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A B S T R A C T   

The Sandaozhuang deposit (0.55 Mt WO3 at 0.112% and 0.75 Mt Mo at 0.109%), located in the southern margin 
of the North China Craton, is one of the largest W-Mo deposits in the world. This study carried out in-situ 
elemental analyses on skarn minerals, as well as elemental and Sr-Nd isotopic analyses on scheelites from the 
deposit, to constrain the metal source and fluid evolution of the deposit. Three generations of scheelite (Sch A to 
C) were identified based on petrographic observations, including prograde skarn and diopside-plagioclase 
hornfels-hosted Sch A, retrograde skarn-hosted Sch B, and quartz vein-hosted Sch C. Varieties of REE patterns 
in the scheelite are mainly controlled by different substitution mechanisms and crystallization of REE-enriched 
skarn minerals. The Mo contents decrease from early generation Sch A (1.57–24.45%) to Sch B (0.19–1.52%) and 
finally to Sch C (0.20–0.97%), and Eu anomalies of scheelite change from negative to positive and then back to 
negative values. The Sandaozhuang deposit is characterized by Mg-rich clinopyroxene (Di40-81Hd17-47), and 
grossularite–andradite (And22–89Gro6-77), similar to well-studied oxidized W skarn deposits worldwide, but the 
andradite contents of one garnet grain in the late prograde stage, decrease from the core (84.09%) to rim 
(75.12%). Composition changes of scheelite and garnet indicate that the ore-forming fluids changed from 
oxidized to reduced state in the skarn stage then to oxidized state in the quartz-sulfide stage, and the variations in 
redox state favoured the muti-stage Mo mineralization. The relatively uniform Y/Ho ratios of the Nannihu 
granite porphyry and scheelite imply that the ore-forming fluids are mainly derived from the porphyry. 
Scheelites from Sandaozhuang are characterized by low εNd(t) values (− 14.7 to − 11.8), which are consistent 
with those for the Nannihu granite porphyry. Such a coincidence indicates that ore-forming fluids were mainly 
derived from the ore-hosting porphyry. However, the initial 87Sr/86Sr ratios of scheelites (0.7158–0.7295) are 
significantly higher than those of the Nannihu granite porphyry and other granites in the Luanchuan ore district 
(0.7047–0.7098), indicating that the Neoproterozoic Luanchuan Group with radiogenic Sr isotopic compositions 
contributed to tungsten mineralization, and the intense fluid-rock interaction between the ore-forming fluids 
derived from the granite porphyry and the Luanchuan Group country rocks may play an important role in 
tungsten mineralization.   

1. Introduction 

Scheelite (CaWO4), one of the two main ore minerals of tungsten, is 
exploited mainly in skarn-type and porphyry-type deposits (Noble et al., 
1984; Song et al., 2014; Mao et al., 2017; Li et al., 2019; Su et al., 2019; 

Liu et al., 2020). In addition, it is a common accessory mineral in quartz 
vein-type gold deposits (Bell et al., 1989; Voicu et al., 2000; Kempe 
et al., 2001; Xiong et al., 2006; Dostal et al., 2009). Rare earth elements 
(REEs), Sr, and Pb can easily enter the scheelite crystal structure where 
they substitute for Ca2+ due to the similar ionic radii and electronic 
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configurations (Cottrant, 1981; Ghaderi et al., 1999). REE patterns of 
scheelite are used to define the mineralization conditions and the origin 
of ore-forming fluids (Tomschi et al., 1986; Guo et al., 2016; Brugger 
et al., 2008; Ding et al., 2018; Poulin et al., 2018; Liu et al., 2019). Sr 
content and Eu anomalies in scheelite record fluid-rock interactions and 
redox environment of the ore-forming fluids (Ghaderi et al., 1999; Song 
et al., 2014; Orhan, 2017; Poulin et al., 2018; Li et al., 2019; Sun et al., 
2019; Yuan et al., 2019). Scheelite lattice can contain appropriate 
amount of Sm, Nd, and Sr but reject Rb, Sr and Nd isotopic character
istics of scheelite are widely used to trace the source and evolution of 
ore-forming fluids (Bell et al., 1989; Mueller et al., 1991; Kent et al., 
1995; Eichhorn et al., 1997; Voicu et al., 2000; Song et al., 2014; Sun 

et al., 2019). 
In the magmatic-hydrothermal W-Mo deposits, molybdenum is 

usually transported as oxidized Mo6+. Scheelite can accommodate the 
Mo6+, because Mo6+ can substitute for W6+ to form a complete, albeit 
non-ideal solid solution series between powellite (CaMoO4) and schee
lite (CaWO4) (Hsu and Galli, 1973; Rempel et al., 2009; Song et al., 
2014). In contrast, the reduced molybdenum (Mo4+) deposits as 
molybdenite (Hsu and Galli, 1973; Poulin, 2016). Hence, the redox 
conditions must be changed during the process of Mo ore precipitation. 
Molybdenite and scheelite can precipitate under similar temperatures 
(Cao, 1989; Wood and Samson, 2000), but molybdenite was generally 
precipitated under the conditions of high fS2 and low fO2 (Poulin, 2016), 

Fig. 1. (a) Location of the Qinling Orogenic Belt in the simplified tectonic map of China. (b) Simplified geological map of the Qinling Orogenic Belt (modified from 
Zhang et al., 1996). (c) Distribution of the Mesozoic granitoids and related ore deposits in the southern margin of the North China Craton. 
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and its solubility is a function of reduced sulfur concentration. In com
parison, the precipitation of scheelite is little affected by the change of 
redox state (Polya, 1988). Therefore, scheelite can record the Mo 
mineralization process in the W-Mo skarn deposits (Liu et al., 2020). 
However, few studies have explored the complicated molybdenum 
mineralization process from the perspective of scheelite mineralogy. 

Late Mesozoic granitoid intrusions and molybdenum gold poly
metallic deposits are widely distributed in the southern margin of North 
China Craton (NCC) (Mao et al., 2008, 2010). The region is rich in Mo, 
Au, Ag, Pb, Zn and W resources, and is one of the most important met
allogenic provinces in China (Chen et al., 2000; Mao et al., 2008; Li 
et al., 2012; Bao et al., 2014; Fig. 1). Extensive studies on the region have 
been conducted, however, most of the studies focused on molybdenum 
and gold mineralization. The fluid and metal source and metallogenic 
mechanism of the large-scale tungsten deposits in this region have not 
been fully explored. Tungsten mineralization in the south margin of NCC 
is only associated with large-scale and super large-scale skarn or 
porphyry-skarn molybdenum deposits. Major W-Mo deposits include the 
Sandaozhuang and Yuku deposits in the Luanchuan ore district, and the 
Yechangping deposit in the Lushi area (Xiao and Sun, 2007; Shi et al., 
2009; Han et al., 2015; Fig. 1c). 

The Sandaozhuang deposit, contains a resource of 0.75 Mt Mo 
grading average 0.109% Mo, and 0.55 Mt W grading average 0.112% 
WO3, and is the largest W-Mo deposit in the southern margin of NCC. In 
addition, it is the largest Mo and third largest W skarn deposit in China 
(Chang et al., 2019). Scheelite with various Mo contents coexists with 
molybdenite in different mineralization stages (MoO3 up to 24.5 wt%) at 
Sandaozhuang. Previous studies on the Sandaozhuang deposit mainly 
focus on geochronology and ore geology of molybdenum mineralization 
(Shi et al., 2009; Xiang et al., 2012a, 2012b; Bao et al. 2014). However, 
the fluid nature and ore-forming process of the Sandaozhuang deposit 
are still poorly understood. 

The Sandaozhuang deposit provides a good opportunity for us to use 
the systematic geochemistry of scheelite, related garnet and clinopyr
oxene to investigate the effect of scheelite precipitation on the compli
cated molybdenum mineralization and constrain the genesis of the 
world’s most typical W-Mo skarn deposit. In this study, we obtained in- 
situ major and trace elements, back-scattered electron (BSE) images, 
cathodoluminescence (CL) images and Sr-Nd isotopes for different types 
of scheelite from the Sandaozhuang deposit, with the purpose to provide 
insights into (1) the separation and precipitation mechanism of molyb
denum and tungsten during ore-forming process, (2) the origin and ore- 
forming fluid evolution history. 

2. Geological background 

2.1. Regional geology 

The southern margin of the NCC is bordered by the Luanchuan Fault 
to the south and the Sanmenxia-Lushan Fault to the north (Fig. 1b). 
Archean to Paleoproterozoic crystalline basement and the overlying late 
Paleoproterozoic to Phanerozoic unmetamorphosed sedimentary cover 
sequences are the main outcrop strata in this region. The crystalline 
basement is dominated by the Taihua complex (2.26–2.84 Ga), which is 
composed of amphibolite- to granulite-facies metamorphic rocks 
(Kröner et al., 1988; Bao et al., 2014; Jin et al., 2018). Furthermore, the 
crystalline basement is unconformably overlain by the late Proterozoic 
Xiong’er Group volcanic rocks (1.75–1.78 Ga) (Zhao et al., 2004). The 
Xiong’er Group is unconformably covered by the Meso-Neoproterozoic 
Guandaokou and Luanchuan groups, which consist of shor
e to shallow-marine facies carbonaceous carbonate, shale, chert and 
sandstone (Chen et al., 2004). 

The Sandaozhuang W-Mo skarn deposit, located in the Luanchuan 
ore district of the southern margin of the NCC, is a member of the five 
super-large molybdenum deposits in the East Qinling molybdenum ore 
belt. The Sandaozhuang deposit, together with the Nannihu porphyry 

Mo deposit and the Shangfanggou porphyry-skarn Mo-Fe deposit, forms 
the world-famous Luanchuan Mo field (Yang et al., 2009; Fig. 2). The Mo 
orebodies of the Luanchuan Mo field is hosted in the Luanchuan Group, 
which is composed of the basal Baishugou, Sanchuan, Nannihu and 
upper Meiyaogou Formations in ascending sequence (Yang et al., 2012; 
Fig. 2). Hornification and skarnization occur in the Luanchuan Group 
due to Yanshanian magmatism (Shi et al., 2009). The NWW-trending 
Luanchuan fault is the most significant fault in the molybdenum ore 
field, which has undergone several brittle-ductile deformation in the 
Mesozoic orogenic process. A series of NNE- trending fault structures are 
superimposed on the Luanchuan fault in the later stage (Yang et al., 
2012). Late Jurassic-early Cretaceous granites widely distributed in the 
Luanchuan molybdenum ore field are closely related to the regional 
super-large molybdenum mineralization in space and time. They occur 
as small stocks, dykes and veins at the intersection of NWW- trending 
faults and NNE- trending faults (Yang et al., 2009; Mao et al., 2011). 

2.2. Deposit geology 

The Nannihu-Sandaozhuang Mo-W system, located in the inner and 
outer contact zone of Nannihu granite porphyry, is hosted by the San
chuan and Nannihu Formations of the Luanchuan Group (Yang et al., 
2012). It is divided into two deposits, Nannihu and Sandaozhuang, 
based on the huge scale and different mineralization type (Fig. 3, Yang 
et al., 2009; Shi et al., 2009; Xiang et al., 2012b). The Nannihu deposit is 
dominated by molybdenum mineralization (0.65 Mt Mo at 0.06%). The 
Mo ore body is mainly hosted in the Nannihu granite porphyry and 
altered biotite felsic hornfels of the Nannihu Formation, and the ore 
structure is mainly veinlet (Fig. 3). In addition to molybdenum miner
alization, large-scale tungsten mineralization occurs in Sandaozhuang 
deposit (0.75 Mt Mo at 0.109% and 0.55 Mt WO3 at 0.112%) (Xiang 
et al., 2012a). Ore-bearing strata in the Sandaozhuang W-Mo skarn 
deposit are mainly calcareous schist with thin layer of marble in the 
upper part of the Sanchuan Formation of the Luanchuan Group. Cal- 
silicate hornfels and skarns are formed after contact metamorphism 
and metasomatism. The ore type and structure are dominated by skarn 
type and disseminated structure, respectively. In addition, a variety of 
molybdenite-bearing quartz veins occur in skarn, diopside-plagioclase 
hornfels and felsic hornfels (Fig. 3). The main orebody which is 
composed of skarns and diopside-plagioclase hornfels at the Sandaoz
huang deposit is about 1.5 km long from east to west and 1 km wide from 
south to north and extents slightly to the southwest. 

The Nannihu granite porphyry covers an area of about 0.12 km2, 
which transits from shallow porphyry monzogranite to deep porphyry 
biotite granodiorite. Zircon U–Pb ages of the Nannihu porphyritic 
monzogranite range from 145 to 157 Ma (Bao et al., 2009, 2014; Mao 
et al., 2010; Xiang et al., 2012a), and molybdenite from the deposits 
yield Re-Os ages of 140 to 156 Ma (Huang et al., 1995; Li et al., 2003; 
Mao et al., 2008; Xiang et al., 2012a). The porphyry body is mainly 
located in the Nannihu deposit (Fig. 3), and only a few are found in the 
deep part of Sandaozhuang mining area, whereas the endoskarn is rarely 
developed. The Sandaozhuang deposit is mainly characterized by wall 
rock hornification and skarn in the outer contact zone, therefore, it is 
generally determined as a skarn type deposit (Shi et al., 2009). 

3. Sampling and analytical methods 

In this study, several tungsten-bearing ore samples were collected 
from the Sandaozhuang open pit. Two samples (18SDZ-6 and 18SDZ-9) 
were collected from garnet-clinopyroxene-wollastonite skarns, eleven 
samples (18SDZ-12, − 20, − 26, − 27, − 29, − 34, − 35, − 37, − 38, − 39 
and − 40) from garnet-tremolite/actinolite-epidote skarns and two 
samples (18SDZ-55 and 18SDZ-58) were collected from diopside- 
plagioclase hornfels. Selected samples were prepared as polished thin 
sections for electron microscope, in situ electron probe and laser 
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) 
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analysis. Scheelite samples (SDZ-2, − 4, − 8, − 17, − 18, − 29, − 30 and −
38) were collected from garnet skarns and diopside-plagioclase hornfels 
for Sr-Nd isotope analysis. 

3.1. Scanning electron microscopes (SEM) and electron microprobe 
analysis (EMPA) 

SEM-back-scattered electron (BSE) and SEM-Cathodoluminescence 
(CL) images of scheelite and skarn minerals were acquired to reveal 
the internal textures, using SEM (SUPRA 55 SAPPHIRE, ZEISS Company, 
Germany) at the State Key Laboratory of Isotope Chemistry, Guangzhou 
Institute of Geochemistry, Chinese Academy of Sciences. 

Major elements of scheelite, garnet and clinopyroxene were deter
mined by electron probe microanalysis (EPMA) using a JEOL JXA-8230 
at the CAS Key Laboratory of Mineralogy and Metallogeny, Guangzhou 
Institute of Geochemistry, Chinese Academy of Sciences. All elements 
were analyzed under the operating conditions of 5 μ m beam current, 
20nA probe current and 15 kV accelerating voltage. Peak and beak
ground counting times were 10 s and 5 s, respectively. Standards used 
for data correction were orthoclase for K, albite for Na, chrome-diopside 
for Si and Ca, olivine for Mg, magnetite for Fe, rutile for Ti, rhodonite for 
Mn, ZnWO4 for W, molybdenite for Mo, Cr2O3 for Cr, jadeite for Al, 
apatite for P and PbCrO4 for Pb. 

3.2. In situ LA-ICP-MS trace element analysis 

In situ trace element analysis of scheelite, garnet and clinopyroxene, 
was performed on polished thick sections using laser ablation 
inductively-coupled plasma mass spectrometry (LA-ICP-MS) at the In 
situ Mineral Geochemistry Lab, Ore Deposit and Exploration Centre 
(ODEC), Hefei University of Technology. Analyses were conducted on a 
Photon Machines Analyte HE 193 nm ArF Excimer Laser Ablation system 
coupled with an Agilent 7900 Quadrupole ICP-MS. After measuring the 
gas blank for 20 s, the uniform spot diameter of 30 μ m at 8 Hz with the 
energy of ~ 4 J/cm2 were used for each analysis for 40 s. NIST 610 and 
BCR-2G were used as external standards to plot the calibration curve. 
CaO contents of scheelite and SiO2 of garnet and clinopyroxene deter
mined by EMPA were used as internal standards. The standard reference 
materials were run after every 10–15 unknowns and the detection limits 
for each element at each point of analysis were calculated. The Excel- 
based software ICPMSDataCal was used for offline data processing 
(Liu et al. 2008). The analytical accuracy for most measured trace ele
ments was better than 8%, and the results were consistent with reference 
values within ± 10%. 

Elemental mapping of scheelite was measured using a 193 nm ArF 
Excimer Laser Ablation system (NWR 193) coupled with a ThermoFisher 
iCAP RQ and a dual concentric injector (DCI) plasma torch integrated 
with two-volume ablation cell at the Tuoyan in-situ Analysis Lab 
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(Guangzhou, China). Ablation site was determined by line scanning 
pattern, and the raster image was composed of lines evenly arranged in 
chronological order. The ICP-MS was set to time-resolved method and 
was automatically triggered by laser. 43Ca, 23Na, 51V, 55Mn, 88Sr, 93Nb, 
95Mo, 183W, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 
163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu and 238U elements were 
collected at each duty cycle, with the dwell time set to at 6 ms for each 
element. NIST 610, NIST 612 and BCR-2G were added as standard 
reference materials at the beginning and end of the total scan line. The 
laser spot was set at 5 μ m, and there is no space between lines. Laser 
frequency and the laser scan speed were set at 100 Hz and 6 μm/s, 
respectively. The software Iolite (version 3.73) was used for analysis of 
images (Hellstrom et al., 2008; Paton et al., 2011). 

3.3. Sr-Nd isotope analysis 

Approximately 50 mg of scheelite samples were dissolved in Teflon 
bombs using a mixture of HNO3 + HF + HClO4 on an oven (190 ℃) for 
two days and dried on a hot plate at 150 ℃. 3 mL of 6 M HCl was added 
to the Teflon bombs and the mixture was evaporated to dryness. After 
drying, the samples were dissolved in 1 mL 2.5 M HCl. The solution was 
centrifuged, and the supernatant was loaded onto the pretreated resin 
column. Sm and Nd were separated by HEHEHP chromatographic col
umns. Sr and LREE were separated by 2 mL AG50W. Isotopic analyses 
were carried out at Tianjin Institute of Geology and Mineral Resources, 
China Geological Survey, using Thermo-Finnigan TRITON thermal 
ionization mass spectrometer (TIMS). Sr and Nd isotopic ratios were 
normalized against 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, 
respectively. Sr standard NBS-987 yielded 87Sr/86Sr = 0.710231 ±
0.000012(2σ), and LRIG Nd standard gave 143Nd/144Nd = 0.512202 ±
0.000003(2σ). Accuracy of separation and purification of Sr and Nd was 
determined by rock standard USGS BCR-2, which yielded 87Sr/86Sr =
0.705050 ± 0.000005(2σ) and 143Nd/144Nd = 0.512624 ± 0.000003 

(2σ). 

4. Ore paragenesis 

Four main mineralization stages were identified based on mineral 
assemblages and crosscutting relationship in the Sandaozhuang W-Mo 
deposit (Fig. 4). These stages included: (1) prograde skarn stage (cli
noproxene-wollastonite-garnet-scheelite), (2) retrograde skarn stage 
(actinolite-fluorite-chlorite-epidote-scheelite-molybdenite), (3) quartz- 
sulfide stage (quartz-fluorite-molybdenite-pyrite vein with little tung
sten mineralization), and (4) calcite stage (quartz-calcite vein with little 
molybdenum mineralization). 

Prograde skarn stage: Porphyry bodies only occur in the deep part of 
the mining area, therefore, the endoskarn of the Sandaozhuang deposit 
is not developed. High-temperature prograde skarn stage is character
ized by clinopyroxene, garnet and wollastonite. Disseminated fine 
grained scheelite, and few disseminated molybdenite were present in the 
garnet-pyroxene skarn (Fig. 5b-c, Fig. 6a-d) or the skarn bodies which 
occur as veins several centimeters to tens of centimeters wide in marble 
during this stage (Fig. 5a). Few disseminated fine scheelite grains occur 
in the diopside-plagioclase hornfels (Fig. 5h, Fig. 6e), which are mainly 
composed of anhydrous minerals, such as diopside, plagioclase, quartz 
and minor garnet. We also classify these scheelites grains into the pro
grade skarn stage, although they occur in cal-silicate hornfels, not the 
typical skarns. 

Retrograde skarn stage: A large number of sulfides and hydrous skarn 
minerals precipitated during this stage. Retrograde minerals consist 
mainly of epidote, chlorite, actinolite and fluorite (Fig. 5d-f, Fig. 6f-j). 
These hydrous skarn minerals overprint the prograde stage mineral as
semblages. Prograde minerals, such as garnet, were transformed into 
epidote (Fig. 6j), and clinopyroxene were transformed into actinolite 
(Fig. 6f and g). The retrograde stage is the most important period of 
simultaneous mineralization of molybdenum and tungsten. Molybdenite 
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and scheelite commonly disseminate in the retrograde skarn ores and 
coexist with actinolite, fluorite and chlorite. It should be noted that the 
molybdenite always coexists closely with scheelite during the retrograde 
stage (Fig. 6f-i). 

Quartz-sulfide stage and calcite stage: The quartz-sulfide stage is 
mainly characterized by molybdenum mineralization, with typical sul
fide minerals, such as pyrite, sphalerite, chalcopyrite and minor pyr
rhotite. These different sulfides, together with quartz, fluorite, potash 
feldspar and small amounts of biotite and calcite, form various types of 
quartz veins (Fig. 5e-h). Skarns, diopside-plagioclase hornfels and felsic 
hornfels are crosscut by these quartz- sulfide veins. Small amounts of 
scheelite are also observed in this stage (Fig. 5h, Fig. 6k and l), mainly 
euhedral, which coexist with quartz, pyrite, and calcite. These scheelite- 
bearing quartz veins mainly occur in the diopside-plagioclase hornfels 
and pyroxene skarn ores, indicating the importance of Ca produced by 
decomposition of plagioclase and pyroxene for vein-type tungsten 
mineralization in Sandaozhuang. Late calcite veins are composed of 
calcite, fluorite and minor quartz, which crosscut different ores and 
earlier quartz veins (Fig. 5i). 

5. Results 

5.1. BSE and CL images of scheelite 

Scheelite in the Sandaozhuang deposit was grouped into three main 
generations based on BSE and CL characteristics and mineral para
genesis. Sch A precipitated in the prograde stage, based on the different 
occurrences, it can be further classified into Sch A-1, Sch A-2 and Sch A- 
3. Sch A-1 and Sch A-2 are characterized by dark domains in CL images 
(Fig. 7a and b), and coexist with clinopyroxene, garnet and wollastonite 
(Fig. 6a and d). Sch A-3 occurs in the form of disseminated fine grains in 

the diopside-plagioclase hornfels, and exhibits dark domains with ho
mogeneous oscillatory zonation under CL imaging (Fig. 7c). BSE and CL 
images of Sch A-2 show dark inner domains, and mainly occur as cores 
crosscut or rimmed by Sch B, which comprise the lighter domains clearly 
formed later (Fig. 7d-g). The dark domains (Sch A-2) are either inho
mogeneous, or show evidence of faint oscillatory zoning. Complex in
ternal texture consisting of both CL-dark Sch A-2 and CL-bright Sch B 
zones is observed in an individual grain, which coexists with hydrous 
minerals and sulfides in the retrograde stage (Fig. 7d-g). Sch A-2 and Sch 
B represent the early and late generation scheelite, respectively. Sharp 
reaction fronts and close spatial relationship are observed between Sch 
A-2 and Sch B, with no change in shape of the primary crystals, and the 
pores and corrosion textures observed in Sch A-2 and Sch B (Fig. 7d-g), 
suggest a replacement process caused by the almost coeval occurrence of 
dissolution and reprecipitation. Notably, molybdenite always coexists 
with the Sch B in the retrograde stage (Fig. 7d-g). Sch C formed in the 
quartz-sulfide stage corresponds to the uniform bright region in BSE 
image, however, it exhibits homogeneous oscillatory zonation under CL 
(Fig. 7h and i). 

5.2. Major and trace elements of scheelite 

5.2.1. Major elements compositions 
Composition of ten major elements was measured by electron probe 

microanalysis on twenty-nine scheelite grains from Sandaozhuang 
(Table. 1). Major compositions of different types of scheelite are wide 
(Fig. 8a). Scheelites from Sandaozhuang are generally high in Mo 
compared with vein-type W deposits and most skarn-type W deposits 
(Fig. 8b). Sch A contains high levels of Mo. Sch A-1 show high MoO3 
concentrations ranging from 1.57 to 2.23% with CaO from 20.40 to 
20.91%, while Sch A-2 show significantly higher MoO3 concentrations 

Fig. 4. Mineral paragenesis for the Sandaozhuang W-Mo deposit.  
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ranging from 2.57 to 24.45% with CaO from 20.74 to 23.56%. Sch A-3 
also show high MoO3 concentrations ranging from 8.25 to12.14% with 
CaO from 21.51 to 22.03%. On the contrary, Sch B has low MoO3 con
centrations ranging from 0.19 to 1.52% with CaO from 20.10 to 20.90%. 
Furthermore, Sch C shows low MoO3 concentrations ranging from 0.20 
to 0.97% with CaO from 19.94 to 20.78%. All scheelites have negligible 
amounts of TiO2, ZnO, K2O, Na2O, FeO, MnO, and PbO. 

5.2.2. Trace elements compositions 
A total of 84 trace element analyses spots were carried out on 29 

scheelite samples from Sandaozhuang (Supplementary Table S1). Sch A- 
1 shows ΣREE contents ranging from 70 to 120 ppm, Sr contents range 
from 106 to 126 ppm, and Y/Ho radios range from 20 to 29. Sch A-2 
shows ΣREE contents ranging from 168 to 786 ppm, Sr contents range 
from 14 to 80 ppm, and Y/Ho radios range from 7 to 44. Sch A-3 shows 
high ΣREE contents ranging from 839 to 1329 ppm, and Sr contents 
range from 68 to 81 ppm, and Y/Ho radios range from 14 to 20. Sch B 
shows relatively low ΣREE contents ranging from 59 to 203 ppm, Sr 

contents range from 28 to 68 ppm, and Y/Ho radios range from 9 to 69. 
Sch C grains show high ΣREE contents range from 1247 to 5456 ppm, Sr 
contents range from 64 to 107 ppm, and Y/Ho radios range from 18 to 
24. 

Chondrite-normalized REE patterns of the three generations of 
scheelites are shown in Fig. 9. Mo-ΣREE, Mo-δEu and Sr-δEu diagrams 
are shown in Fig. 10. The Y vs. Ho diagram is shown in Fig. 11. Sch A is 
characterized by LREE-enriched patterns and negative Eu anomaly 
(0.35–0.64 in Sch A-1; 0.25–1.07 in Sch A-2; 0.40–0.54 in Sch A-3). Sch 
A-1 and Sch A-2 have lower ΣREE contents compared with Sch A-3, and 
is more HREE-depleted. Sch B samples show LREE-enriched and HREE- 
depleted REE patterns, with HREE contents mainly below the detection 
limit, and have a positive Eu anomaly (0.75–2.63). Sch C has signifi
cantly high ΣREE contents, and chondrite-normalized REE patterns of 
Sch C show a gradual increase from La to Nd, and a gradual decrease 
from Nd to Lu, with a remarkable negative Eu anomaly (0.25–0.55). 

Fig. 5. Photographs of hand specimens in the Sandaozhuang deposit. (a) Hand sample of marble, with garnet-clinopyroxene-wollastonite-scheelite vein crosscutting 
it. (b) Hand sample of marble under ultraviolet light. Disseminated fine-grained scheelite is distributed in the garnet-clinopyroxene-wollastonite-scheelite veins. (c) 
Garnet-clinopyroxene skarn of the prograde stage containing disseminated fine-grained molybdenite. (d) Disseminated scheelite and molybdenite mineralization in 
garnet-actinolite skarn, coexisting with coarse-grained fluorite and quartz. (e) Hand sample of massive garnet-epidote skarn ore under ultraviolet light. Scheelite with 
fluorescence color and molybdenite are distributed in massive skarn ore. (f) Molybdenite-bearing quartz veins crosscut the garnet-actinolite skarn ore containing 
disseminated scheelite. (g) Diopside-plagioclase hornfels crosscut by molybdenite-bearing quartz vein, and molybdenite precipitates at the sidewall of the vein. (h) 
Scheelite occurs in the molybdenite-bearing quartz vein and spreads in massive diopside-plagioclase hornfels ore under ultraviolet light. (i) Hornfels ore crosscut by 
the molybdenite-bearing calcite vein. Cpx = clinopyroxene, Grt = garnet, Wo = wollastonite, Qtz = quartz, Fl = fluorite, Act = actinolite, Ep = epidote, Sch =
scheelite, Mo = molybdenite, Chl = chlorite, Cal = calcite, Py = Pyrite, Pl = plagioclase. 
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5.2.3. Trace element mapping of scheelite 
A representative individual scheelite grain in the retrograde stage 

was selected for LA-ICP-MS trace element mapping to further explore 
the relationship between CL image features and distribution of trace 
elements. Sample 18SDZ-40–1 M consists of a CL-dark Sch A-2 rimmed 
by CL-bright Sch B (Fig. 12a). Sch A-2 shows higher levels of Mn, Mo, 
Nb, U, and LREE, and lower levels of Eu and Gd compared with Sch B. 
Notably, Mo contents in the early generation Sch A-2 to the late gen
eration Sch B decrease significantly (Fig. 12f). Both Sch A-2 and Sch B 
are depleted in HREE, and it is difficult to detect the signal value of 
HREE from Er. In addition, Sch A-2 and Sch B have similarly low Sr and 
Na contents. 

5.3. Major and trace elements composition of garnet and clinoproxene 

Major element results of garnet and clinoproxene are listed in Sup
plementary Table S2, and graphically presented in Fig. 13. Most garnets 
in the prograde stage at Sandaozhuang deposit are Fe-rich andradite, 
with high concentrations of FeO (15.71–27.08%), coexisting with the 
high-Mo Sch A-2 (Fig. 6d). While we also found that a few Al-rich 
grossular with a small amount of FeO (6.87–8.96%) coexist with rela
tively low-Mo Sch A-1 in the early prograde stage (Fig. 6a). All garnets 
with very low concentrations of MnO (0.02–2.67%) are classified as 
almandine-grossularite varieties (Fig. 13a). Clinoproxene from the 
Sandaozhuang deposit is mainly Mg-rich diopside with minor johann
senite (MnO) component and hedenbergite (FeO) component (Fig. 13b). 
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Fig. 7. Cathodoluminescence (CL) images (a-c, f-g, i) and back-scattered electron (BSE) images (d-e, h) of scheelite.  

Table 1 
Summary of Electron Microprobe Analyses of scheelite from the Sandaozhuang W-Mo Skarn Deposit (values in wt%).  

Type  MoO3 TiO2 ZnO Na2O K2O FeO MnO WO3 CaO PbO Total 

Sch A-1 Min  1.57  0.00  0.00  0.00  0.00  0.00  0.00  75.23  20.40  0.00  97.78 
n = 8 Average  1.90  0.00  0.00  0.02  0.00  0.00  0.00  77.04  20.67  0.00  99.64  

Max  2.23  0.01  0.02  0.05  0.01  0.01  0.01  77.85  20.91  0.00  100.76  
sd  0.17  0.00  0.01  0.02  0.00  0.00  0.01  0.78  0.18  0.00  0.82  
Median  1.87  0.00  0.00  0.01  0.00  0.00  0.00  77.24  20.69  0.00  99.82 

Sch A-2 Min  2.57  0.00  0.00  0.00  0.00  0.00  0.00  51.79  20.74  0.00  96.64 
n = 35 Average  12.01  0.00  0.01  0.01  0.00  0.02  0.01  65.57  22.03  0.00  99.68  

Max  24.45  0.03  0.06  0.03  0.02  0.21  0.04  77.41  23.56  0.03  102.38  
sd  5.96  0.01  0.02  0.01  0.01  0.04  0.01  6.74  0.75  0.01  1.08  
Median  12.90  0.00  0.00  0.01  0.00  0.01  0.00  65.24  22.02  0.00  99.70 

Sch A-3 Min  8.25  0.00  0.00  0.00  0.00  0.00  0.00  65.18  21.51  0.00  98.69 
n = 5 Average  9.61  0.00  0.03  0.02  0.00  0.00  0.00  68.59  21.71  0.00  99.96  

Max  12.14  0.00  0.07  0.05  0.00  0.00  0.02  70.26  22.03  0.00  101.22  
sd  1.35  0.00  0.03  0.02  0.00  0.00  0.01  1.89  0.20  0.00  0.85  
Median  9.25  0.00  0.01  0.00  0.00  0.00  0.00  69.67  21.63  0.00  100.17 

Sch B Min  0.19  0.00  0.00  0.00  0.00  0.00  0.00  76.60  20.10  0.00  98.28 
n = 19 Average  0.74  0.00  0.01  0.01  0.01  0.03  0.01  78.39  20.60  0.01  99.81  

Max  1.52  0.00  0.06  0.06  0.02  0.24  0.02  80.81  20.90  0.09  101.86  
sd  0.39  0.00  0.02  0.02  0.01  0.05  0.01  1.10  0.20  0.02  1.08  
Median  0.85  0.00  0.00  0.01  0.00  0.02  0.01  78.14  20.64  0.00  99.68 

Sch C Min  0.20  0.00  0.00  0.01  0.00  0.00  0.00  76.70  19.94  0.00  97.59 
n = 10 Average  0.44  0.00  0.01  0.04  0.00  0.05  0.00  78.33  20.47  0.02  99.37  

Max  0.97  0.00  0.05  0.08  0.02  0.21  0.01  79.79  20.78  0.13  100.47  
sd  0.25  0.00  0.02  0.02  0.01  0.08  0.01  0.95  0.28  0.04  0.91  
Median  0.34  0.00  0.00  0.03  0.00  0.01  0.00  78.39  20.51  0.00  99.54 

Note: sd = standard deviation. 
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Trace element results of garnet and clinoproxene are presented in 
Supplementary Table S3. Clinoproxenes from Sandaozhuang have 
negligible REE contents, however, the REE + Y contents of garnet range 
from 36.98 to 233.25 ppm, the REE patterns of garnet are shown in 
Fig. 9d. 

5.4. Sr-Nd isotope compositions of scheelite 

Sr and Nd isotope data for eight scheelite samples from the San
daozhuang deposit are presented in Table 2. Analysis show variation in 
Sm (1.31–6.37 ppm), Nd (18.2–71.9 ppm), with 147Sm/144Nd =
0.0328–0.0574 and 143Nd/144Nd = 0.511731–0.511882, and the εNd(t) 
values range from − 14.7 to − 11.9. Initial 87Sr/86Sr values of these 
scheelites range from 0.7158 to 0.7295. 

6. Discussion 

6.1. Mechanisms controlling REE patterns in scheelite 

REE patterns of scheelite have been widely applied to infer signa
tures and evolution of ore-forming fluid (Zhao et al., 2018; Li et al., 
2018; Liu et al., 2020). Findings on mineral assemblages, CL and BSE 
characteristics, and elemental maps, show that Sch A is the earliest 
precipitated scheelites, with Sch B forming later, and Sch C formed in the 
last stage. Scheelite in different stages from early to late generation 
exhibits various REE patterns. REE patterns of scheelite are affected by 
several factors and the main factor is different REE substitution mech
anisms caused by scheelite crystal chemistry. 

Different substitution mechanisms that introduce REEs into the 
scheelite result in different REE patterns in scheelite (Ghaderi et al. 
1999). Three substitution mechanisms have been proposed by Nassau 
and Loiacono (1963), Burt (1989) and Ghaderi et al. (1999): (M1) 2Ca2+

= REE3+ + Na+; (M2) Ca2+ + W6+ = REE3+ + Nb5+; (M3) 3Ca2+ =

2REE3+ + □Ca, where □Ca represents a Ca-site vacancy. The M1 and 
M2 mechanisms require coupling substitution with charge balance 
compensation, and the degree of this substitution depends on Na and Nb 
contents in scheelite (Ghaderi et al., 1999). Moreover, the M1 and M2 
substitution mechanisms result in MREEs-enriched patterns of scheelites 

based on the theoretical calculation (Ghaderi et al., 1999; Sun et al., 
2019). 

In the Sandaozhuang deposit, Sch A and Sch B related to skarn 
mineralization do not show the humped patterns (MREEs-enriched). In 
addition, they have very low contents of Na2O and Nb, and the lack of 
correlation between Na/Nb and REE + Y-Eu (atom; Fig. 14) suggests 
that M1 and M2 substitutions are not the principle mechanism in these 
scheelites. The REE patterns of the Sch A and Sch B are best explained by 
the M3 substitution mechanism, in which REE ions are substituted in 
pairs into scheelite structure with a vacant Ca site. The relatively high 
concentrations of Na2O and positive correlation between Na atoms and 
REE + Y–Eu atoms (Fig. 14a) indicate that the M1 mechanism is 
involved in the formation of Sch C grains from the quartz-sulfide vein. 
The M1 substitution can lead to remarkable MREE fractionation, 
because the MREE with ionic radius close to 1.06 Å would preferentially 
enter the lattice by substitution in the Ca site (Ghaderi et al., 1999; 
Brugger et al., 2002) ([8]rCa2+= 1.12 Å; [8]rEu3+= 1.06 Å; Shannon, 
1976). Therefore, the convex LREE pattern of Sch C with LREE (Ce-Sm) 
fractionation from the quartz-sulfide vein is mainly attributed to the 
strong crystallographic control on the incorporation of MREE by the M1 
substitution. 

In addition to the crystal chemistry, variation in REE patterns of 
scheelite may be affected by redox condition, pH, pressure, fluid 
composition and crystallization of REE-enriched minerals (Song et al., 
2014; Su et al., 2019; Liu et al., 2020). However, the redox environment, 
pH, and pressure can only change the partition coefficient of some in
dividual rare earth elements, and cannot result in the whole fraction
ation of REE in scheelite (Green and Pearson, 1983; Wood and Samson, 
2000; Brugger et al., 2008; Liu et al., 2020). Results on δ13C-δ18O-δD 
values reported by Xiang et al (2012b) indicate that the ore-forming 
fluids were mainly derived from a single hydrothermal system and 
there may be lack of meteoric fluid mixing. Therefore, crystallization of 
REE-enriched minerals may play a key role in fractionation of REE in the 
evolved ore-forming fluid. 

The Sch A-1, Sch A-2 and Sch B from the skarn ores show a typical 
right-dip-type REEN pattern, enriched in LREE and strongly depleted in 
HREE with a negative to positive Eu anomaly (Fig. 9). The Sch B is more 
depleted in HREEs, and has lower REE contents compared with Sch A. 

Fig. 8. (a) Plot of MoO3 vs. WO3 of scheelites from the Sandaozhuang deposit; (b) Comparison of MoO3contents (%) in scheelite between the Sandaozhuang deposit 
with and different types of tungsten deposits in the world, with data from (Kwak and Tan, 1981; Sun and Ren, 1986; Zaw and Singoyi, 2000; Peng et al., 2003; Wang 
et al., 2010; Yu, 2012; Song et al., 2014; Soloviev, 2015; Sun and Chen, 2017; Xie et al., 2019; Ding et al., 2018; Zhao et al., 2018; Liu et al., 2019; Sun et al., 2019; 
Liu et al., 2020). 
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Mapping results can also directly reflect that the content of LREE from 
Sch A-2 to Sch B is significantly reduced, and their HREE are depleted 
(Fig. 12). Later generation Sch B may replace Sch A-2 through a disso
lution and reprecipitation process, and compositional exchange between 
early generation Sch A-2 and fluid of retrograde skarn stage may result 
in different REE patterns, Eu anomalies and Mo content in Sch B 
compared with Sch A-2. Since no other external fluid is added to the 
hydrothermal system, changes in compositions of the fluid may be 
caused by the mineral assemblage in skarn ores (garnet + diopside +
scheelite + epidote), and the garnet and diopside can accommodate 
REE3+ by substituting divalent cation (Fe, Mn, Mg or Ca2+) (Enami et al., 
1995; Jaffe, 1951; Van Orman et al., 2001). Therefore, precipitation of 
these REE-enriched skarn minerals may cause a significant decrease in 
total REE and depletion of HREE in residual fluids of the retrograde 
skarn stage. The Sch A-2 can react with such a fluid and dissolve to form 
Sch B. 

A large amount of garnet and diopside precipitated in prograde skarn 
stage, and crystallized prior to Sch B, and Sch A-1 and Sch A-2 may also 
be influenced by these skarn minerals. In view of these, we mainly 
analyzed the trace elements of garnet and diopside in the Sandaozhuang 
deposit. The results show that diopside has negligible REE content, 
however, REE + Y contents in garnet range from 37.0 to 233 ppm and 
HREE/LREE ratios range from 1.84 to 295.41 (Supplementary Table S3), 
indicating that strong HREE enrichment occurred in garnets. 

The Sch A-3 grains disseminated in the diopside-plagioclase hornfels 
are characteristic by high REE contents and no remarkable depletion of 

HREEs. The Sch C precipitated in the latest stage quartz-sulfide veins 
shows a high REE content and a slightly right dipping REE pattern. These 
quartz veins containing a small amount of scheelite mainly occur in 
pyroxene skarn and diopside-plagioclase hornfels. Sch A-3 and Sch C 
have high REE contents, and their HREEs are not so depleted which is 
mainly due to the lack of garnet and the low REE content in diopside. 

As discussed above, the REE patterns of Sch A and Sch B can be best 
explained by the 3Ca2+ = 2REE3+ + □Ca substitution, in which the REE 
ions enter the scheelite structure in pairs, which is related to a Ca-site 
vacancy. According to Coulomb’s minimum energy law, the Ca-site 
vacancy is located between two REE-substitution sites. There is such a 
vacancy, which makes them flexible to contain REEs of any size (Ghaderi 
et al., 1999). Therefore, the primary Sch A can inherit the LREE-enriched 
characteristics and negative Eu anomaly of the initial ore-forming fluid 
derived from the Nannihu granite porphyry. The depletion of HREE 
might result from the precipitation of REE-enriched minerals (e.g., 
garnet) during the evolution of ore-forming fluids. 

6.2. The origin of ore-forming fluids and materials 

The element pair Y-Ho exhibit similar geochemical behavior due to 
the similar ionic radii and valence (Bau and Dulski, 1995). Therefore, Y/ 
Ho ratios are fairly stable in clastic sediments and igneous rocks (Bau, 
1996). However, Y/Ho ratios in hydrothermal deposits are affected by 
fluid mixing and chemical complexation (Su et al., 2019; Liu et al., 
2020). In Sandaozhuang, Y/Ho ratios of scheelite are relatively uniform 

Fig. 9. Chondrite-normalized REE patterns of scheelites and garnets from the Sandaozhuang deposit. The REE patterns of Nannihu granite from Sandaozhuang are 
also exhibited for comparison. The normalization values were taken from McDonough and Sun (1995). The granite data are collected from Bao et al. (2014). 
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and consistent with the Nannihu granite porphyry (Fig. 11), suggesting 
that ore-forming fluids responsible for scheelites are mainly derived 
from the Nannihu granite porphyry. This finding is consistent with re
ports from C- O–H isotopic studies, which report that the ore-forming 
fluids of the Sandaozhuang deposit are dominantly derived from a 
magmatic source (Xiang et al., 2012b). 

Sr and Nd isotopic signatures of scheelite in the hydrothermal de
posit are widely applied to trace the source of ore-forming fluids and 
record the fluid-rock interaction (Bell et al., 1989; Brugger et al., 2002; 
Song et al., 2014; Sun and Chen, 2017; Sun et al., 2019; Song et al., 
2019; Han et al., 2020). Scheelite is characterized by high and stable 
Sm/Nd ratios, therefore, Sm-Nd isotope system is useful for Sm/Nd 
dating and Nd isotopic studies in ore deposit (Kent et al., 1995; Voicu 
et al., 2000; Sun et al., 2019). Scheelite lattice can accommodate Sr but 
rejects Rb, resulting in very low Rb/Sr ratios in scheelite (Deer et al., 
1966). At Sandaozhuang, the content of Sr in scheelite ranges from 30.1 
to 54.2 ppm, but the content of Rb is lower than the detection limit. Thus 
the measured Sr isotope ratio can directly reflect Sr isotope composition 
of the ore-forming fluid during scheelite crystallization (Bell et al., 1989; 
Han et al., 2020). 

Scheelites in the tungsten deposits have low εNd(t) (mostly < − 7) 
and high (87Sr/86Sr)i (mostly greater than 0.710) (Song et al., 2014; Sun 
and Chen, 2017; Sun et al., 2019), which are different from the scheelite 
in vein-type gold deposits dominated by mantle materials (Fig. 15a). 
Scheelite samples from Sandaozhuang show a narrow and low range of 

Fig. 10. (a) Plot of chondrite-normalized Eu concentrations (EuN) versus calculated Eu*N values for scheelites, where Eu*N = (SmN × GdN)1/2. (b) Plot of Mo versus 
total REEs (ƩREE) of scheelites; (c) Plot of δEu versus Mo of scheelites; (d) Plot of δEu versus Sr of scheelites. 
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εNd(t) values from − 14.7 to − 11.8 (Fig. 15a; Table 2). The εNd(t) values 
of scheelite are basically consistent with that of the Nannihu granite 
porphyry (− 17.5 ~  − 11.3; Bao et al., 2014), suggesting that granitic 
magmas are a significant origin for the mineralizing fluids. However, 
scheelite samples from Sandaozhuang deposit show high (87Sr/86Sr)i 
values from 0.7158 to 0.7295 (average value = 0.7204), which are 
significantly higher compared with the values for the Nannihu granite 
porphyry (0.7069 ~ 0.7080; Fig. 15) and other granites from the 
Luanchuan Mo field with Sr isotopic ratios ranging from 0.7047 to 
0.7098 (Chen et al., 2000). Therefore, the high Sr isotopic composition 
of scheelites in Sandaozhuang needs an additional radiogenic 87Sr 
source. The Meso-Neoproterozoic Guandaokou Group and Luanchuan 
Group low-grade meta-sedimentary rocks in this area have a high and 
wide (87Sr/86Sr)i ratios from 0.7153 to 0.8328 (average value = 0.7610; 
Fig. 15b), which may be the source of Sr isotopes. Interaction between 
ore-forming fluids derived from the granite porphyry and Luanchuan 
Group country rocks may introduce additional radiogenic 87Sr and 
significantly increase Sr isotopic ratios of the fluids. The Nd isotopic data 
of the Luanchuan Group are not available. However, the REE content in 
the carbonate rocks is very low (Supplementary Table S4), so that the 
skarnization could introduce significant Sr but very limited REEs 
(including Nd) into the ore-forming fluids. It is thus inferred that the 

reaction between hydrothermal fluid derived from the magma and 
surrounding rock may not significantly change the Nd isotope compo
sition of scheelite. 

Tungsten mineralization in Sandaozhuang is closely related to the 
Nannihu granite porphyry, from which tungsten metals were exsoluted 
along with the initial ore-forming fluids. A small fraction of tungsten 
may be leached into the metallogenic fluid through the fluid-rock 
interaction as discussed above, due to the high tungsten contents in 
the Luanchuan Group meta-sedimentary country rocks (1.82–9.81 ppm; 
Xiao and Sun, 2007). However, the tungsten in strata is not high enough 
to form such a super-large tungsten deposit, and most tungsten is likely 
to be originated from the magma. The intense fluid-rock interaction also 
resulted in the formation of Ca2+-rich hydrothermal fluids, and signifi
cantly promoted the precipitation of scheelite. Analysis of the trace el
ements in the marble without metasomatism of Sanchuan Formation in 
the Sandaozhuang mining area, show that the tungsten content (average 
0.60 ppm) is very low (Supplementary Table S4), therefore it is difficult 
to be a tungsten source. 
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Fig. 13. Ternary diagrams showing compositional variation 
of garnet (a), expressed in relative portions of andradite 
(And), grossular (Gro) and Almandine + Spessartine + Py
rope (Alm + Sp + Pr) end-members, and clinopyroxene (b), 
expressed in relative portions of diopside (Di), hedenbergite 
(Hd) and johannsonite (Jo) end-members from the San
daozhuang tungsten skarn deposit compared with garnet and 
clinopyroxene from oxidized tungsten deposits at Baiz
hangyan, Kara, King Island, Jitoushan, and Pine Creek (Zaw 
and Singoyi, 2000; Newberry, 1982; Kwak and Tan, 1981; 
Song, 2010) and reduced tungsten skarn deposits at Cantung, 
Caojiaba, Fujigatani, and Mactung (Einaudi et al., 1981; Zaw 
and Singoyi, 2000; Sato, 1980; Xie et al., 2019). (c) BSE 
image of a subhedral garnet grain of the late prograde stage 
from Sandaozhuang. (d) Core–rim profile of garnet from 
Sandaozhuang showing variations in andradite, grossular, 
and pyralspite compositions. The A–B profile line is shown in 
Fig. 13c.   
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Table 2 
Results of scheelite Sr-Nd isotopic analysis from the Sandaozhuang W-Mo Deposit.  

Sample no. Age (Ma) Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd 2 σ 143Nd/144Nd(t) εNd (t) ƒSm/Nd 
87Sr/86Sr 2 σ 

SDZ-2 150  1.31  18.2  0.0435  0.511882  0.000002  0.511839 − 11.8 − 0.78  0.716145  0.000009 
SDZ-4 150  1.29  23.8  0.0328  0.511785  0.000004  0.511753 − 13.5 − 0.83  0.721725  0.000008 
SDZ-8 150  2.22  34.3  0.0391  0.511767  0.000003  0.511729 − 14.0 − 0.80  0.715762  0.000005 
SDZ-17 150  2.48  26.1  0.0574  0.511846  0.000005  0.511790 − 12.8 − 0.71  0.729485  0.000009 
SDZ-18 150  1.32  20.2  0.0395  0.511797  0.000003  0.511758 − 13.4 − 0.80  0.718039  0.000006 
SDZ-29 150  3.81  45.3  0.0508  0.51174  0.000002  0.511690 − 14.7 − 0.74  0.720212  0.000009 
SDZ-30 150  6.37  71.9  0.0535  0.511749  0.000002  0.511696 − 14.6 − 0.73  0.721649  0.000008 
SDZ-38 150  3.51  61.2  0.0347  0.511731  0.000003  0.511697 − 14.6 − 0.82  0.719966  0.000004 

Note: the mineralization age 150 Ma is from Bao, (2014) 

Fig. 14. (a) Plot of Na (atom) versus ΣREE + Y–Eu (atom) for scheelite. (b) Plot of Nb (atom) versus ΣREE + Y–Eu (atom) for scheelite. (Diagram modified from 
Ghaderi et al., 1999). 
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6.3. Redox condition of the ore-forming fluids 

6.3.1. Redox condition indicated by Eu valence state 
Eu is a redox sensitive element and has two ionic valences: Eu3+ and 

Eu2+ (Shannon, 1976). Eu3+ can substitute for the major component Ca 
in scheelite just like other REE3+ (Ghaderi et al., 1999). Eu3+ has a more 
similar ionic radius to Ca2+ compared with Eu2+, with eight-fold coor
dination in scheelite ([8]rEu3+ = 1.06 Å versus [8]rEu2+ = 1.25 Å; 
[8]rCa2+ = 1.12 Å; Shannon, 1976), whereas Eu2+ can also substitute for 
Ca through the M3 mechanism described above (Blundy and Wood, 
1994; Liu et al., 2019). Because Eu2+ and Ca2+ have the same charge, 
Eu2+ is preferentially more incorporated compared with Eu3+ (Ghaderi 
et al., 1999; Song et al., 2014; Yuan et al., 2019). 

Valence state of Eu in scheelite can be determined by analyzing 
correlation among Eu, Sm and Gd (Ghaderi et al., 1999). In Eu3+- 
dominated fluids, measured EuN in scheelite will display a positive 
relationship with the Eu*N where Eu*N = (SmN × GdN)1/2, and it will not 
significantly affect Eu anomaly, because the behavior of Eu3+ is similar 
to that of Sm3+ and Gd3+. On the other hand, EuN in scheelite is not 
correlated with Eu*N in scheelite from Eu2+-dominated fluids. In this 
study, EuN in Sch A hosted during the prograde skarn stage consistently 
change with Eu*N, showing a zoned distribution along the 1:1 correla
tion line (Fig. 10a) and Eu anomalies (δEu) are negative. This finding 
implies that Eu in the fluid occurs mainly as Eu3+ in a relatively oxidized 
environment, consistent with dominance of negative Eu anomalies. Sch 
B precipitated in the retrograde skarn stage, however, it diverge from 
the 1:1 ratio line with high EuN/Eu*N (Fig. 10a). This observation im
plies that Eu2+ was primarily concentrated in the fluid, which is 
consistent with dominance of positive Eu anomalies. This indicates that 
the fluid is relatively reduced during the retrograde skarn stage. EuN in 
Sch C precipitated in the quartz-sulfide stage is positively correlated 
with Eu*N. These scheelites exhibit significant negative Eu anomalies, 
implying that Eu mainly occurs as Eu3+, and it reveals an oxidized 
condition. 

The ratio of Eu3+/Eu2+ in the fluid strongly controls the size of Eu 
anomaly even with negative Eu anomalies inherited from the initial 
hydrothermal fluid (Brugger et al., 2000). Therefore, europium anomaly 
in scheelite is widely used to directly reflect the redox state of ore- 
forming fluids (Song et al., 2014; Sun and Chen, 2017; Sun et al., 
2019; Wu et al., 2019; Yuan et al., 2019). In addition to the redox 
condition, Eu anomalies of scheelite can be influenced by the modifi
cation by fluid-rock interaction, the pH of the fluid and the precipitation 
of Eu-rich minerals (Brugger et al., 2002, 2008; Sun et al., 2019; Liu 
et al., 2020). In the Sandaozhuang deposit, marbles of Sanchuan For
mation without metasomatism exhibit weak negative Eu anomalies 
(Supplementary Table S4, δEu = 0.61–0.92). Interaction between hy
drothermal fluids derived from granites with negative Eu anomalies and 
these rocks is unlikely to result in the positive Eu anomalies of Sch B. The 
water–rock reaction during skarn evolution is an equilibrium reaction 
and H2CO3 breaks down to H2O and CO2 (H2CO3 ⇌ H2O + CO2↑) 
without an increase in H+ (Tenno et al., 2018), while the fluid-carbonate 
reaction will certainly consume H+ and therefore increase pH. Thus, the 
change in the Eu anomalies during the skarnization may also be related 
to the pH. In addition, it is difficult to determine the influence of com
mon Ca-rich skarn minerals (such as garnet) on Eu anomaly in San
daozhuang. Therefore, the Eu anomalies should be combined with other 
evidences to comprehensively reflect the change in redox state. 

6.3.2. Redox condition indicated by Mo in scheelite 
Molybdenum mainly occurs as Mo6+ under oxidizing conditions and 

Mo4+ in reduced environment. In the magmatic-hydrothermal systems, 
molybdenum is mainly transported as the oxidized Mo6+ form (Rempel 
et al., 2009). Mo6+ can substitute for W6+ to form a complete, albeit non- 
ideal solid solution series between scheelite (CaWO4) and powellite 
(CaMoO4) due to the similar valence states, ionic radii and coordination 
number (Hsu and Galli, 1973; Raimbault et al., 1993; Xu et al., 2019). 

However, Mo4+ combines with S2- to form molybdenite (Song et al., 
2014; Li et al., 2019; Liu et al., 2020). Therefore, in the process of 
molybdenite precipitation, the redox state must have been changed. 
Molybdenite and scheelite precipitate under similar temperature ranges, 
600 – 200 ◦C and 500 – 200 ◦C, respectively (Cao, 1989; Wood and 
Samson, 2000). The variation of oxygen fugacity does not affect the 
precipitation of scheelite, but molybdenite tends to precipitate under the 
relatively reducing environment. Therefore, the variation of molybde
num content in scheelite show changes of physical and chemical con
ditions of ore-forming fluids in Sandaozhuang. Studies report that Mo 
content in scheelite from different deposits, is mainly controlled by three 
factors including: changing redox state (Song et al., 2014, 2019; Poulin 
et al., 2018; Sun et al., 2019); boiling process (Soloviev and Krivo
schekov, 2011; Orhan, 2017; Liu et al., 2020); and evolving temperature 
(Zaw and Singoyi, 2000; Zhao et al., 2018; Song et al., 2019). 

Low-fO2 and high-fS2 result in precipitation of nearly pure scheelite 
accompanied by molybdenite, whereas Mo-rich scheelite mainly pre
cipitates under relatively high-fO2 and low-fS2 environment (Hsu and 
Galli 1973; Song et al., 2014; Poulin, 2016). Change of redox conditions 
affects valence state of molybdenum, reduced sulfur concentration and 
concentration of molybdenum in fluid, thus affecting the content of 
molybdenum in scheelite (Liu et al., 2020). The boiling process which 
leads to permeability increase and pressure decrease may promote the 
formation of Mo-rich scheelite at the early stage in oxidized W deposits 
and sulfide minerals at the late stage in reduced tungsten deposits (Kwak 
and Tan, 1981; Soloviev and Krivoschekov, 2011; Orhan, 2017). During 
boiling and vapor separation process, differential partitioning of H2S 
and H2 between the liquid phase and vapor phase may lead to the 
depletion of H2S and increase of oxygen fugacity in the residual fluid 
(Cao, 1989; Jamtveit et al., 1993; Orhan, 2017; Liu et al., 2020). 
Reduction in temperatures affects Mo content in scheelite. For example, 
in Kara, Baoshan, Tasmania, and Kensu, Kyrgyzstan, the early relatively 
Mo-rich scheelite can precipitate at about 600 ℃, whereas late Mo-free 
scheelite formed at about 250 ℃ (Zaw and Singoyi, 2000; Song et al., 
2019). Solubility curve of molybdenum decreases with decrease in 
temperature (Cao, 1989). Furthermore, fO2 is closely related to tem
perature, and fO2 can reduce by approximately 20 orders of magnitude 
from diagenetic temperature to 250 ◦C in porphyry deposits (Zhou, 
1981; Wood and Samson, 2000; Liu et al., 2020). Furthermore, the 
earlier Mo-enriched minerals precipitation would significantly decrease 
Mo in fluids, resulting in low Mo content in the late generation scheelite. 
Due to the high partition coefficient of Mo between scheelite and fluids 
under oxidation condition, early scheelite would contain high Mo con
tent so that the precipitation of Mo-rich scheelite/molybdenite would 
reduce Mo in fluids and in turn result in low-Mo scheelite in later 
generations. 

Different types of scheelite from Sandaozhuang show a wide range of 
MoO3 concentration (Fig. 8a), implying presence of the varying levels of 
substitution between Mo and W. The Mo contents of Sch A precipitated 
during the prograde skarn stage are significantly high, then decrease to 
Sch B precipitated in the retrograde skarn stage, Sch C formed in the late 
quartz-sulfide stage displays the lowest Mo contents (Fig. 10b and c). 
Previous microthermometry data show that fluid inclusions in the pro
grade diopside, garnet (394–552 ◦C; Shi et al., 2009) and retrograde 
stage quartz (347–458 ◦C; Weng et al., 2010) have similar homogeni
zation temperatures during the skarn evolution stage. However, the 
decrease in temperature is an inevitable trend in the process of skarn 
evolution. The effect of temperature falling on Mo content in scheelite 
precipitated in the skarn period cannot be ignored. Fluid inclusions and 
δ13C-δ18O-δD isotopic studies report that the boiling process only occurs 
in the quartz-sulfide stage (Shi et al., 2009; Xiang et al., 2012b). 
Therefore, decreasing Mo concentrations from Sch A to Sch B is not 
related to the boiling process. 

Petrographic evidence suggests that Mo mainly occurs as molybde
nite during the retrograde skarn stage and the quartz-sulfide stage. Only 
a small proportion of molybdenite precipitated during the prograde 
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stage and coexisted with the relatively low-Mo Sch A-1. Therefore, the 
precipitation of Mo-rich scheelite and molybdenite in the early stage 
may have little effect on Sch B. In the retrograde skarn stage, amounts of 
Mo exist as molybdenite, and molybdenite coexist closely with Mo-poor 
Sch B (Fig. 7c-f). Mo contents decrease sharply from the early generation 
Sch A-2 to the late Sch B. These findings imply that Mo is partly released 
from the early generation Sch A-2 through a dissolution and reprecipi
tation process, and then secondary precipitates with original Mo in 
metallogenic fluid as molybdenite, showing a change from the oxidation 
to relative reduction of the ore-forming fluid. In addition, we find there 
is a detectable linear negative correlation between Eu anomalies and Mo 
concentration of scheelite during the skarn evolution in the Sandaoz
huang deposit (Fig. 10c). The correlation shows that the redox states 
evaluated based on Mo content are consistent with those inferred from 
Eu anomaly. Redox categories of skarn deposits can be affected by 
country rocks (Meinert et al., 2005). Carbonaceous strata are widely 
distributed in Sandaozhuang, especially in the Meiyaogou Formation 
with stone coal interlayer larger than 150 m, and carbonaceous phyllite 
in Nannihu Formation and Sanchuan Formation (Shi et al., 2009). 
Therefore, the decrease in redox conditions from prograde stage to 
retrograde stage in Sandaozhuang may be caused by more involvement 
of carbonaceous carbonate wall rocks accompanied by decrease of 
temperature. 

Fluid inclusions and δ13C-δ18O-δD isotopic studies have defined 
boiling process in the quartz-sulfide stage. Homogenization temperature 
of fluid inclusions in quartz-sulfide veins (~290 ◦C; Shi et al., 2009; 
Weng et al., 2010) is lower compared with that for skarn stage. Low 
temperature and boiling process result in high amount of molybdenite 
and other sulfides precipitating in this stage. Moreover, a large amount 
of molybdenum is already precipitated as molybdenite in the previous 
skarn stage, which can also capture a large amount of Mo in the fluid, 
resulting in low Mo content in the late Sch C. Compared with Sch B, the 
Mo content of Sch C does not decrease significantly (Fig. 10). It may be 
due to the increase of oxygen fugacity caused by the boiling process so 
that a part of Mo6+ will still be incorporated into Sch C. 

In summary, the ore-forming process in Sandaozhuang changes from 

an oxidized Mo-rich-scheelite prograde stage to a reduced Mo-poor- 
scheelite retrograde stage. A considerable amount of molybdenum 
may first enter the early generation scheelite to form Mo-rich scheelite 
under the oxidized condition. With the decreasing of oxygen fugacity, 
partial molybdenum is released from the early generation scheelite and 
precipitates as molybdenite. The Mo-poor-scheelite in the quartz-sulfide 
stage is the end of W mineralization characterized by the low temper
ature and boiling process (Fig. 16). 

6.3.3. Redox condition indicated by compositions of clinopyroxene and 
garnet 

Tungsten skarn deposits can be generally subdivided into oxidation 
type and reduction type (Einaudi et al., 1981; Meinert et al., 2005). 
Mineral assemblages in “oxidized” W skarn deposits mainly consist of 
intermediate-Fe clinopyroxene (Hd40–60), andraditic garnet (And60–100) 
lacking a significant almandine component, and Mo-rich scheelite. On 
the contrary, “reduced” W skarns contain hedenbergitic clinopyroxene 
(Hd70–95), garnet (And10–30) containing at least 20% spessartine +
almandine component, and Mo-poor scheelite (Einaudi et al., 1981; 
Newberry, 1998; Zhao et al., 2018). 

The Sandaozhuang deposit is characterized by Mg-rich clinopyrox
ene (Di40-81Hd17-47), grossularite–andradite (And22–89Gro6-77) and Mo- 
rich scheelite (up to 24.45%) (Fig. 8b, Fig. 13a and b). The main skarn 
mineral assemblage implies that it can be broadly divided into an 
oxidized tungsten deposit, which is more similar to oxidized tungsten 
skarns at Jitoushan and Baizhangyan deposit in South China (Song, 
2010), Kara deposit in Australia (Zaw and Singoyi, 2000) and King Is
land (Kwak and Tan, 1981). These skarn minerals are mainly precipi
tated in the prograde skarn stage, therefore, it may only indicate the 
oxidized conditions during the prograde stage. 

In addition, Sch A-2 with high Mo contents coexisting with Fe-enrich 
andradite (Fig. 6d), and minor Sch A-1 with relatively lower Mo content 
coexisting with Al-enrich grossular (Gro70-77And22–29) precipitated in 
the prograde stage (Fig. 6a). A small amount of molybdenite is also 
observed in such oxidized prograde stage (Fig. 6b, c), and it coexists with 
Sch A-1, implying a lower fO2 environment. The minor molybdenite can 
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Fig. 16. The evolution model of W-Mo mineralization process in the Sandaozhuang deposit.  
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be attributed to the interaction between initial weak oxidized ore- 
forming fluids with the surrounding rock, thus changing the fluids to a 
reduced state, and consumption of H+ when the fluid reacts with 
wollastonite and calcite (Xiang et al., 2016). Therefore, molybdenite 
precipitated when the concentration of MO

4+ and S2- are sufficient, 
implying a high concentration of Mo in the primary ore-forming fluid. 
Notably, in a single isolated garnet precipitated in the late prograde 
skarn stage, the concentration of grossularite from the core to rim in
creases gradually, whereas the concentration of andradite decreases 
gradually (Fig. 13c and d). This may also confirm that the oxygen 
fugacity gradually decreases during the evolution from late prograde 
stage to retrograde stage. 

7. Conclusion 

(1) Ore-forming materials in the Sandaozhuang W-Mo deposit were 
mainly derived from the Nannihu granite porphyry. The intense fluid- 
rock interaction may also extract some metals from the country rocks, 
especially calcium, which promotes the large-scale tungsten minerali
zation in the Sandaozhuang deposit. 

(2) The various Mo contents in the three generations of scheelite 
reflect changes in the redox state of the ore-forming fluid. According to 
the valence state changes of Eu in scheelite, and composition of garnet 
and clinopyroxene, we propose that the ore-forming fluid changes from 
an oxidized to a reduced state in the skarn stage and then to an oxidized 
state in the quartz-sulfide stage. 

(3) Three molybdenum precipitation events are identified in the 
Sandaozhuang deposit. The first one shows that a high concentration of 
Mo in the primary ore-forming fluid meets the local reduction envi
ronment in the prograde stage. The second shows that the change from 
oxidation to reduction of the ore-forming fluid in the retrograde stage, 
where partial Mo is released from early generation scheelite crystals and 
occurs as molybdenite. The last event reflects fluid cooling and boiling 
process in the late quartz-sulfide stage. 
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