
Yunsheng et al., 2010a, b, 2011; Hao Yujie et al., 2013; 
Liu Yu, 2013; Ouyang et al., 2013; Mao et al., 2014; Zhao 
Hualei, 2014; Liu et al., 2015; Guo et al., 2016; Jiang et 
al., 2016). With the exception of several late Paleozoic 
deposits, such as the Wudaogou and Yangjingou deposits 
(Zhao Hualei, 2014), the data suggest that the tungsten 
deposits in northeast China formed during the Mesozoic. 
While the Yangbishan iron–tungsten deposit, discovered 
six decades ago, has received little attention, and the 
research  has  focused  mainly  on  the  local  iron 
mineralization (Tan Chengyin, 2009; Wei Lianxi, 2013). 
The tectonic setting,  age,  and mechanism of tungsten 
mineralization in this deposit are unknown. To provide 
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this information, we carried out a field investigation of the 
Yangbishan  deposit  and  conducted  laser  ablation 
inductively coupled plasma mass spectrometry (LA-ICP-
MS) zircon U–Pb dating,  zircon Hf  isotope analyses, 
major and trace element analysis of the gneissic granite, 
and trace and rare element analysis of the scheelite. 

 
2 Regional Geological Background 

 
The  Yangbishan  iron–tungsten  deposit  in  the 

Shuangyashan area of Heilongjiang Province is located in 
the eastern part of the Central Asian Orogenic Belt (CAOB) 
and is in the middle of the Jiamusi Massif (Zhao Liangliang 
et  al.,  2014)  (Fig.  1a).  The  study  area  develops  the 
metamorphosed basement with the sedimentary cover. The 
basement,  from  the  bottom  to  top,  consists  of  the 
Paleoproterozoic-Archean  Mashan  Group,  the 
Mesoproterozoic  Xingdong  Group,  the  Neoproterozoic 
Heilongjiang  Group,  and  the  Sinian  Majiajie  Group 
(Heilongjiang Bureau of Geology and Mineral Resources 
(HBGMR), 1993). The Mashan and Xingdong groups are 
primarily  distributed  within  the  Jiamusi  Massif,  the 
Heilongjiang Group is distributed in the west and along the 
southern margin of the Massif, and the Majiajie Group is 
located only in the southern Huanan area. The sedimentary 

cover includes Paleozoic, Mesozoic, and Cenozoic strata, 
and occurs mainly in the northern part of the Jiamusi 
Massif (Fig. 1b). 

The Jiamusi Massif experienced the formation of an 
ancient Archean continental nucleus, the formation and 
evolution of Proterozoic rifts and fault depressions, early 
Paleozoic cratonization, the late Paleozoic closure of the 
Paleo-Asian Ocean, and the Mesozoic subduction of the 
Paleo-Pacific Plate (Zhao Liangliang et al., 2014). The 
Paleozoic tectonic activity is represented by folds in the 
metamorphic  basement,  while  the  Mesozoic  tectonic 
activity left brittle, deep faulting that created the basic 
structural  pattern  of  the  Jiamusi  Massif.  These  faults 
include the Mudanjiang Fault in the west, the Dunhua–
Mishan Fault in the south, and the Tongjiang–Dangbi 
Fault in the east (Fig. 1a and b). 

In  addition,  there  is  evidence  of  three  stages  of 
magmatism that occurred during the early Paleozoic, late 
Paleozoic, and Mesozoic. The early Paleozoic intrusions, 
which occur mainly in the Jiamusi–Baoqing–Jixi area, 
were emplaced between 480 and 530 Ma (Wilde et al., 
2001, 2003; Xie Hangqiang et al., 2008). Late Paleozoic 
intrusions, with ages from 280 to 250 Ma, are widespread 
in Jiamusi Massif (Huang Yingcong et al., 2009). A series 
of Mesozoic basic, moderate and acidic magmatic rocks 

 

Fig. 1. Sketch tectonic map (a) (after Ge Wenchun et al., 2007b) and simplified geological map (b) (after Wilde et al., 2000) of 
the Jiamusi Massif.  
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are closely associated with mineralization of precious and 
non-ferrous metals. The Mesozoic was the most important 
mineralization period in the eastern part of Heilongjiang 
Province (Li Yixin, 2012). 

 
3  Ore  Deposit  Geology  and  Tungsten 
Mineralization 

 
3.1 Ore deposit geology 

The  Mesoproterozoic  Dapandao  Formation  of  the 

Xingdong Group (Pt2dp) (Fig. 2a and b), which is closely 
associated with the iron–tungsten mineralization in the 
Yangbishan  mining  area,  can  be  divided  into  four 
lithologic units. From bottom to top, the first lithologic 
unit is mainly composed of garnet–mica–quartz schist, 
sillimanite–garnet–plagioclase  schist,  and  gneiss,  with 
some interspersed magnetite quartzites; the second unit 
comprises marble and schist that host crystalline graphite 
ore; the third unit is mainly composed of gneiss and 
sillimanite–biotite–quartz schist with layers of magnetite 

 

Fig. 2. Sketch geological map (a) and cross section of the Yangbishan deposit (b) (modified from Tan Chengyin, 2009).  
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ore; and the fourth unit is composed of schist, gneiss, and 
marble. 

The widespread magmatic rocks associated with the 
Yangbishan deposit are mainly gneissic granite, exposed 
sporadically among the rocks of the ore-hosting Dapandao 
Formation of the Xingdong Group. These granitic rocks 
underwent  ductile  deformation,  leading  to  their  weak 
gneissic structures, and consist mainly of K-feldspar (~30% 
by volume), plagioclase (~20%), biotite (~15%), muscovite 
(~5%), and quartz (~30%). In addition, there is a small, late
-stage biotite granite stock that intruded into the gneissic 
granite. Small amounts of leucogranite and pegmatite veins 
also occur in the area. 

The structures in the mining area mainly include small-
scale faults, fractures, and interlayer fracture zones. These 
faults  and fractures  can be divided into three groups 
according to their orientations: NE–SW, E–W, and SE–
NW. The largest group of faults runs NE–SW, which 
formed in association with the later-stage activities of the 
Paleo-Pacific tectonic domain. Although in small-scale, 
the  roughly  E–W-trending  faults  have  had  the  most 
disruptive effect on the ore bodies. Locally, the Dapandao 
Formation strata have been cut by NE–SW and NW–SE 
reverse  faults,  resulting  in  the  formation  of  small, 
overturned anticlines and synclines that trend more or less 
E–W and pitch to the west. 

 
3.2 Tungsten mineralization 

Six buried tungsten ore bodies (I~VI) were explored in the 
footwall rock of the iron ore bodies in the southern part of 
the mining area (Fig. 2a and b). They are situated in the 
contact zone between the gneissic granite (Fig. 2a) and the 
marble of the Dapandao Formation (Fig. 2b). The largest 
body, ore body I, is 1,040 m long and 11.6 m thick, on 
average, and it extends down 305 m as lense and vein. 
Locally, the thickness of the ore body increases dramatically, 
reaching a maximum thickness of 88 m. The ore body dips 
60–80° toward 210–250°. The average ore grade of WO3 is 
0.38%, peaking at 2.75%. The roof wall rocks of the ore 
body are marble (Fig. 3a) and skarn, and foot wall rocks 
include gneissic granite (Fig. 3b and c) and skarn. 

Ore-bearing rocks  of  tungsten mineralization in  the 
Yangbishan deposit  include garnet skarn and diopside 
skarn.  Metallic  minerals  in  the  tungsten  ores  are 
dominated by scheelite and pyrrhotite (Fig. 3d–e), with 
small  amounts  of  magnetite,  pyrite,  chalcopyrite, 
sphalerite, cassiterite, arsenopyrite and molybdenite (Fig. 
3d–k). The major nonmetallic minerals include augite, 
quartz, calcite,  and diopside (Fig. 3k–o), with smaller 
amounts  of  plagioclase,  garnet,  chlorite,  epidote, 
potassium feldspar, idocrase, tourmaline, and fluorite (Fig. 
3l). Metallic minerals in the ore are often characterized by 

xenomorphic or subidiomorphic granular textures (Fig. 3f, 
g,  k),  followed by automorphic granular,  metasomatic 
relict (Fig. 3h) and intersertal textures. The ore structures 
are mainly disseminated, densely disseminated, or vein 
structures (Fig. 3e). 

The  major  wall-rock  alteration  types  include 
skarnization,  silicification,  carbonatation,  chloritization, 
epidotization,  and  fluoritization  (Fig.  3k–o),  with 
skarnization being the most common and widespread. The 
pattern  of  alteration  weakens  from the  center  of  the 
contact zone to the gneissic granite and the marble, but it 
produced a local abundance of skarn. 

According to the mineral assemblages, ore textures and 
structures,  and  wall-rock  alteration,  the  tungsten 
mineralization in the Yangbishan deposit formed in two 
periods, the skarn period and the quartz–sulfide period, 
which comprise five stages (Fig. 4). The oxide stage of the 
skarn period was the major tungsten mineralization stage. 

 
4 Samples and Analytical Methods 
 
4.1 LA-ICP-MS zircon U–Pb dating 

One gneissic granite sample (No. YBS4–1) for LA-ICP-
MS zircon U–Pb dating was collected nearby the tungsten 
ore body I in the open pit in the south segment of the 
Yangbishan  deposit  (geographic  coordinates  of  slope 
collar, N46°33′37″ , E131°03′47″). Zircon grains were 
separated  by  heavy  liquid  and  magnetic  separation 
methods at the Chengxin Services Ltd., Langfang, China. 
Pure zircon grains were handpicked under a binocular 
microscope, then mounted in epoxy resin and polished 
until  the  grain  interiors  were  exposed.  The 
Cathodoluminescence (CL) images were obtained using a 
JSM6510  scanning  electron  microscope  produced  by 
JEOL Corporation (Japan) at the Beijing zircon dating 
navigation technology limited company. LA-ICP-MS U–
Pb zircon dating was carried out at the Key Laboratory of 
Mineral Resources Evaluation in Northeast Asia, Ministry 
of  Land  and  Resources,  Jilin  University,  Changchun, 
China. Helium was used as carrier gas to provide efficient 
aerosol  transport  to  the  ICP  and  minimize  aerosol 
deposition around the ablation site and within the transport 
tube (Eggins et al., 1998; Jackson et al., 2004). Argon was 
used as the make-up gas and was mixed with the carrier 
gas  via  a  T–connector  before  entering  the  ICP.  The 
analysis spots were 25 μm in diameter. U, Th and Pb 
concentrations were calibrated using 29Si as an internal 
standard. The standard zircon 91500 (Wiedenbeck et al., 
1995) was used as an external standard to  normalize 
isotopic  fractionation  during  analysis.  Analytical 
procedures used follow those described by Yuan et al., 
(2007).  Raw  data  were  processed  using  the 
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Fig. 3. Characteristics of the mineralization-related rock body and tungsten ore in the Yangbishan deposit. 
(a), Hand specimen of marble; (b), Hand specimen of gneissic granite; (c), Diopside marble; (d), Scheelite coexisting with pyrrhotite and chal-
copyrite; (e), Disseminated and vein scheelite in diopside skarn; (f), Internal reflection of scheelite; (g), Scheelite being replaced by pyrrhotite; (h), 
Chalcopyrite being replaced by pyrrhotite; (i), Pyrrhotite being replaced by pyrite; (j), Pyrrhotite being replaced by chalcopyrite and sphalerite; (k), 
Diopside encapsulated scheelite; (l), Diopside skarn; (m), Fluoritization in epidote diopside skarn; (n), Chloritization in skarn; (o), Carbonatation in 
epidote skarn. Abbreviations: Bt, biotite; Cal, calcite; Ccp, chalcopyrite; Di, diopside; Ep, epidote; Fl, fluorite; Kfs, potassium feldspar; Mag, 
magnetite; Ms, muscovite; Pl, plagioclase; Po, pyrrhotite; Px, augite; Py, pyrite; Qtz, quartz; Sh, scheelite; Sp, sphalerite. Photos g, h, i, j, k and n are 
taken under single polarizer, and photos b, f, c, m and o are taken under crossed nicols.  
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ICPMSDataCal program (Version 6.7) (Liu et al., 2008). 
Uncertainties of individual analyses are reported with 1σ 
error;  weighted  mean  ages  were  calculated  at  1σ 
confidence  level.  The  data  were  processed  using  the 
ISOPLOT (Version 3.0) program (Ludwig, 2003). The 
zircon GJ–1 was dated as an unknown sample and yielded 
a weighted mean 206Pb/238U age of 609.5 ± 2.4 Ma (n=8, 
2σ), which is in good agreement with the recommended 
age of 608.5±0.37 Ma (Simon et al., 2004). 

 
4.2 Major and trace element analyses of gneissic granite 

Five gneissic granite samples (No. Y1–1 to Y1–5) for 
geochemical analyses were collected from the tunnel in 
the mine area. All samples are fresh and without obvious 
alteration. Major and trace element analyses were obtained 
at  the  Laboratory  of  Mineralization  and  Dynamics, 
Chang'an University, Xi'an, China. Major elements were 
assayed by X-ray fluorescene (XRF) and trace elements 
and rare earth elements were assayed by Thermo–X7 ICP-
MS. Parameters of the analysis were: Power: 1200 W, 
Nebulizer gas: 0.64 L/min, Auxiliary gas: 0.80 L/min and 
Plasma gas: 13 L/min. 

 
4.3 Zircon Hf isotope analyses of gneissic granite 

Zircon Hf isotope analyses were conducted in situ using 
a New Wave UP213 laser-ablation microprobe attached to 
a  Neptune  multi-collector  ICP-MS at  the  Institute  of 
Mineral  Resources,  Chinese  Academy  of  Geological 

Sciences, Beijing. The instrumental conditions and data 
acquisition follow those described by Hou Kejun et al., 
(2007). A stationary spot with a beam diameter of either 
40 μm or 55 μm was used, depending on the size of the 
ablated domains, He gas, in combination with Ar, was 
used as the carrier gas to transport the ablated sample from 
the laser-ablation cell to the ICP-MS torch via a mixing 
chamber. To correct for the isobaric interferences of 176Lu 
and  176Yb  with  176Hf,  176Lu/175Lu  =0.02658  and 
176Yb/173Yb = 0.796218 ratios were determined (Chu et al., 
2002). For instrumental mass bias corrections, Yb isotope 
ratios were normalized to a 172Yb/173Yb ratio of 1.35274 
(Chu et al., 2002) and Hf isotope ratios to a 179Hf/177Hf 
ratio of 0.7325 using an exponential law. The mass bias 
behavior of Lu was assumed to follow that of Yb. The 
mass  bias  correction  protocols  were  performed  as 
described by Hou Kejun et al., (2007). Zircon GJ1 was 
used  as  a  standard  reference  material  during  routine 
analyses; its weighted mean 176Hf/177Hf ratio of 0.282008 
± 27 (2σ) is indistinguishable from that obtained in the in 
situ  analysis  conducted  by  Elhlou  et  al.,  (2006) 
(176Hf/177Hf = 0.282014 ± 20; 2σ). 

The  calculation  of  the  Hf  model  age  (single–stage 
model age; TDM1) is based on a depleted–mantle source 
with a modern 176Hf/177Hf ratio of 0.28325 and the 176Lu 
decay constant 1.865 × 10–11 year–1 (Scherer et al., 2001). 
The calculation of the “crust” (two–stage) Hf model age 
(TDM2) is based on the assumption of a mean 176Lu/177Hf 

 

Fig. 4. Paragenetic sequence of minerals in tungsten ore from the Yangbishan deposit.  
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value of 0.011 for average continental crust (Wedepohl, 
1995). The calculation of εHf(t) values was based on zircon 
U–Pb ages and chondritic values (176Hf/177Hf = 0.282772, 
176Lu/177Hf = 0.0332; Blichert–Toft and Albarede, 1997). 

 
4.4  Rare  earth  and trace  element  analyses  of  the 
scheelite 

Scheelite samples in this study were collected from the 
tungsten ore bodies in the Yangbishan deposit. Rare earth 
element analyses (samples YBS01, YBS1–3, YBS42–1, 
YBS42–2, and YBS42–3) were completed at the State 
Key Laboratory for Mineral Deposits Research, Nanjing 
University. Rare earth and trace element analyses (samples 
YB–11–1,  YB–11–2,  YB–8,  Y1–6,  and  Y1–4)  were 
completed in the Analytical Laboratory of the Beijing 
Research  Institute  of  Uranium  Geology.  Analytical 
instruments and procedures used follow those described 
by Ren Yunsheng et al. (2010a). 

 

5 Results 
 
5.1 LA-ICP-MS zircon dating 

The LA-ICP-MS zircon U–Pb dating results  of the 
gneissic  granite  closely  related  to  the  tungsten 
mineralization are listed in Table 1.  

According to shapes, growth zoning in CL images, 
contents and ratio values of Th and U, zircon grains can be 
divided into three groups (Fig. 5). Zircon grains in the 
group one are granular and round, with lengths between 60 
to 120 μm, lower contents of Th and U, brighter CL images 
and clear oscillatory zoning (e.g. YBS4–1–18 and YBS4–1
–42). The Th/U ratios of nine zircons are between 0.03 and 
0.85 with average 0.27, indicating magmatic origin of these 
grains(Song Biao et al., 2002; Corfu et al., 2003; Samuel 
and Mark, 2003); the 207Pb/206Pb ages of this group are 
scattered, and between 1150 ± 26 Ma and 1812 ± 34 Ma 
(Table 1 and Fig. 6a). Zircon grains of group two have good 
crystal shape with short plate and long column, and the 
average ratio of length to width is 3:1 (a total of 31 dating 

 Table 1 LA-ICP-MS zircon U–Pb dating results of grains from the Yangbishan gneissic granite  

Sample No.  Concentration(ppm) Ratio Age(Ma)
 Th U Th/U 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 207Pb/206Pb 207Pb/235U 206Pb/238U

YBS4-1-1  6715 10503 0.64 0.0634 0.0015 0.2527 0.0064 0.0288 0.0004 730±30 229±5 183±2
YBS4-1-2  1178 4062 0.29 0.0619 0.0011 0.7218 0.0148 0.0842 0.0011 700±18 552±9 521±7 
YBS4-1-3  472 2815 0.17 0.0642 0.0013 0.7478 0.0141 0.0844 0.0011 762±19 567±8 523±6
YBS4-1-4  310 3709 0.08 0.0609 0.0013 0.6839 0.0153 0.0808 0.0007 588±23 529±9 501±4 
YBS4-1-5  372 1121 0.33 0.0571 0.0013 0.6682 0.0156 0.0845 0.0009 521±31 520±10 523±5
YBS4-1-6  399 6239 0.06 0.0663 0.0017 0.7722 0.0203 0.0842 0.0013 857±26 581±12 521±7 
YBS4-1-7  143 2451 0.06 0.0598 0.0012 0.7013 0.0145 0.0844 0.0007 639±28 540±9 522±4
YBS4-1-8  353 1937 0.18 0.0700 0.0015 0.8207 0.0182 0.0844 0.0008 919±27 608±10 522±5 
YBS4-1-9  577 1495 0.39 0.0604 0.0013 0.7038 0.0141 0.0843 0.0008 594±26 541±8 522±4

YBS4-1-10  406 3250 0.12 0.0622 0.0012 0.7289 0.0153 0.0844 0.0007 662±24 556±9 522±4 
YBS4-1-11  296 2270 0.13 0.0624 0.0015 0.7293 0.0175 0.0843 0.0010 673±27 556±10 522±6
YBS4-1-12  185 827 0.22 0.0791 0.0018 2.2485 0.0498 0.2051 0.0019 1150±26 1196±16 1202±10
YBS4-1-13  826 1618 0.51 0.0612 0.0015 0.7154 0.0184 0.0843 0.0008 626±32 548±11 522±5
YBS4-1-14  919 3096 0.30 0.0883 0.0015 2.5163 0.0490 0.2056 0.0024 1409±18 1277±14 1205±13
YBS4-1-15  726 8716 0.08 0.0585 0.0010 0.4269 0.0084 0.0527 0.0005 554±24 361±6 331±3
YBS4-1-16  101 333 0.30 0.0906 0.0022 2.8025 0.0668 0.2243 0.0027 1423±20 1356±18 1304±14
YBS4-1-17  686 2349 0.29 0.0577 0.0010 0.6744 0.0135 0.0844 0.0007 487±26 523±8 522±4
YBS4-1-18  160 410 0.39 0.0841 0.0022 2.5857 0.0734 0.2231 0.0032 1240±28 1297±21 1298±17
YBS4-1-19  584 1811 0.32 0.0568 0.0012 0.6632 0.0151 0.0844 0.0008 467±28 517±9 522±5
YBS4-1-20  102 284 0.36 0.0819 0.0022 2.3081 0.0576 0.2048 0.0020 1255±32 1215±18 1201±11
YBS4-1-21  273 2240 0.12 0.0592 0.0012 0.6908 0.0137 0.0843 0.0009 543±23 533±8 522±5
YBS4-1-22  478 673 0.71 0.0795 0.0015 2.4659 0.0450 0.2236 0.0019 1203±20 1262±13 1301±10
YBS4-1-23  29 979 0.03 0.0587 0.0016 0.6865 0.0176 0.0849 0.0016 555±27 531±11 525±10
YBS4-1-24  122 541 0.22 0.0662 0.0020 0.7734 0.0224 0.0847 0.0016 812±31 582±13 524±10
YBS4-1-25  32 64 0.50 0.1108 0.0040 3.8436 0.1332 0.2516 0.0053 1812±34 1602±28 1447±27
YBS4-1-26  167 563 0.30 0.0579 0.0023 0.6846 0.0256 0.0857 0.0017 527±48 530±15 530±10
YBS4-1-27  111 671 0.16 0.0575 0.0017 0.6481 0.0180 0.0817 0.0016 512±30 507±11 506±9
YBS4-1-28  549 980 0.56 0.0586 0.0016 0.7050 0.0184 0.0873 0.0017 552±27 542±11 539±10
YBS4-1-29  227 507 0.45 0.0578 0.0023 0.6645 0.0254 0.0834 0.0017 522±49 517±16 516±10
YBS4-1-30  247 1073 0.23 0.0577 0.0015 0.6735 0.0166 0.0847 0.0016 518±25 523±10 524±9 
YBS4-1-31  237 309 0.77 0.0934 0.0026 3.3449 0.0887 0.2596 0.0051 1497±24 1492±21 1488±26
YBS4-1-32  122 491 0.25 0.0588 0.0018 0.6887 0.0202 0.0849 0.0016 561±33 532±12 525±10
YBS4-1-33  119 285 0.42 0.0579 0.0026 0.6680 0.0288 0.0837 0.0017 524±59 520±18 518±10
YBS4-1-34  178 1075 0.17 0.0585 0.0018 0.6719 0.0192 0.0834 0.0016 547±31 522±12 516±10
YBS4-1-35  47 873 0.05 0.0589 0.0017 0.6886 0.0191 0.0847 0.0016 565±30 532±12 524±10
YBS4-1-36  86 524 0.16 0.0580 0.0019 0.6767 0.0213 0.0846 0.0017 530±37 525±13 524±10
YBS4-1-37  126 439 0.29 0.0583 0.0019 0.7024 0.0225 0.0873 0.0017 543±37 540±13 540±10
YBS4-1-38  351 655 0.54 0.0578 0.0020 0.6818 0.0229 0.0856 0.0017 522±40 528±14 529±10
YBS4-1-39  465 548 0.85 0.0576 0.0021 0.6489 0.0226 0.0817 0.0016 514±43 508±14 506±10
YBS4-1-40  183 362 0.51 0.0582 0.0024 0.6787 0.0274 0.0845 0.0017 538±53 526±17 523±10
YBS4-1-41  102 572 0.18 0.0618 0.0024 0.7392 0.0272 0.0867 0.0018 668±45 562±16 536±10
YBS4-1-42  228 225 1.02 0.1074 0.0029 4.6148 0.1178 0.3116 0.0062 1756±22 1752±21 1748±30



248                     Vol. 92 No. 1                                                                                                                                        ACTA GEOLOGICA SINICA (English Edition)  
http://www.geojournals.cn/dzxben/ch/index.aspx Feb. 2018 

spots, e.g. YBS4–1–26 and YBS4–1–38). The particle sizes 
are from 60 to 200 μm with higher Th and U contents, and 
the Th/U ratios are between 0.12 and 0.56 with average 
0.27. Zircon grains in this group have clear oscillatory 
zoning, indicating their magmatic origin. The 206Pb/238U 
ages of 31 zircons range from 501 ± 4 Ma to 540 ± 10 Ma, 
with a weighted average age of 520.6 ± 2.8 Ma (MSWD = 
1.4) (Fig. 6b and c). Zircon grains in group three have 
perfect  crystal  shape  as  long  column  with  obvious 
oscillatory  zoning,  but  the  two  dating  ages  deviated 
concordia line obviously, which is probably related to the 
Pb lose by the late thermal disturbance. Thus, this group 
has not been discussed (Fig. 6a). 

 
5.2 Major and trace elements in gneissic granite 

Major element compositions of the Yangbishan gneissic 
granite  are  listed  in  Table 2.  The gneissic  granite  is 
characterized by high silica (SiO2 = 71.28–72.84 wt%), 
and rich in alkali (Na2O + K2O = 7.57–8.31 wt%). In these 
samples, K2O contents are 4.58–5.10 wt%, Na2O contents 
are 2.64–3.25 wt%, and Na2O/K2O ratios are from 0.52 to 

0.67, which indicates that these samples are relatively rich 
in potassium. In addition, these samples are characterized 
by lower contents of Fe2O3

T, MgO, MnO, CaO, and P2O5. 
A/CNK is 1.12–1.25. Their Rittmann index (δ) ranges 
from 1.96 to 2.79. Their differentiation index (DI) ranges 
from 89 to 90, indicating that the gneissic granite may be 
derived from highly fractionated magma.  In the QAP 
classification diagram (Fig. 7a), these sample polts fall in 
the region of granite. In the A/NK–A/CNK diagram (Fig. 
7b), these sample plots fall in the region of peraluminous 
rock.  

Rare  earth  and  trace  element  compositions  of  the 
Yangbishan gneissic granite are listed in Table 2. The total 
rare earth element (REE) contents of the samples range 
from 87.12 ppm to 122.12 ppm (mean 106.11 ppm), while 
light rare earth elements (LREEs) are relatively enriched 
(LREE/HREE = 7.51–11.15). Fractionation of LREEs and 
HREEs is clear [(La/Yb)N = 9.53–20.26]. All samples 
display an obvious Eu negative anomaly (δEu = 0.40–
0.69), and cerium displays a slightly negative Ce anomaly 
(δCe = 0.87–0.97). In chondrite-normalized REE diagram 

 

Fig. 6. Concordia and weighted diagrams of the zircon U–Pb age of the gneissic granite from the Yangbishan deposit.  

Fig. 5. CL images and dating spots of zircons from the Yangbishan gneissic granite.  



 ACTA GEOLOGICA SINICA (English Edition)  
http://www.geojournals.cn/dzxben/ch/index.aspx Feb. 2018 Vol. 92 No. 1                      249 

(Fig. 8a), these samples are characterized by enrichment of 
LREEs, depletion of HREEs, and no obvious fractionation 
of the HREEs. 

In the primitive mantle-normalized trace element spider 
diagram  (Fig.  8b),  these  samples  demonstrate  the 
enrichment of some large ion lithophile elements (LILEs: 
Cs, Rb, and U), as well as a depletion of high field 
strength elements (HFSEs: Nb, Ta, Zr, Hf, and Ti). 

5.3 Zircon Hf isotope compositions 
Hf isotope analyses  were conducted on  the  twenty 

zircon grains with determined U–Pb ages (Table 3 and 
Fig. 5). The two inherited zircons (1202–1488 Ma) have 
variable Hf isotopic compositions, with 176Hf/177Hf ratios 
of 0.282264–0.281934, εHf (t) values of +7.9 and +1.4, 
TDM1 values of 1.39–1.90 Ga, and TDM2 values of 1.51–
2.13 Ga. The εHf (t) values for 18 magmatic zircons are 

Table 2 Major and trace element compositions of the Yangbishan gneissic granite  
Sample Y1-1 Y1-2 Y1-3 Y1-4 Y1-5 Sample Y1-1 Y1-2 Y1-3 Y1-4 Y1-5 

Major elements (wt%) Trace elements (ppm) 
SiO2 71.71 72.18 71.64 72.84 71.28 Zr 75.02 75.86 80.47 86.33 74.46
TiO2 0.18 0.21 0.20 0.19 0.19 Nb 10.67 12.25 12.71 12.34 11.40 
Al2O3 14.69 14.46 14.61 15.11 14.39 Mo 0.67 0.54 0.44 0.37 0.76

TFe2O3 2.11 1.67 1.85 1.68 2.00 Sn 13.13 11.32 11.64 12.18 12.01 
MnO 0.10 0.06 0.07 0.08 0.10 Cs 10.57 11.78 14.01 17.54 19.30
MgO 0.28 0.47 0.50 0.35 0.42 Ba 199.67 195.63 232.72 224.80 231.54 
CaO 1.07 0.94 0.92 1.09 1.09 La 18.61 21.28 23.72 22.22 21.96
Na2O 3.09 2.80 2.83 3.25 2.64 Ce 32.92 40.61 49.60 44.16 42.88 
K2O 4.58 4.77 4.95 5.06 5.10 Pr 4.24 5.45 6.41 5.85 5.43
P2O5 0.18 0.18 0.18 0.18 0.17 Nd 16.66 21.42 25.10 22.51 20.96 
LOI 1.09 1.19 1.09 0.71 1.47 Sm 3.65 4.31 5.20 4.76 4.40
Total 99.08 98.92 98.83 100.54 98.85 Eu 0.79 0.52 0.91 0.86 0.88 

Na2O/K2O 0.67 0.59 0.57 0.64 0.52 Gd 3.27 3.49 4.33 4.12 3.79
Na2O+K2O 7.67 7.57 7.78 8.31 7.74 Tb 0.52 0.49 0.64 0.64 0.59 

δ 2.05 1.96 2.11 2.31 2.12 Dy 2.77 2.20 3.00 3.24 2.91
A/NK 1.46 1.48 1.46 1.39 1.46 Ho 0.48 0.34 0.48 0.55 0.47 

A/CNK 1.22 1.26 1.25 1.18 1.21 Er 1.39 0.90 1.32 1.57 1.27
Trace elenments (ppm) Tm 0.21 0.12 0.17 0.22 0.17 

Li 83 120 152 104 92 Yb 1.40 0.75 1.10 1.51 1.09
Be 6.44 5.00 5.02 7.22 8.92 Lu 0.21 0.11 0.16 0.22 0.16 
Sc 2.08 1.42 3.16 2.96 2.40 Hf 2.94 2.82 2.96 3.13 2.74
Ti 983 1160 1172 1168 1046 Ta 1.15 1.07 1.19 1.08 0.98 
V 9.45 10.67 11.23 11.65 10.06 Bi 1.42 0.99 0.85 0.32 0.65
Cr 19.48 11.57 10.28 10.71 13.77 Th 7.93 12.32 12.86 11.74 10.80 
Mn 1078 662 729 855 1276 U 14.53 3.74 4.44 4.39 5.26
Co 14.56 2.14 2.60 2.40 2.77 ΣREE 87.12 101.99 122.12 112.43 106.94 
Ni 9.25 3.05 3.44 3.31 5.05 LREE 76.87 93.59 110.92 100.36 96.50
Cu 18.93 3.17 3.31 2.63 4.18 HREE 10.24 8.40 11.20 12.07 10.44 
Zn 1038 41 42 52 58 LREE/HREE 7.51 11.15 9.91 8.31 9.24
Ga 17.61 16.56 17.92 17.79 16.52 Nb/Ta 9.25 11.44 10.64 11.42 11.67 
Rb 250.5 212.5 298.9 278.9 305.1 LaN/YbN 9.53 20.26 15.40 10.56 14.49
Sr 63.34 43.39 68.57 68.33 74.54 δEu 0.69 0.40 0.57 0.58 0.64 
Y 15.70 10.09 15.64 18.10 15.78 δCe 0.87 0.90 0.97 0.93 0.94

Note: A/CNK = molar ratio of Al2O3/ (CaO+Na2O+K2O); A/NK = molar of Al2O3/ (Na2O+K2O); δ = [w (K2O+Na2O)2]/[w (SiO2)–43] 

 

Fig. 7. Major elements classification of the Yangbishan gneissic granite.  
(a), QAP classification diagram (after Streckeisen, 1976), Q, A, P are quartz, alkali feldspar and plagioclase contents, respectively; (b), Al2O3/
(Na2O + K2O) versus Al2O3/(CaO + Na2O + K2O) diagram (after Maniar and Piccoli, 1989).  
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between  –14.9  and  +2.5,  and  the  corresponding 
176Hf/177Hf, TDM1 and TDM2 values vary from 0.282262 to 
0.282564,  1.08  to  1.72  Ga,  and  1.33  to  2.42  Ga, 
respectively. 

 
5.4 Rare earth and trace element compositions of the 
scheelite 

Rare earth and trace element contents of the scheelite in 
the Yangbishan are listed in Table 4. The total rare earth 
element contents (ΣREE) of the samples range from 66.4 
ppm to 202.06 ppm, while LREEs are relatively enriched 
as compared with HREEs (ΣLREE = 58.38–183.59 ppm; 
ΣHREE = 8.02–20.86 ppm; LREE/HREE = 4.52–16.01). 
Fractionation of LREEs and HREEs is clear [(La/Yb)N = 
10.76–26.63].  Europium  displays  a  mainly  negative 
anomaly  (δEu  =  0.38–0.69,  mean  0.57),  and  cerium 
anomaly is not obvious (δCe = 0.99–1.12, mean 1.06). In 
the chondrite-normalized REE diagram (Fig. 8a), samples 

are characterized by enrichment of LREEs and depletion 
of HREEs. 

In the Table 4, mean contents of some trace elements in 
the scheelite, such as Zn, Sr, and Pb, are more than 10 
ppm, while those of some other elements are more than 1 
ppm, for examples V, Cr, Ni, Ga, Rb, Zr, Nb, Ba, Hf, Ta, 
and  Pb.  It’s  worth  pointing  out  that  Ca2+  can  be 
isomorphously replaced by Sr, Pb, and Ba, and W6+ can be 
isomorphously replaced by Cr, V, Ga, and Ni. In the 
chondrite-normalized  REE  diagram (Fig.  8a)  and  the 
primitive mantle-normalized trace element spider diagram 
(Fig. 8b), the scheelit samples and gneissic granite of the 
Yangbishan deposit show similar distribution patterns. 

 
6 Discussion 
 
6.1 Genesis and age of tungsten mineralization 

The tungsten mineralization in the Yangbishan deposit 

 

Fig. 8. Chondrite-normalized REE distribution patterns and primitive mantle-normalized spidergrams of gneissic granite and 
scheelite from the Yangbishan deposit. Chondrite-normalized and primitive mantle-normalized values are from Sun and 
McDonough (1989) and McDonough and Sun (1995), respectively.  

Table 3 Lu–Hf isotopic data for zircons from the gneissic granite (sample YBS4–1)  
Sample No. Spot No.a 176Hf/177Hf 1σ 176Lu/177Hf 1σ 176Yb/177Hf 1σ Age(Ma) Hfi εHf(t) TDM1(Ga) TDM2(Ga) fLu/Hf

1 YBS4-1-2 0.282422 0.000017 0.000974 0.000047 0.038146 0.002027 521 0.282412 −1.3 1.17 1.56 −0.97
2 YBS4-1-3 0.282262 0.000016 0.001235 0.000010 0.043568 0.000538 523 0.282249 −7.0 1.41 1.92 −0.96
3 YBS4-1-5 0.282449 0.000016 0.000725 0.000011 0.026834 0.000345 523 0.282442 −0.2 1.13 1.49 −0.98
4 YBS4-1-6 0.282460 0.000017 0.001985 0.000022 0.069117 0.000971 530 0.282440 −0.1 1.15 1.49 −0.94
5 YBS4-1-7 0.282411 0.000015 0.000383 0.000010 0.014820 0.000448 522 0.282407 −1.4 1.17 1.57 −0.99
6 YBS4-1-8 0.282412 0.000017 0.000387 0.000009 0.016995 0.000357 522 0.282408 −1.4 1.17 1.57 −0.99
7 YBS4-1-12 0.282264 0.000021 0.000895 0.000002 0.033214 0.000087 1202 0.282243 7.9 1.39 1.51 −0.97
8 YBS4-1-13 0.282327 0.000017 0.000659 0.000016 0.025302 0.000668 522 0.282321 −4.5 1.29 1.77 −0.98
9 YBS4-1-17 0.282319 0.000014 0.000081 0.000003 0.003366 0.000114 523 0.282319 −4.5 1.29 1.77 −1.00
10 YBS4-1-22 0.282039 0.000021 0.001345 0.000007 0.045618 0.000340 522 0.282026 −14.9 1.72 2.42 −0.96
11 YBS4-1-23 0.282409 0.000015 0.000568 0.000027 0.020105 0.000793 525 0.282403 −1.5 1.18 1.58 −0.98
12 YBS4-1-29 0.282443 0.000015 0.000902 0.000063 0.033857 0.002434 516 0.282435 −0.6 1.14 1.52 −0.97
13 YBS4-1-30 0.282282 0.000018 0.001115 0.000023 0.043714 0.000823 524 0.282271 −6.2 1.37 1.88 −0.97
14 YBS4-1-31 0.281934 0.000019 0.001984 0.000099 0.073449 0.004072 1488 0.281878 1.4 1.90 2.13 −0.94
15 YBS4-1-32 0.282467 0.000017 0.001325 0.000065 0.051701 0.003666 525 0.282454 0.3 1.12 1.47 −0.96
16 YBS4-1-33 0.282344 0.000016 0.001113 0.000044 0.040317 0.002007 518 0.282333 −4.1 1.29 1.74 −0.97
17 YBS4-1-34 0.282502 0.000015 0.001791 0.000047 0.072282 0.001632 516 0.282485 1.2 1.08 1.40 −0.95
18 YBS4-1-35 0.282564 0.000025 0.004931 0.000154 0.208325 0.006247 524 0.282515 2.5 1.09 1.33 −0.85
19 YBS4-1-37 0.282445 0.000020 0.001886 0.000108 0.071745 0.003866 540 0.282426 −0.4 1.17 1.52 −0.94
20 YBS4-1-38 0.282310 0.000016 0.000359 0.000018 0.015196 0.000774 529 0.282306 −4.8 1.31 1.79 −0.99

Note: a Numbers indicate the same spot localities as those with the spot numbers in Table 1 and Figure 5.
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is  an  example  of  contact  metasomatic,  or  skarn-type, 
mineralization. The primary lines of evidence are that (i) 
tungsten ore bodies occur in the contact zone between the 
gneissic  granite  and  the  marble  of  the  Dapandao 
Formation; (ii) tungsten ore bodies are controlled by that 
contact zone and present as veins, lenses, or layer-like 
shapes;  (iii)  the  tungsten  ore  has  similar  mineral 
assemblages, paragenesis, ore textures, and ore structures 
to the typical skarn deposit; and (iv) the skarn is closely 
associated with the tungsten mineralization, and the wall-
rock alteration occurs on both sides of the contact zone. 
This view is also supported by comparisons between the 
Yangbishan  tungsten  deposit  and  typical  skarn-type 
tugsten deposits in China (Table 5). 

The  LA-ICP-MS U–Pb  dating  of  zircons  from the 
gneissic granite that is genetically associated with the 
Yangbishan  tungsten  mineralization  indicates  an 
emplacement  age  of  520.6  ±  2.8  Ma.  Because  the 
Yangbishan  skarn  ores  are  genetically  related  to  the 
emplacement of the granite, it can be infered that the 
mineralization also took place c. 520 Ma (early Paleozoic). 
The Yangbishan deposit  may be the earliest  tungsten 

deposit discovered in northeast China (Table 6), which 
implies  the  potential  for  further  Paleozoic  tungsten 
discoveries in the eastern portion of the CAOB. 

 
6.2 Nature of the ore-forming fluid 

Because the scheelite is rich in certain trace elements 
(e.g., Nb and Ta) and REEs, and can inherit its REE 
signature from the ore-forming fluid present during its 
genesis (Ghaderi et al., 1999), these elements can be used 
to trace the sources and geochemistry of the relevant ore-
forming  hydrothermal  system (Eichhorn  et  al.,  1997; 
Ghaderi et al., 1999; Brugger et al., 2000, 2002; Xiong 
Dexin et al., 2006; Ren Yunsheng et al., 2010a). 

Analytical results presented in this paper show that the 
LREE/HREE ratios of the scheelite in Yangbishan range 
from 4.52 to 16.01, with a mean of 8.66, which shows that 
the  scheelite  samples  have  typical  right-dipping  REE 
patterns: they are enriched in LREEs and heavily depleted 
in HREEs, with a negative Eu anomaly. The geochemical 
characteristics  of  the  scheelite  samples  from  the 
Yangbishan  deposit  are  similar  to  those  from  the 
Baishilazi, Zhuxi, Jitoushan, and Baizhangyan deposits, 

 Table 4 Trace element compositions of the scheelite in the Yangbishan deposit  
Sample YB-11-1 YB-11-2 YB-8 Y1-6 Y1-4 YB-2 YBS01 YBS1-3 YBS42-1 YBS42-2 YBS42-3 Mean

V 2.47 2.21 1.49 2.86 2.84 2.22 — — — — — 2.35 
Cr 4.31 4.15 2.57 2.69 4.09 2.09 — — — — — 3.32
Ni 7.82 4.72 6.36 2.14 4.46 2.32 — — — — — 4.64 
Zn 26.70 6.77 9.69 7.75 8.80 10.76 — — — — — 11.74
Ga 1.57 1.31 2.30 1.54 1.36 0.94 — — — — — 1.50 
Rb 1.76 1.92 1.89 1.87 1.71 1.76 — — — — — 1.82
Sr 50.55 46.87 28.23 41.38 82.31 57.59 — — — — — 51.15 
Zr 13.08 6.75 12.56 4.49 4.61 6.48 — — — — — 7.99
Nb 12.49 7.25 10.67 10.21 8.59 5.88 — — — — — 9.18 
Cs 0.22 0.18 0.38 0.58 2.29 0.48 — — — — — 0.69
Ba 5.76 5.03 4.93 4.45 5.55 11.97 — — — — — 6.28 
Hf 3.19 6.81 5.50 4.24 4.91 7.09 — — — — — 5.29
Ta 2.21 0.92 1.07 0.64 0.77 0.51 — — — — — 1.02 
U 0.38 0.35 0.97 0.39 0.19 0.24 — — — — — 0.42
Pb 7.80 6.77 8.57 12.28 11.13 14.98 — — — — — 10.25 
La 29.02 28.19 33.83 33.19 24.90 36.04 12.50 11.50 22.80 22.20 10.50 15.90
Ce 66.22 64.28 83.55 82.64 62.32 77.84 27.80 35.10 66.40 64.70 25.30 43.86 
Pr 8.58 8.30 10.26 11.17 8.52 9.10 3.72 5.25 9.29 9.11 3.39 6.15
Nd 36.19 34.63 43.59 46.39 38.40 35.32 17.70 27.20 40.20 41.60 15.50 28.44 
Sm 7.23 6.53 8.63 8.66 7.67 4.99 4.22 10.10 8.58 7.49 3.14 6.71
Eu 1.57 1.31 2.30 1.54 1.36 0.94 1.36 4.78 1.08 1.00 0.55 1.75 
Gd 6.93 5.93 7.70 7.33 7.06 4.35 4.41 10.80 8.65 7.39 3.24 6.90
Tb 1.04 0.90 1.14 1.05 0.97 0.54 0.55 1.25 1.16 0.97 0.46 0.88 
Dy 4.75 4.28 5.53 4.99 4.91 2.43 2.83 5.35 5.90 4.77 2.25 4.22
Ho 1.01 0.81 0.93 0.89 0.84 0.46 0.46 0.82 1.02 0.89 0.41 0.72 
Er 2.29 2.03 2.25 2.21 2.03 1.24 0.90 1.60 2.47 2.20 0.90 1.61
Tm 0.36 0.25 0.25 0.24 0.21 0.15 0.09 0.15 0.26 0.27 0.11 0.18 
Yb 1.93 1.44 2.02 1.55 1.29 0.97 0.39 0.74 1.26 1.48 0.58 0.89
Lu 0.28 0.20 0.09 0.15 0.11 0.12 0.04 0.09 0.14 0.19 0.07 0.11 
Y 16.24 14.43 17.18 16.14 14.37 7.75 6.29 13.50 19.20 14.60 7.15 12.15

ΣREE 167.41 159.09 202.06 202.00 160.60 174.48 76.97 114.73 169.21 164.26 66.40 118.31
LREE 148.81 143.24 182.15 183.59 143.17 164.22 67.30 93.93 148.35 146.10 58.38 102.81
HREE 18.59 15.84 19.91 18.41 17.43 10.26 9.67 20.80 20.86 18.16 8.02 15.50 

LREE/HREE 8.00 9.04 9.15 9.97 8.21 16.01 6.96 4.52 7.11 8.05 7.28 6.78
LaN/YbN 10.79 14.01 12.01 15.33 13.82 26.63 22.99 11.15 12.98 10.76 12.99 14.17 
δEu 0.67 0.63 0.84 0.58 0.56 0.60 0.96 1.39 0.38 0.41 0.52 0.73
δCe 1.02 1.02 1.09 1.05 1.05 1.03 0.99 1.11 1.12 1.12 1.03 1.07 

Rb/Sr 0.03 0.04 0.07 0.05 0.02 0.03 — — — — — 0.04
Nb/Ta 5.65 7.91 9.93 15.91 11.1 11.54 — — — — — 10.34 
Zr/Hf 4.1 0.99 2.28 1.06 0.94 0.91 — — — — — 1.71 
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which also have right-dipping REE patterns (Song et al., 
2014; Zhao Hualei, 2014; Hu Zhenghua, 2015). Zeng 
Zhigang et al. (1998) and Song et al. (2014) determined 
that the substitution of  

3Ca2+ = 2REE3+ + □, 
where □ is a Ca-site vacancy (Ghaderi et al., 1999; 

Brugger et al., 2000), could explain the REE right-dipping 
patterns, and that the patterns were inherited mainly from 
the ore-forming fluid. 

Figure  4  shows  that  the  Yangbishan  scheelite  was 
precipitated during the oxide stage that followed the skarn 
stage.  Several  studies  have  shown  that  garnets  and 
pyroxenes  in  metamorphic  and magmatic  systems are 
typically  enriched  in  HREEs  and  depleted  in  LREEs 
(Graunch, 1989; Bea et al., 1997; Zhang Hongfu et al., 
2000; Boyd et al., 2004). At Yangbishan, this probably 
means that the formation of the skarn minerals, such as 
garnet  and pyroxene,  would have resulted in  residual 

 

Table 6 Metallogenic epoch of representative tungsten deposits in NE China  

Name Mine types Deposit type Size  Metallogenic 
epoch (Ma) Rock tested Test method References 

Yangbishan Fe-W sedimento-metamorphic- 
and skarn  medium 520.6 ± 2.8 gneissic 

granite zircon U-Pb This study 

Yangjingou W lode  large 249.4 ± 2.7 granodiorite zircon U-Pb Zhao Hualei, 2014 230.8 ± 1.2 muscovite Ar-Ar 

Cuihongshan W-Mo 
polymetal skarn  large 198.9 ± 3.7 molybdenite Re-Os Hao Yujie et al., 2013 

Wudaogou W lode  medium 251.7 ± 2.9 scheelite Sm-Nd Unpublished data
Baishilazi W lode  medium 198.3 ± 0.8 quartz diorite zircon U-Pb Zhao Hualei et al., 2011

Sanjiazi W skarn  medium 172.4 ± 1.8 biotite 
adamellite zircon U-Pb Ren Yunsheng et al., 

2010b
Gongpengzi Cu-Zn-W skarn  medium 172.2 ± 1.6 granodiorite zircon U-Pb Wang Zhigang, 2012 

Honghuaerji W polymetal lode  large 179.2 ± 1.8 biotite granite zircon U-Pb Xiang Anping et al., 
2014 176.8 ± 2.2 molybdenite Re-Os 

Shamai W lode  medium 137.9 ± 1.7 wolframite Sm-Nd Li Junjian et al., 2016 139.1 ± 0.9 biotite granite zircon U-Pb  

Table 5 Geological characteristic comparison between the Yangbishan and some typical skarn tungsten deposits in China  

Name Yangbishan  
Fe-W deposit 

Shizhuyuan W-Sn 
polymetallic deposit 

Xianglushan  
W deposit 

Baishilazi 
W deposit 

Cuihongshan W-Mo 
polymetallic deposit 

Location Heilongjiang Province Hunan Province Jiangxi Province Jilin Province Heilongjiang Province

Ore-controlling 
structure 

Controlled by contact 
zone between gneissic 

granite and marble 

Controlled by contact 
zone between 

alkali-feldspar granite 
and limestone

Controlled by contact 
zone between biotite 
granite and limestone 

Controlled by contact 
zone between quartz 
diorite and marble 

Controlled by contact 
zone between 

monzonitic granite and 
marble

Host rock Diopside skarn Garnet diopside skarn Diopside skarn Garnet skarn Diopside garnet skarn
Ore body 

shape 
Vein, lenticular and 
quasi-bedded forms 

lenticular and 
quasi-bedded forms lenticular forms Vein and lenticular 

forms
Vein, saccate and 
lenticular forms

Ore textures 
and structures 

Euhedral-subhedral 
granular texture, 

metasomatic relict 
texture, disseminated 
and vein structures 

Euhedral-subhedral 
granular texture, 

metasomatic relict 
texture, disseminated, 

banded and vein 
structures

Euhedral-subhedral 
granular texture, 

metasomatic relict 
texture, exsolution 

texture, disseminated 
and veinlet structures

Euhedral-subhedral 
granular texture, 

metasomatic relict, 
dissolution, and skeletal 
textures, disseminated 
and veinlet structures 

Euhedral-subhedral 
granular texture, 

metasomatic relict 
texture, disseminated, 

veinlet and breccia 
structures

Metallic 
minerals 

Scheelite, magnetite, 
pyrrhotite, pyrite, 

chalcopyrite, sphalerite 
and cassiterite 

Magnetite, scheelite, 
wolframite, 

molybdenite, pyrrhotite, 
sphalerite and 
chalcopyrite 

Scheelite, chalcopyrite, 
pyrrhotite, pyrite, 

sphalerite and galena. 

Scheelite, chalcopyrite, 
pyrrhotite and pyrite 

Magnetite, molybdenite, 
scheelite, sphalerite, 
galena, chalcopyrite, 

cassiterite, arsenopyrite, 
pyrite and pyrrhotite 

Nonmetallic 
minerals 

Augite, diopside, 
quartz, grossularite, 

plagioclase, scapolite 
and fluorite 

Garnet, clinopyroxene, 
idocrase, epidote, 

tourmaline, actinolite, 
potassium feldspar, 
plagioclase, fluorite, 
quartz and muscovite 

Garnet, diopside, 
tremolite, quartz and 

calcite 

Grossularite, andradite, 
diopside, epidote, 
calcite and quartz 

Diopside, garnet, 
phlogopite, humite, 

ilvaite, idocrase, 
actinolite, epidote, 
tremolite, fluorite, 
quartz, chlorite and 

calcite 

Wall rock 
alteration 

Skarnization, 
silicification, 
chloritization, 
carbonatation, 
epidotization, 
fluoritization 

Skarnization, 
greisenization, 
silicification, 
fluoritization, 
epidotization, 
chloritization 

Skarnization, 
greisenization, 
silicification,  

potassic alteration, 
chloritization, 
fluoritization, 
carbonatation, 

actinolitization and 
sericitization

Skarnization, 
silicification, 
chloritization, 
sericitization, 
carbonatation 

Skarnization, 
silicification, 

sericitization and 
carbonatation 

Formation age Cambrian Jurassic Cretaceous Jurassic Jurassic 
References This study Zhu Xinyou et al., 2015 Wu Shenghua et al., 2014 Zhao Hualei et al., 2011 Hao Yujie et al., 2013
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fluids that  were rich in  LREEs and poor in  HREEs. 
Scheelites inherit their REE patterns primarily from the 
ore-forming fluid (Sylvester and Ghaderi, 1997; Ghaderi 
et al., 1999; Brugger et al., 2000; Dostal et al., 2009; Peng 
Jiantang et al., 2010), so it is reasonable that their typical 
right-dipping REE patterns would be controlled by the 
earlier  precipitation  of  skarn  minerals,  which  left  the 
residual fluids depleted in HREEs (Graunch, 1989; Bea et 
al., 1997; Zhang Hongfu et al., 2000; Boyd et al., 2004). 
The REE features of the gneissic granite at Yangbishan 
are consistent with those of the scheelite (Fig. 8a), which 
indicates that the ore fluids originated from the granite 
magma.  The  gneissic  granite  can  be  considered  the 
metallogenetic rock for the Yangbishan deposit. 

The scheelite samples from different types of deposits 
can  be  plotted  on  a  triangular  LREE–MREE–HREE 
diagram (Fig. 9). In this figure, most of the Yangbishan 
scheelite  samples  are  located  within  the  skarn-type 
domain, indicating that it is a skarn deposit and therefore 
similar to the Baishilazi skarn deposit in the Yanbian area. 

The  typical  right-dipping  REE  pattern  of  the 
Yangbishan skarn deposit, and its lack of enrichment in 
MREEs,  indicates  that  the  minerals  of  the  deposit 
precipitated out  of  a fluid with high Eu2+/Eu3+  ratios 
(Hazarika et al., 2016). Song et al. (2014) suggested that a 
high  concentration  of  Eu2+  relative  to  Eu3+  in  a 

hydrothermal  solution  would  result  in  a  positive  Eu 
anomaly in the resulting REE pattern (e.g., the Yangjingou 
tungsten  deposit;  Ren  Yunsheng  et  al.,  2010a).  By 
contrast, a high concentration of Eu3+ relative to Eu2+ 
would result in a negative Eu anomaly. Ghaderi et al. 
(1999)  suggested  that  Eu  anomalies  observed  in  the 
scheelite  were  inherited  from their  genetic  fluids.  As 
mentioned above, the scheelite in the Yangbishan deposit 
inherited its REE pattern primarily from its ore-forming 
fluid, which in turn inherited its REE pattern from the 
metallogenetic gneissic granite. Although the Yangbishan 
scheelite  samples  do  not  generally  show positive  Eu 
anomalies (0.38–1.39, mean 0.68), the negative anomaly 
is weaker than those in the gneissic granites (0.40–0.69, 
mean 0.58) (Fig. 8a).  We therefore conclude that the 
scheelite in the Yangbishan deposit precipitated under 
reducing conditions from hydrothermal solutions with a 
high concentration of Eu2+. There are no obvious δCe 
anomalies in the Yangbishan scheelite (δCe = 0.99–1.12, 
mean  1.05),  which  is  consistent  with  a  reducing 
environment for the ore-forming fluids. In addition, the 
Yangbishan scheelite has close paragenetic relationships 
with pyrrhotite, pyrite, and chalcopyrite (Fig. 3d–e), which 
also indicates a reducing environment during the main 
stage  of  mineralization.  In  fact,  we  have  previously 
detected CH4 by laser Raman spectroscopy in some fluid 
inclusions in the Yangbishan deposit (unpublished data). 
Taken together, these lines of evidence indicate that the 
ore-forming fluid of this deposit was a reducing system. 

The concentrations of most trace elements (e.g., Rb, Nb, 
Ta, Zr, and Hf) in the Yangbishan scheelite samples are 
clearly  higher  than  in  the  scheelite  samples  of  the 
Yangjingou tungsten deposit in the Yanbian area, while 
the concentrations of Sr are lower than in the scheelite of 
the Yangjingou tungsten deposit or the Baizhangyan and 
Jitoushan tungsten–molybdenum deposits (Table 7). As a 
whole,  the  trace  element  contents  of  the  Yangbishan 
scheelite are similar to those of the scheelite in the Zhuxi 
polymetallic deposit.  In addition,  Yangbishan scheelite 
samples have higher Rb/Sr and Nb/Ta ratios (means of 
0.04 and 10.34, respectively) and lower Zr/Hf ratios (mean 
of  1.71)  than  those  in  the  other  deposits  (Table  7). 
Previous researchers have suggested that the ore-forming 
materials  in  the  Zhuxi  deposit  are  not  exclusively 
magmatic  in  origin,  but  might  have  resulted  from 
interactions  between  magmatic  hydrothermal  solutions 
and surrounding rocks (Hu Zhenghua, 2015). Based on 
comparisons between the trace element contents of the 
Yangbishan scheelite and those of primitive mantle (Rb/Sr 
=  0.031,  Nb/Ta  =  14,  Zr/Hf  =  30.74;  Taylor  and 
McLennan,  1985),  it  can  be  concluded  that  the  ore-
forming  materials  of  the  Yangbishan  tungsten 

Fig.  9.  Triangular  LREE–MREE–HREE diagram of  the 
scheelite from the Yangbishan deposit (after Song et al., 
2014).  
The data of scheelite from skarn–porphy W–Mo, Skarn W, vein-type Au
–W, vein-type W, and porphyry-type W–Mo deposits were taken from 
Henderson (1985), Zhang Yuxue et al. (1990), Raimbault et al. (1993), 
Sylvester and Ghaderi (1997), Ghaderi et al. (1999), Brugger et al. 
(2000), Dostal et al. (2009), Peng Jiantang et al. (2010), Song et al. 
(2014), and Zhao (2014), respectively. 
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mineralization are also related to interactions between 
magmatic hydrothermal solutions and their surrounding 
rocks, similar to the Shangfang skarn tungsten deposit and 
the  Zhuxi  skarn  tungsten  polymetallic  deposit  (Chen 
Runsheng, 2013; Hu Zhenghua, 2015). This conclusion 
has been confirmed by new δ18O values and δD values 
from 11 quartz  samples  from the Yangbishan deposit 
located during the major tungsten mineralization stage 
(unpublished data). The measured δ18O values for the 
tungsten-bearing quartz range from 11‰ to 15‰, and the 
estimated δ18O values for fluids range from 5 to 9‰. The 
δD values for fluid inclusions of the tungsten-bearing 
quartz range from −121‰ to −66‰. These results suggest 
that the ore-forming fluid was derived mainly from the 
magmatic  system  and  subordinately  from  the  nearby 
carbonate strata, with minor organic matter contamination. 

In summary, the Yangbishan scheelite samples have 
similar  geochemical  features  to  those  in  the  Zhuxi, 
Baizhangyan,  and  Jitoushan  deposits:  enrichment  of 
LREEs, depletion of HREEs, and right-dipping chondrite-
normalized  REE  patterns.  The  Yangbishan  scheelites 
inherited  their  REE features  from ore-forming  fluids, 
which implies that REE3+ replaced Ca2+ and entered the 
scheelite. Compared with the metallogenetic granite, the 
Yangbishan scheelite  samples  have weak negative Eu 
anomalies and no obvious Ce anomalies, which indicate 
that the scheelite formed in a reducing environment. The 
fact  that  the  trace  element  characteristics  of  the 
Yangbishan scheelite differ from those of the Yangjingou 
deposit implies that the Yangbishan ore-forming materials 
resulted  from  interactions  between  magmatic 
hydrothermal solutions and the surrounding rocks, and this 
is consistent with the LREE–MREE–HREE data (Fig. 9). 

 

6.3 Petrogenesis and source of the gneissic granite 
The  geochemical  characteristics  of  the  Yangbishan 

gneissic granite indicate that it is a peraluminous high-Si, 
sub-alkaline  granite  with  an  ACNK  ratio  >  1.1  and 
relatively high values for its K2O/Na2O, Rb/Sr, and Rb/Ba 
ratios  (Table  2  and  Fig.  7b).  In  primitive  mantle-
normalized trace element patterns (Fig. 8b), the granite 
samples  showed  enrichments  in  Rb,  U,  and  Th,  and 
negative anomalies in Ba, Sr, Nb, and Ti. The granite has 
a relatively low total REE content, clearly fractionated 
LREEs and HREEs, and strong Eu negative anomalies. In 
the Al2O3–SiO2 and P2O5–SiO2 diagrams (Fig. 10a and b), 
the Yangbishan gneissic granite is not consistent with the 
trends of I-type granites. Petrographic observation show 
that the gneissic granite contains muscovite, biotite, and 
minor garnet, instead of amphibole, which confirms that it 
is not an I-type granite. In the Na2O–K2O and Na2O–K2O–
(10000 × Ga/Al) diagrams (Fig. 10c and d), the granite 
samples plot in or near the field of A-type or S-type 
granites. The zirconium saturation thermometer (Watson 
and Harrison, 1983) yielded a temperature of 738–750°C 
for the Yangbishan granite. Given that inherited zircons in 
the samples indicate that the magma was saturated with 
zirconium (Table 1), the zirconium saturation temperature 
may represent the upper limit of the initial temperature of 
the granite magma (Miller et al., 2003). The zirconium 
saturation temperature of the Yangbishan granite is lower 
than that of typical A-type granite (Zhang Zhenjie et al., 
2016; Zhu Decheng et al., 2016), and closer to the average 
zirconium saturation temperature of S-type granite, which 
is 764°C (King et al., 1997). The granite’s HFSE contents 
are relatively low, and the total content of Ce + Zr + Y + 
Nb is 134.32–160.94 ppm, far below the 350-ppm lowest 
limit for an A-type granite (Whalen et al., 1987). The 
above data and observations indicate that the Yangbishan 

Table 7 Trace element compositions of the Yangbishan scheelite 

Name 
Yangbishan Yangjingou Baizhangyan  Jitoushan  Zhuxi 

mean No. mean No. mean No.  mean No.  mean No. 
V 2.35  6  3.17 6 — — — —  0.02 11
Cr 3.32  6  14.85 6 — —  — —  17.26 15 
Ni 4.64  6  8.96 6 — — — —  1.05 8
Zn 11.74  6  — — 10.22 18  8.86 17  1.52 12 
Ga 1.50  6  1.06 6 — — — —  0.34 14
Rb 1.82  6  0.17 6 0.11 22  0.19 16  0.06 10 
Sr 51.15  6  193 6 115.97 35 303.69 35  43.12 15
Zr 7.99  6  0.69 6 — —  — —  3.45 15 
Nb 9.18  6  0.14 6 — — — —  24.96 15
Cs 0.69  6  — — — —  — —  0.11 11 
Ba 6.28  6  3.98 6 0.72 35 0.34 34  0.11 11
Hf 5.29  6  0.09 6 — —  — —  0.7 15 
Ta 1.02  6  0.03 6 — — — —  4.87 15
U 0.42  6  0.15 6 — —  — —  1.23 15 
Pb 10.25  6  1.08 6 8.64 35 2.26 35  1.85 15

*(Rb/Sr) 39.84  6  0.1 6 1.06 22  0.68 16  1.36 10 
Nb/Ta 10.34  6  4 6 — — — —  4.85 15
Zr/Hf 1.71  6  6.96 6 — —  — —  5.04 15 

References This study  Ren Yunsheng et al., 2010a Song et al., 2014 Song et al., 2014  Hu Zhenghua, 2015 
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gneissic granite is not the A-type granite.  The CIPW 
Norm of the granite includes quartz, anorthite, sodium 
feldspar, orthoclase, and corundum (2.74–3.49 mol%), 
which suggests  that  the granite  is  an aluminum- and 
silicon-oversaturated S-type granite. In the (Na2O + K2O)/
CaO–(Ce + Zr + Y + Nb) and Rb–Ba–Sr diagrams (Fig. 
10e and f), the samples plot in the highly fractionated 
granite area. In summary, the Yangbishan gneissic granite 
should  be  classified  as  a  highly  fractionated  S-type 

granite. 
The Yangbishan granitic rocks that were analyzed for 

this study are rich in Si but poor in Ca, Fe, Mg, and the 
transition elements (e.g. Sc, Ti, and Cr). These results 
indicate  that  the  granitic  magmas  formed  by  partial 
melting of the crust, which is consistent with the presence 
of older, inherited zircons in the granite. Moreover, the 
Rb/Sr ratios of five samples of Yangbishan granite range 
from 3.95 to 4.90 (mean 4.28) and the Rb/Nd ratios are 

 

Fig. 10. (a), Al2O3 vs SiO2 diagram; (b), P2O5 vs SiO2 diagram; (c), Na2O vs K2O diagram; (d), Na2O/K2O vs 10000×Ga/
Al diagram; (e), (K2O+Na2O)/CaO vs Ce+Zr+Y+Nb diagram and (f), Rb–Ba–Sr diagram. 
a and b after Chappell and White (1992); c after Boynton (1984); d and e after Whalen et al. (1987); f after Müller and Groves (1998). FG, frac-
tionated felsic granites; OGT, unfractionated I-, S- and M-type granites.  
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9.91–15.03 (mean 12.76), all of which are higher than 
those found in the upper crust of eastern China (0.32 and 
6.8, respectively; Gao Shan et al., 1999) and in the upper 
crust  globally (0.32 and 4.5,  respectively;  Taylor  and 
McLennen, 1985). These data support the conclusion that 
the Yangbishan granite  was derived from a relatively 
mature crust.  

The Hf isotopes of the zircons from the Yangbishan 
granitic rocks provide further constraints on the nature of 
the magma source. For example, all magmatic zircons 
from the Yangbishan granite samples have εHf (t) values of 
−14.9 to +2.5 and plot between the depleted mantle and 
the chondrite line in the εHf(t) vs. t diagram (Fig. 11). This, 
in  combination  with  the  TDM2  age  of  1.33–2.42  Ga, 
suggests  that  the  primary  magma  from  which  the 
Yangbishan granite was derived could have originated 
primarily from the partial melting of an “old” source. Such 
“old” crustal growth might have taken place during the 
Paleo–Mesoproterozoic eras.  However,  the Yangbishan 
granite samples show a wide range of magmatic zircon Hf 

isotopic compositions, with εHf (t) = −14.9 to +2.5 and 
TDM2 = 1.33–2.42 Ga. This precludes a simple, common 
evolution by closed-system fractionation processes, since 
such mechanisms cannot produce such variable isotopic 
compositions  (Yang  et  al.,  2008).  Instead,  wall-rock 
assimilation or magma mixing can reasonably account for 
isotopic variations during magmatic evolution (Yang et 
al.,  2008,  2015;  Sun  Zhenjun  et  al.,  2015).  Mixing 
between mafic and felsic magma does not appear to have 
been a dominant mechanism, since the expected evidence 
is  lacking,  such  as  mafic  microgranular  enclaves. 
Furthermore, the Yangbishan granite contains inherited 
zircons with ages of 1812–1176 Ma, indicating that some 
crustal  assimilation  did  take  place  and  therefore 
supporting previous  research (Bi  et  al.,  2014).  Taken 
together,  it’s  believable  that  the  petrogenesis  of  the 
Yangbishan  granite  was  the  result  of  the  combined 
processes  of  crustal  assimilation  and  fractional 
crystallization,  and  that  primary  magmas  of  these 
granitoids originated from the partial melting of a Paleo–
Mesoproterozoic accreted lower crust source. 

In the CaO/Na2O–Al2O3/TiO2 diagram (Fig. 12a), the 
Yangbishan granite samples plot near argillaceous rock, 
implying  that  the  source  may  have  originally  been 
argillaceous. In the Rb/Ba–Rb/Sr diagram (Fig. 12b), all 
the samples plot in the clay-enriched field and they have 
compositions  similar  to  those  of  mudstone  melts, 
indicating that the granite was derived mainly from the 
partial  melting  of  what  was  originally  a  clay-rich 
mudstone. In general, there are fewer detrital zircon grains 
in clay-rich sedimentary rocks than in sedimentary rocks 
such as coarse sandstones, and Rb contents are relatively 
high in argillaceous rocks because of the mica. Therefore, 
the Zr contents would be relatively low in an S-type 
granite  that  formed  from  the  partial  melting  of 
metamorphosed clay-rich sedimentary rocks (Patchett et 
al., 1984), while the Rb contents would be relatively high 

 

Fig. 11. εHf (t) vs. t diagram of the Yangbishan gneissic 
granite.  

 

Fig. 12. CaO/Na2O-Al2O3/TiO2 diagram (a) and Rb/Ba–Rb/Sr diagram (b) of gneissic granite from the Yangbishan deposit 
(after Sylvester, 1998).  
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(Liu Yingjun et al., 1982). The Yangbishan granite has 
relatively low Zr (75–86 ppm) but high Rb contents (213–
305 ppm), consistent with the proposition that it originated 
from  a  metamorphosed  clay-rich  sedimentary  source, 
rather than from a high degree of fractionation of a mafic 
magma.  

The regional geology near the study location indicates 
that the Yangbishan granite intruded into the khondalite 
series of the Dapandao Formation of the Xingdong Group. 
The wall-rock was a complex of Al-rich graphite-bearing 
paragneisses that were originally muddy or silty sands that 
formed in a reducing environment (HBGMR, 1993; Dong 
Ce and Zhou Jianbo, 2012). Previous research has dated 
the  Dapandao  Formation  to  the  Mesoproterozoic 
(HBGMR,  1993),  and  the  latest  data  reveal  that  the 
deposition time of the Dapandao Formation ranges from 
1.74 to 1.00 Ga (Lai Ke et al., 2017). Therefore, the ages 
of the inherited zircons (1.15–1.81 Ga, Table 1 and Fig. 5) 
and the TDM2 of magmatic zircons (1.33–2.42 Ga, mean 
1.66 Ga, Table 3) in the Yangbishan granite are consistent 
with the ages of other zircons in the Xingdong Group. 
These data indicate that the peraluminous Yangbishan S-
type granite formed via the partial melting of lower-crustal 
rocks  in  a  reducing  environment,  similar  to  the  Al-
enriched paragneiss of the Dapandao Formation. 

 
6.4  Metallogenic  mechanisms  and  sources  of 
metallogenic elements 

The  trace  and  rare  earth  element  contents  of  the 
scheelite from the Yangbishan deposit are similar to those 
of the gneissic granite, indicating that the ore-forming 
fluid was related to, or inherited from, the granite. We 
guess that the Ca in the Yangbishan deposit was probably 
derived from the marble of the Dapandao Formation. 

Many studies  have demonstrated  close  relationships 
between  tungsten  mineralization  and  S-type  granites, 
especially highly-fractionated S-type granites (Wang Die 
et al., 2011; Guo et al., 2012; Feng et al., 2013; Mao et al., 
2015; Guo Chunli et al., 2017; Guo Zhihua et al., 2017). 
As  a  result  of  the  Pan-African  Orogeny,  massifs  in 
northeast China were subjected to multiple continent–
continent  collisions,  and  the  resultant  shortening  and 
thickening of the continental crust caused anatexis of the 
Precambrian  metamorphic  basement,  yielding 
peraluminous magmas that were enriched with tungsten. 
The Yangbishan gneissic granite is a highly fractionated 
crustal  granite  similar  to  the  W-enriched,  two-mica 
granites of Dengfuxian in southern China, which suggests 
that highly fractionated crustal granite has good potential 
for mineralization (Cai Yang et al.,  2013).  Moreover, 
Robb (2005) suggested that the sources of S-type granites 
are mudstones, which may contain organic carbon. After 

partial melting of the source rocks into metamorphosed 
mudstones, the organic carbon formed volatiles, such as 
CH4, and generated a reducing environment for the entire 
magma system (Candela and Bouton, 1990). In such a 
setting, tungsten element was incompatible and had a very 
small  partition  coefficient  (0.05;  Robb,  2005),  which 
means  that  the  tungsten  content  increased  with 
fractionation.  In  this  way,  a  highly  fractionated  and 
reduced magma would provide suitable conditions for 
tungsten enrichment. 

The fluoritization in the tungsten ore of the Yangbishan 
deposit suggests that the ore-forming fluids were enriched 
with fluorine. Although previous studies have shown that 
the transport of tungsten in a hydrothermal system is not 
in the form of a fluorine–chlorine complex (Wesolowski et 
al., 1984; Keppler and Wyllie, 1991), the presence of 
fluorine can make tungsten element easier to incorporate 
into  a  silicate  melt  (Manning,  1984;  Manning  and 
Henderson, 1984; Keppler and Wyllie, 1991). Fluorine 
improves the solubility of tungsten in water-rich magma 
(Webster, 1990; Xiong Xiaolin et al., 1998), increasing the 
tungsten content of the magma and delaying the separation 
of tungsten-bearing hydrothermal fluids from the magma 
(Ma Dongsheng, 2009). 

Previous data have shown that elemental tungsten has 
siderophilic  characteristics  under  high-temperature 
reducing conditions. The conclusion in this paper is that 
under higher temperatures, and more strongly reducing 
conditions, the enrichment of tungsten in the metal phases 
will  rise  (Bischoff  and  Palme,  1987;  Wasson  and 
Kallemeyn, 1988; Sylvester et al., 1990). This explains the 
enrichment  of  scheelite  in  deposits  with  abundant 
pyrrhotite in the Yangbishan deposit. 

Data  in  this  paper  show  that  the  scheelite  in  the 
Yangbishan deposit inherited most of its trace element and 
REE features from its host rocks, which were enriched to 
some degree in ore-forming material (e.g., WO4

2−). Data 
on fluid inclusions in the quartz and scheelite of the 
Yangbishan  deposit  (unpublished  data),  including 
temperature  measurements  and  analysis  of  gas  phase 
compositions using laser Raman spectroscopy, indicate 
that  the ore-forming fluids belonged to a low-salinity 
NaCl–H2O–CO2 system at moderate–high temperatures. 
Liu Yingjun and Ma Dongsheng (1987) proposed that the 
CO2  content  of  the  ore-forming  fluid  is  an  effective 
indicator of tungsten mineralization, and that a high CO2 
concentration favors the migration of Fe2+,  Mn2+, and 
Ca2+, as well as the stable migration of WO4

2−. In addition, 
the  metasomatism of  carbonate  rocks  by  ore-forming 
fluids (and the attendant fluid boiling, CO2 escape, falling 
temperatures, rising pH values, etc.) plays an important 
role in the precipitation of scheelite (Wood and Samson, 
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2000).  Wu  Shenghua  et  al.  (2014)  suggested  that 
decreasing temperatures and increasing alkalinity induced 
the  tungsten  precipitation  in  the  Xianglushan  skarn 
tungsten deposit. The fact that the Xianglushan deposit 
and the Yangbishan deposit  are similar  in  their  fluid 
inclusion  type,  gaseous  composition,  homogenization 
temperature, and ore-forming fluid salinity supports the 
conclusion that a decrease in temperature and an increase 
in  alkalinity  are  the  most  important  mechanisms  for 
tungsten precipitation. 

In the case of Yangbishan, the gneissic granite magma 
was  closely  associated  with  the  skarn  scheelite 
mineralization,  which  reflects  the  following:  (i)  the 
magma source provided a reducing environment enriched 
in tungsten, and this enrichment was enhanced during 
fractionation of the magma; (ii) the late-stage ore-forming 
fluid was strongly reducing and contained large amounts 
of fluorine and CO2, which favored the enrichment and 
migration of tungsten; (iii) metasomatic reactions with the 
tungsten-rich  carbonate  wall-rocks  of  the  Dapandao 
Formation extracted more of the ore-forming minerals; 
and (iv) decreasing temperature and increasing alkalinity 
induced the tungsten precipitation. 

In  the  Mesoproterozoic,  the  silicon-  and  iron-rich 
Dapandao Formation, which has high tungsten content, 
was deposited in a stable continental margin environment, 
where the source beds of the iron–tungsten ores were 
formed. These sediments probably contained some iron-
rich  deposits.  A  subsequent  regional  high-grade 
metamorphism and recrystallization event resulted in the 
mobilization  of  this  sedimentary  iron,  which  was 
superimposed on the original ores, causing the formation 
of  higher-grade  iron ores  (Wei  Lianxi,  2013).  In  the 
Cambrian, the late Pan-African orogeny resulted in the 
amalgamation of micro-continental  blocks in  northeast 
China  due  to  continent–continent  collisions.  The 
shortening and thickening of the continental crust during 
these  collisions  caused  anatexis  of  the  Precambrian 
basement,  forming  tungsten-enriched  peraluminous 
magmas. The magmas then intruded into the carbonate 
rocks  of  the  Dapandao  Formation,  which  already 
contained significant amounts of ore-forming elements. 
The interaction between the ore-bearing fluid and the 
carbonate rocks resulted in the formation of skarn-type 
tungsten ores as layers and layer-like bodies in the endo- 
and exo-contact zones, concentrated between the granite 
and the host strata. The Yangbishan iron–tungsten deposit 
was  formed  as  a  result  of  this  “variant-orebody 
paragenesis.” 

 
6.5 Tectonic setting 

Previous geochronological data (Table 8) have indicated 

that  microcontinents  in  northeast  China,  including the 
Jiamusi  Massif,  experienced  metamorphism  and 
accompanying magmatic activity from 530 Ma to 500 Ma 
(Wu Fuyuan et al., 1999, 2001; Wu et al., 2007; Wilde et 
al., 2000, 2003; Wilde Simona et al., 2001; Xie Hangqiang 
et al., 2008; Wen Quanbo et al., 2008; Huang Yingcong et 
al., 2009; Ren Liudong et al., 2010; Zhou et al., 2010a, b; 
Zhou Jianbo et al., 2011; Dong Ce and Zhou Jianbo, 2012; 
Zhang  Xingzhou  et  al.,  2012;  Bi  et  al.,  2014;  Zhao 
Liangliang  et  al.,  2014).  As  mentioned  above,  the 
crystallization age of the Yangbishan gneissic granite is 
520.6 ± 2.8 Ma, which means that it is a record of early 
Paleozoic magmatic events. The Mashan Group in the 
Jiamusi Massif and the Hutou complex in the nearby 
Khanka Massif are not only record of early Paleozoic 
magmatic events but also record of metamorphic events 
(Song Biao et al., 1997; Wu et al., 2007; Zhou et al., 
2010b). The muscovite-bearing peraluminous Yangbishan 
gneissic granite contains garnet and muscovite, and its 
crystallization temperature is 738–750°C. The granite was 
derived  mainly  from  melted  crust  during  orogenesis 
(Barbarin, 1999), and it has the geochemical signature of 
syn-collisional granite (Maniar and Piccoli, 1989), which 
can be related to the collisions of microcontinents taking 
place at this time. In the Rb–(Y + Nb), Rb–(Yb + Ta), 
Rb/30–Hf–Ta×3, and Rb/30–Hf–Ta×3 diagrams (Fig. 13a
–d), the Yangbishan gneissic granite samples all plot in 
the syn-collisional granite field. These data suggest that, at 
520  Ma,  the  Jiamusi  Massif  was in  a  compressional 
environment  that  resulted  from  continent–continent 
collisions. 

The latest geochronological data (Table 8) suggest that 
Pan-African  magmatic  and  metamorphic  events  were 
widespread in northeast China (Dong Ce and Zhou Jianbo, 
2012; Zhang Xingzhou et al., 2012; Zhou Jianbo et al., 
2012; Zhou and Wilde, 2013),  which is a mosaic of 
massifs, including the Erguna, Xing'an, Songliao, Jiamusi, 
and Khanka massifs. The geochronological data of the 
gneissic granite, as well as the gneissose structures in the 
rocks  associated  with  the  Yangbishan  tungsten 
mineralization, indicate that the Jiamusi Massif was in a 
syn-collisional orogenic setting c. 520 Ma. In addition, the 
presence  of  Lower  Cambrian  strata  in  Heilongjiang 
Province and the absence of  Middle–Upper Cambrian 
strata (HBGMR, 1993) imply that, during the Middle-Late 
Cambrian,  the  massifs  in  northeast  China  underwent 
orogenic movements and uplift, accompanied by erosion. 
Ge Wenchun et al. (2007b) also proposed that the Khanka 
orogeny, associated with the Pan-African orogeny, took 
place in the late-early Cambrian and formed the basement 
of  the  Xing’an  Massif,  resulting  in  the  Middle-Late 
Cambrian stratigraphic gap. In the early Ordovician, the 
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Xing’an Massif began to stretch and was in the early 
stages of geosyncline development. Considering the minor 
components  and  chemical  composition  of  the  early 
Ordovician  granodiorites  of  the  Duobaoshan porphyry 
copper-molybdenum  deposit  located  in  the  Xing’an 

Massif, Wu et al. (2015) posited that these intrusions were 
most likely formed in a post-collision setting. Similarly, 
Ge  Wenchun  et  al.,  (2005)  suggested  that  the  Tahe 
intrusive rock (480–494 Ma) in the Erguna Massif was 
formed in a post-orogenic environment. Based on studies 

Table 8 Geochronological data of Early Paleozoic rocks in NE China  
Sampling 
point Rock tested  Test method Test result (Ma) Genesis of zircon References 

Jiamusi Massif 
Liumao garnet granulite 

SHRIMP zircon U-Pb 

502 ± 8 metamorphic Wilde et al., 2001 
Liumao anatectic granite 502 ± 10 metamorphic Wilde et al., 2001
Liumao gneissic granite 498 ± 7/530-1460 metamorphic Wildeet al., 2001 
Sandaogou sillimanite gneiss 496 ± 8 metamorphic Wilde et al., 2001
Ximashan garnet granite 507 ± 12 metamorphic Wilde et al., 2001 
Ximashan garnet granulite 500 ± 9/1900 ± 14 metamorphic Wilde et al., 2001
Ximashan sillimanite gneiss 495 ± 15/1675 ± 7 metamorphic Wilde et al., 2001 

Majiajie granitic gneiss 
LA-ICP-MS zircon U-Pb 

560 ± 2/504 ± 2 magmatic/metamorphic Huang Yingcong et al., 
2009 

Dapandao granitic gneiss 506 ± 4 magmatic Huang Yingcong et al., 
2009 

Shuangyashan biotite monzonitic gneiss Monazite CHIME 494 ± 23 Wen Quanbo et al., 2008
Boli granitic gneiss 481 ± 23  Wen Quanbo et al., 2008 
Muling striped migmatite LA-ICP-MS zircon U-Pb 490~531 metamorphic Xie Hangqiang et al., 2008
Muling gneissic granite 486 ± 3/477 ± 9 magmatic/metamorphic Xie Hangqiang et al., 2008 
Jiamusi porphyritic granite SHRIMP zircon U-Pb 515 ± 8/479 ± 16 magmatic/metamorphic Wilde et al., 2003
Sandaogou biotite granite gneiss 523 ± 8/498 ± 16 magmatic/metamorphic Wilde et al., 2003 
Ximashan biotite plagioclase gneiss Zircon stepped evaporation 526 ± 4 metamorphic Song Biao et al., 1997
Yaotun monzonitic granite 

LA-ICP-MS zircon U-Pb 

507 ± 4 magmatic Bi et al., 2014 
Yaotun syenogranite 493 ± 3 magmatic Bi et al., 2014 
Qixingpao monzonitic granite 506 ± 3 magmatic Bi et al., 2014 
Qixingpao granodiorite 497 ± 8 magmatic Bi et al., 2014 
Baoshihe syenogranite 493 ± 4 magmatic Bi et al., 2014 
Baoshihe granodiorite 530 ± 5 magmatic Bi et al., 2014 
Baoshihe monzonitic granite 488 ± 3 magmatic Bi et al., 2014 
Baoshihe syenogranite 490 ± 3 magmatic Bi et al., 2014 
Lanfeng syenogranite 484 ± 3 magmatic Bi et al., 2014 
Xiaochengzi monzonitic granite 518 ± 10 magmatic Bi et al., 2014 
Yangbishan gneissic granite 520 ± 3 magmatic This study 
Suibin biotite monzonitic gneiss 496 ± 6 magmatic Gao Fuhong et al., 2010
Muling migmatitic granite 493 ± 4 magmatic Ren Liudong et al., 2010 
Xingkai Massif 
Hutou sillimanite gneiss 

LA-ICP-MS zircon U-Pb 
490 ± 4 metamorphic Zhou et al., 2010a 

Hutou garnet granite gneiss 522/510-500 magmatic/metamorphic Zhou et al., 2010b
Hutou garnet granite gneiss 515 ± 8/510-500 magmatic/metamorphic Zhou et al., 2010b 
Songliao Massif 
Yichun gneissic granite SHRIMP zircon U-Pb 508 ± 15 magmatic Liu Jianfeng et al., 2008
Yichun granodiorite 499 ± 1 magmatic Liu Jianfeng et al., 2008 
Yichun biotite granite LA-ICP-MS zircon U-Pb 496 ± 2 magmatic Chen Xian et al., 2014
Yichun monzonitic granite 504 ± 5 magmatic Niu Yanhong et al., 2015 
Erguna Massif 

Tahe porphyritic monzonitic 
granite 

LA-ICP-MS zircon U-Pb 

499 ± 1 magmatic Ge Wenchun et al., 2007a 

Tahe granodiorite 500 ± 1 magmatic Ge Wenchun et al., 2007a 
Tahe porphyritic syenogranite 493 ± 5 magmatic Ge Wenchun et al., 2005
Tahe porphyritic syenogranite 494 ± 9 magmatic Ge Wenchun et al., 2005 
Tahe syenogranite 480 ± 4/518 ± 7 magmatic Ge Wenchun et al., 2005
Tahe amphibole gabbro 490 ± 3/531 ± 19 magmatic Ge Wenchun et al., 2005 
Tahe biotite monzonitic granite 485 ± 3/521 ± 6 magmatic Ge Wenchun et al., 2005

Mohe plagioclase hornblende 
gneiss 

SHRIMP zircon U-Pb 

495 ± 2 metamorphic Zhou et al., 2010a 

Mohe garnet sillimanite gneiss 496 ± 3 metamorphic Zhou et al., 2010a 
Mohe biotite plagioclase gneiss 496 ± 8 metamorphic Zhou et al., 2010a
Mohe quartz diorite 517 ± 9 magmatic Wu Guang et al., 2005 
Mohe monzonitic granite 504 ± 8 magmatic Wu Guang et al., 2005
Xing'an Massif 
Greater 
Xing'an 
Mountains 

sillimanite garnet gneiss SHRIMP zircon U-Pb 494 ± 2 metamorphic Zhou et al., 2010b 

Duobaoshan granodiorite 485 ± 8 magmatic Ge Wenchun et al., 2007b 
Duobaoshan granodiorite LA-ICP-MS zircon U-Pb 476 ± 1 magmatic Hao et al., 2015 
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of a monzonitic granite (508 ± 15 Ma), granodiorite (499 
± 1 Ma), and alkali-feldspar granite (471 ± 3 Ma) in the 
eastern part of the Lesser Xing'an Range, Liu Jianfeng et 
al. (2008) suggested that these intrusive bodies represent a 
structural evolution and transition from syn-collision to 
post-collision. All in all, the evidence indicates that from 
the early to the late stage of the early Paleozoic (530–470 
Ma),  the  tectonic  setting of  the  magmatic  activity  in 
northeast  China  changed  from  syn-collisional 
(compression)  to  post-collisional  (extension)  (Huang 
Yingcong, 2009).  

The early Paleozoic Sayan–Baikal orogenic belt along 
the southern margin of the Siberian Plate, and the Moren, 
Erzin,  and  Naryn  complexes  in  the  Tuva-Mongolia 
Massif, also record magmatic and metamorphic events c. 
500 Ma (Salnikova et al., 1998; Donskaya et al., 2000; 
Todt et al., 2001; Khain et al., 2003; Gladkochub et al., 
2008). However, this metamorphic event was not recorded 
in the North China Craton and neighboring regions, which 
suggests that the tectonic history of the northeast China 

massifs during the Pan-African event is closely tied to that 
of the Siberian Plate (Zhou et al., 2009, 2010a, b, c, 
2011a, b; Zhou Jianbo et al., 2011, 2012; Zhang Xingzhou 
et al., 2012). All of these massifs seem to be part of the 
same orogenic belt that formed along the southern margin 
of  the  Siberian  Craton  during  the  late  Pan-African 
orogeny. This inference is supported by paleontological 
data (Duan Jiye and An sulan, 2001). Early Paleozoic 
mineralization similar to that observed in Yangbishan, c. 
500 Ma, has been identified in the Tuva-Mongolia Massif. 
Notable locations with this mineralization pattern include 
the Yangbishan skarn tungsten deposit, the Duobaoshan 
and Tongshan porphyry copper-molybdenum deposit, the 
Zhengguang epithermal gold deposit in northeast China 
(Hao et al., 2015, 2016; Wu et al, 2015), the Bozshakol 
porphyry  copper-gold  deposit  in  Kazakhstan,  and  the 
Taldy Bulak porphyry gold-copper deposit in Kyrgyzstan 
(Mao  et  al.,  2014).  This  widespread  magmatism and 
mineralization might have resulted from the Pan-African 
orogeny. It can be deduced, therefore, that the Jiamusi, 

 

Fig. 13. Tectonic discrimination diagrams of the Yangbishan gneissic granite.  
(a), Rb vs Y+Nb diagram (after Pearce et al., 1984); (b), Rb vs Yb+Ta diagram (after Pearce et al., 1984); (c), Hf vs Rb/30 vs Ta×3 diagram (after Harris 
et al., 1986); (d), Hf vs Rb/10 vs Ta×3 diagram (after Harris et al., 1986). Fields for syn-collision (COLG), post-collision, volcanic arc (VAG), within plate 
(WPG) and ocean ridge (ORG) granites are indicated.  
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Khanka, Xing'an, Songliao, and Erguna massifs became 
amalgamated to form a Pan-African Massif in response to 
the Pan-African orogenic movements (Zhou et al., 2010b; 
Zhou Jianbo et al., 2012; Xue Mingxuan, 2012). The large 
Massif was subsequently broken up between 450 Ma and 
300 Ma in response to the opening of the Mongolia–
Okhotsk Ocean (Fig. 14; Zhou Jianbo et al., 2012; Zhou et 
al., 2013). 

In summary, the massifs in northeast China, including 
the  Erguna,  Xing'an,  Songliao,  Jiamusi,  and  Khanka 
massifs, were parts of an orogenic belt that formed along 
the southern margin of the Siberian Craton during the late 
Pan-African period. Magmatic activity was dominantly 
related to compressional continent–continent collisions, 
but there was a progressive evolution and transition as the 

tectonic  setting  shifted  from  syn-collisional  to  post-
collisional between 530 Ma and 470 Ma. 

 
7 Conclusions 

 
(1)  The  tungsten  mineralization  in  the  Yangbishan 

deposit  is  skarn-type.  The  crystallization  age  of  the 
gneissic granite associated with scheelite mineralization is 
520.6 ± 2.8 Ma, indicating that the tungsten mineralization 
occurred during the earliest Paleozoic. This means that the 
Yangbishan is the oldest tungsten deposit discovered, to 
date,  in  northeast  China.  These  data  imply  that 
undiscovered Paleozoic tungsten deposits may exist in the 
eastern section of the CAOB. 

(2)  The  scheelite  in  the  Yangbishan  deposit  was 

 

Fig. 14. A cartoon model showing possible source region and subsequent drift history of the NE China blocks during 1000–500 
Ma and 450–210 Ma (modified from Salnikova et al., 1998; Gladkochub et al., 2008; Zhou et al., 2010c).  
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precipitated in a reducing environment and inherited its 
REE features of the ore-forming fluids from which it 
formed. REE3+ replaced Ca2+ and entered scheelite by 
substitution.  The  ore  sources  for  the  tungsten 
mineralization probably formed via interactions between 
magmatic  hydrothermal  solutions  and  the  surrounding 
host rocks. 

(3)  The  Yangbishan  gneissic  granite  is  a  highly 
fractionated  S-type  granite,  and  its  source  rock  was 
originally shale that formed in a reducing environment and 
contained organic material. Following metamorphism, the 
source rock was similar to the Al-enriched paragneisses of 
the Dapandao Formation of the Xingdong Group. The 
partial melting in the lower crust led to magmas that 
experienced a high degree of  fractionation,  producing 
strongly  reduced,  fluorine-  and  CO2-rich  ore-forming 
fluids.  These  factors  provided  favorable  metallogenic 
conditions for the skarn scheelite mineralization in the 
Yangbishan deposit. 

(4) Massifs in northeast China, including the Erguna, 
Xing'an, Songliao, Jiamusi,  and Khanka massifs, were 
parts of an orogenic belt that formed along the southern 
margin of the Siberian Craton during the late Pan-African 
orogeny.  The  magmatic  activity  and  associated 
metallogenic events in northeast China took place in a 
tectonic setting that evolved over the period of 530 Ma to 
470  Ma,  transitioning  from  compression  during  the 
amalgamation of microcontinents to extension in the post-
collisional stage. 
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