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Geochemical Characteristics of A-Type Granite near the Hongyan Cu-Polymetallic Deposit
in the Eastern Hegenshan-Heihe Suture Zone, NE China: Implications for Petrogenesis,
Mineralization and Tectonic Setting
Reprinted from: Minerals 2019, 9, 309, doi:10.3390/min9050309 . . . . . . . . . . . . . . . . . . . . 353

Pengfei Wei, Xuefeng Yu, Dapeng Li, Qiang Liu, Lidong Yu, Zengsheng Li, Ke Geng,

Yan Zhang, Yuqin Sun and Naijie Chi

Geochemistry, Zircon U–Pb Geochronology, and Lu–Hf Isotopes of the Chishan Alkaline
Complex, Western Shandong, China
Reprinted from: Minerals 2019, 9, 293, doi:10.3390/min9050293 . . . . . . . . . . . . . . . . . . . . 379

vi



Ru-Ya Jia, Guo-Chang Wang, Lin Geng, Zhen-Shan Pang, Hong-Xiang Jia, Zhi-Hui Zhang,

Hui Chen and Zheng Liu

Petrogenesis of the Early Cretaceous Tiantangshan A-Type Granite, Cathaysia Block, SE China:
Implication for the Tin Mineralization
Reprinted from: Minerals 2019, 9, 257, doi:10.3390/min9050257 . . . . . . . . . . . . . . . . . . . . 402

Chang Hao Xiao, Yu Ke Shen and Chang Shan Wei

Petrogenesis of Low Sr and High Yb A-Type Granitoids in the Xianghualing Sn Polymetallic
Deposit, South China: Constrains from Geochronology and Sr–Nd–Pb–Hf Isotopes
Reprinted from: Minerals 2019, 9, 182, doi:10.3390/min9030182 . . . . . . . . . . . . . . . . . . . . 420

Nan Ju, Yun-Sheng Ren, Sen Zhang, Zhong-Wei Bi, Lei Shi, Di Zhang, Qing-Qing Shang,

Qun Yang, Zhi-Gao Wang, Yu-Chao Gu, Qiu-Shi Sun and Tong Wu

Metallogenic Epoch and Tectonic Setting of Saima Niobium Deposit in Fengcheng, Liaoning
Province, NE China
Reprinted from: Minerals 2019, 9, 80, doi:10.3390/min9020080 . . . . . . . . . . . . . . . . . . . . 439

Zong-Yang Gou, Hao-Cheng Yu, Kun-Feng Qiu, Jian-Zhen Geng, Ming-Qian Wu,

Yong-Gang Wang, Ming-Hai Yu and Jun Li

Petrogenesis of Ore-Hosting Diorite in the Zaorendao Gold Deposit at the
Tongren-Xiahe-Hezuo Polymetallic District, West Qinling, China
Reprinted from: Minerals 2019, 9, 76, doi:10.3390/min9020076 . . . . . . . . . . . . . . . . . . . . 453

Jianping Wang, Xiu Wang, Jiajun Liu, Zhenjiang Liu, Degao Zhai and Yinhong Wang

Geology, Geochemistry, and Geochronology of Gabbro from the Haoyaoerhudong Gold
Deposit, Northern Margin of the North China Craton
Reprinted from: Minerals 2019, 9, 63, doi:10.3390/min9010063 . . . . . . . . . . . . . . . . . . . . 471

Xinshang Bao, Liqiang Yang, Wenyan He and Xue Gao

Importance of Magmatic Water Content and Oxidation State for Porphyry-Style Au
Mineralization: An Example from the Giant Beiya Au Deposit, SW China
Reprinted from: Minerals 2018, 8, 441, doi:10.3390/min8100441 . . . . . . . . . . . . . . . . . . . . 489

Weicheng Jiang, Huan Li, Noreen J. Evans, Jinghua Wu and Jingya Cao

Metal Sources of World-Class Polymetallic W–Sn Skarns in the Nanling Range, South China:
Granites versus Sedimentary Rocks?
Reprinted from: Minerals 2018, 8, 265, doi:10.3390/min8070265 . . . . . . . . . . . . . . . . . . . . 502

vii





About the Special Issue Editor

Liqiang Yang, a professor and doctoral supervisor in China University of Geosciences, Beijing.

His research interests in recent years are the tectonic-structural controls and fluid evolution of

orogenic gold deposits and polymetallic metallogenic system.

ix





Preface to ”Polymetallic Metallogenic System”

xi

Yu Sheng Zhai is an academician of the Chinese Academy of
Sciences and a Professor and Doctoral Supervisor of China
University of Geosciences, Beijing. He was born in Wen’an
County, Heibei Province in February, 1930. He received his
bachelor degree in Geology from Peking University in 1952, and
received masters degree from Changchun College of Geology in
1957. He has been engaged in geology for 70 years since he entered
the university.

Yu ShengZhai, as a famous economic geologist and geological
educator, has made outstanding contributions in the fields of
mineral deposits, ore field structure, metallogenic systems, and
regional metallogeny. His representative treatises include “Mineral
Deposit Geology”, “Fe Cu Au Metallogenic Regularity of the
Middle Lower Yangtze River Metallogenic Belt”, “The Ore Field
Structure”, “Metallogenic System in thePaleo ContinentalMargin”,
“Research Methods of Regional Metallogeny”, and “The
Metallogenic System”. His great achievements covered many

aspects of mineral deposits. Here, we emphasize his pioneering research and contributions to the
construction of “metallogenic system” theory and its applications.

In the 1990s, following the rise of earth system science, Yu Sheng Zhai firstly proposed the
“Metallogenic System and Its Evolution”, and published a series of papers and treatises. The paper
entitled “Outline of theMineral Resources of China and their Tectonic Setting” published in “Australian
Journal of Earth Sciences” constructed the tempo spatial framework of metallogenic systems in
different tectonic units and different eras of China, which had attracted the attention of international
economic geologists.

The published paper entitled “On the Metallogenic System”, published in 1999, proposed the
definition for the term “metallogenic system”. Themetallogenic system is a natural systemwith an ore
forming function. It includes geological factors controlling ore formation and preservation, and ore
forming processes and their products—ore deposit series and anomaly series. This paper also proposed
the metallogenic mechanisms as the main classification standards of metallogenic systems.

The treatise “Regional Metallogeny”, published in 1999, mainly focused on the regional
metallogenic system, and comprehensively discussed the research objectives, contents, methods, and
thoughts. Under the guidance of systematic theory and the historical view, this treatise systematically
presented the global tectonic settings, controlling factors, mechanisms, andmetallogenic products for
regional metallogeny, as well as the conditions and mechanisms of post mineralization transformation
and preservation. The metallogenic characteristics of six metallogenic domains and their metallogenic
belts in China were also presented in this book.

The treatise “Metallogenic System in the Paleo Continental Margin”, published in 2002, proposed
that the paleo continental margin was one of the regions with the most active crust–mantle interaction,
the most complex tectonic activities, and the most prominent metallogenic processes. Based on the
investigations on the formation and evolution of polymetallic mineralization in the paleo continental
margin of North China Craton, this treatise constructed different types of metallogenic systems in the
paleo continental margin, summarized the tectonic evolution of continental margin and its tempo
spatial linkage with different metallogenic systems, and proposed geodynamic models for the
evolution of the metallogenic system under distinctive tectonic settings. Ten elements of the
metallogenic system in the paleo continental margin were then summarized, and the theoretical
framework and method to study metallogeny in paleo continental margin were developed. Thereby,
the regional metallogenic theory was deepened and applied regarding exploration practice.



xii

“Research Methods of Regional Metallogeny”, published in 2004, focused on the metallogenic
system and its evolution, emphasizing the important implications of the integrated formation–
transformation–preservation process of mineral deposits. By combining theoretical developments and
practical applications, this book comprehensively presented the research contents and methods of
regionalmetallogeny; stressed the compilation of various types of geological information; andproposed
amethod that investigated the regionalmineralizationnetwork anddistribution characteristics ofmineral
deposits from the material structure, spatial structure, and temporal structure. This book presented the
regional metallogenic characteristics of China, and provided potential research methods for studying
the regional metallogenic regularity.

In 2010, Yu Sheng Zhai continued to write and complete the “metallogenic system theory” at the
age of 80. The theory and method of metallogenic system were comprehensively summarized by
applying systematic scientific thinking. This book finally clarified the core of the metallogenic system,
which was “source transportation trap transformation preservation”. It proposed five basic types of
metallogenic systems; emphasized the combination of the earth system, metallogenic system, and
exploration system; and proposed several new ideas, including the metallogenic mechanism of
“multifactor coupling and critical transition” and the dual effects of resources and the environment in
the metallogenic system.

The representative treatises mentioned above reflected the brewing, formation, and development
of the metallogenic system. Research and practice over the years have proved that the metallogenic
system has not only affected studies of mineral deposits, it has also effectively guided prospecting by
enhancing traditional studies of mineral deposits into the level of earth system science. Studies on the
metallogenic system have accommodated the developing trend of earth system science, which has
become a framework for realizing the breakthrough of metallogenic theory. Based on these
achievements regarding the metallogenic system, Yu Sheng Zhai and his group received second prize
in the National Science and Technology Process, entitled “The Construction of Metallogenic System
and Its Applications to the Prospecting Practices in the North China Paleo Continent”.

In his nineties, Yu Sheng Zhai is still working on the front line of teaching and research. He has
devoted himself to teaching and educating, and has been teaching courses on regional metallogeny to
undergraduate and graduate students for a long time. He had guided some excellent post doc research
fellows, doctors, and masters, and successfully cultivated a large number of excellent exploration
geologists for the country. As an exploration geologist, he enjoys working in the mines and at the front
line of exploration. His footprints have not only covered the mainland of China, but have also involved
some overseas mines. A series of breakthroughs in mineral exploration, such as the discovery of the
large Gaoerni Pb Zn deposit in Inner Mongolia, were motivated by the theory of the metallogenic
system.

Under the guidance of the metallogenic system defined by Yu Sheng Zhai, his student Jun Deng
firstly proposed the term of “composite metallogenic system” in 2016. This term accounts for the fact
that two metallogenic processes occurred in different episodes of the superimposed orogeny, and that
these occurred simultaneously in one tectonic belt. The former is called multiperiod type and the latter
is called synchronous type. Composite metallogenesis is characterized by the inheritance and
overlapping of ore metals in different episodes, and by a combination of various synchronous
metallogenesis.

On the occasion of the 90th birthday of academician Yu Sheng Zhai and his 70 years worthy of
hard work throughout his geological career, the research group, impressed by his outstanding
achievements in mineral deposits, has proposed to put together a Special Issue to celebrate and express
their respect and gratitude to him. This Special Issue focuses on the polymetallic metallogenic system,
including Au Cu Mo Sn REE polymetallic mineralization, and shows how the definition and theory of
the metallogenic system influences the current scientific research in mineral deposits.



Liqiang Yang

Special Issue Editor
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This Special Issue “Polymetallic Metallogenic System” is dedicated to Yu Sheng Zhai to express  
our best wishes and admiration.
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In the last century, following the development of Earth System Science, the metallogenic system
has become an important topic in the study of mineral deposits. The term “metallogenic system” firstly
presented in 1970s, connotes a natural system with ore-forming functions [1]. The metallogenic system
includes geological factors controlling ore-formation and preservation, and ore-forming processes
and their products—ore deposit series and anomaly series [1]. It emphasizes the integration of
tectonic settings, controlling factors, metallogenic mechanisms, and conditions and mechanisms of
post-mineralization transformation and preservation (i.e., the source, transport, trap, transformation,
and preservation). On the basis of the theory of the metallogenic system, Deng et al. [2–4] defined
the composite metallogenic system and summarized the distribution and characteristics of composite
metallogenic systems in China.

While economic geology typically focuses on the differences between individual deposits,
the metallogenic system looks for broad similarities in each system [5]. The metallogenic system model
allows for multiple mineralization styles to be identified within a single system [5]. For example,
a porphyry copper system may develop associated high and low sulfidation epithermal gold
mineralization, and skarn-type or hydrothermal vein-type Cu-Pb-Zn-Ag mineralization [6–8].
By integrating all geological ingredients and processes that are necessary for the formation of mineral
deposits, the investigation of the metallogenic system is more useful for revealing the geodynamic
evolution of a region, and more effective for regional prospecting exploration [9–11]

From the perspective of regional metallogeny, the study by Niu et al. [12] relates deep dynamic
processes in the Earth to gold deposits at the crustal surface (core→mantle→ crust) in Jiaodong Province.
Zircon Hf and whole-rock Nd isotopic mapping presented in Zhang et al. [13] precisely illustrate
the controls of lithospheric architecture on the distribution of regional polymetallic mineralization.
Liu et al. [14] and Wei et al. [15] propose the main gold deposition mechanisms by studying the fluid
inclusions and corresponding H–O–S isotopic compositions of different ore-forming stages in the
Sanshandao and Sizhuang gold deposits, respectively. Zhao et al. [16] classifies the Koka gold deposit in
NE Africa as an orogenic gold deposit based on the similar features of geology and ore-forming fluids.

The study by Chen et al. [17] describes the occurrence of texturally heterogeneous gold-hosting
quartz types and variations in trace element geochemistry, offering a more multi-generational
perspective on precipitation mechanisms that fluid inclusion studies may not be able to offer.
Guo et al. [18] investigates the rare earth element geochemistry and C–O isotope characteristics
of hydrothermal calcites to provide new insights into the fluid–rock interactions and ore-forming
processes. Li N. et al. [19] present a textural and trace-element analysis of sulfides, and investigate
the controls on the distribution of invisible and visible gold in the ores to further improve our
genetic understanding of the deposits in the Yangshan gold belt. The arsenopyrite and chlorite
mineral thermometers are applied in Sun et al. [20] to constrain the process and mechanism of gold
mineralization in the Zhengchong gold deposit–Jiangnan orogenic belt.

For the strategies of mineral exploration, Li et al. [21] recognize the negligible wall–rock alteration
of high-grade auriferous quartz vein-type ores and increase the target mineralized zone and the volume
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of potential ore for gold deposits that are hosted in Archean metamorphic rocks. A geostatistical
analysis of data is presented in Wang et al. [22] to determine the geometry of mineralized zones
and the structural control of ore shoot plunge in the Sizhuang Au ore deposit, exemplifying an
effective exploration strategy for studying the structural control of the geometry, orientation, and grade
distribution of orebodies via the integration of geostatistical tools and structural analysis.

The studies by Yu et al. [23], Wang et al. [24], Yang Q. et al. [25], and Yang F. et al. [26] provide
geological, geochronological, and geochemical insights into the formation of polymetallic deposits,
including the timing of mineralization and ore genetic types. In addition, garnet Sm–Nd dating is
conducted on the Hongshan skarn deposits to further constrain the timing of skarn formation in
Zu et al. [27]. The emplacement ages and geochemical and isotopic signatures of ore-related intrusions
are also proved to be genetically linked with the formation of mineral deposits [28–34].

In order to reveal the importance of water content and the oxidation state for the formation
of porphyry Au mineralization, Bao et al. [35] analyze the compositions of amphiboles and zircons
to evaluate the physicochemical conditions (e.g., pressure, temperature, f O2, and water content) of
the ore-fertile porphyries and ore-barren porphyries identified in the Beiya Au deposit. To evaluate
the relative contribution of ore-forming elements from granites and from the surrounding strata,
Jiang et al. [36] compare the whole-rock geochemistry of ore-related skarns to the composition of
associated granites and strata and suggest that the strata played an important role in the formation of
W-Sn polymetallic deposits in South China.

Overall, we hope this Special Issue will contribute further to the development of metallogenic
system theory, enhance scientific thinking, and suggest ways forward to investigate polymetallic
mineral deposits.
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Abstract: The Jiaodong gold mineral province, with an overall endowment estimated as >3000 t,
located at the eastern segment of the North China Craton (NCC), ranks as the greatest source of Au in
China. The structural evolution, magmatic activity and metallogenesis during the Mesozoic played
important roles in the large scale regional gold, silver and polymetallic mineralization in this area;
among them, the intensive activation of fault structures is the most important factor for metallogenesis.
This study takes the regional deep faults as main thread to discuss the controlling role of faults in
large scale metallogenesis. The Jiaojia fault and Sanshandao faults in the northwest margin of the
Guojiadian mantle branch not only are dominant migration channels for hydrothermal fluid but are
very important favorable spaces for ore-forming and ore-hosting during the formation of world-class
super large gold deposits in this area. The deep metallogenic process can be summarized as involving
intensive Earth’s core, mantle and crust activity→magmatism→ uplifting of metamorphic complex
→ detachment of cover rocks→ formation of mantle branch→ penetration of hydrothermal fluid
along deep faults→ concentration of metallogenic materials→ formation of super large deposits.

Keywords: mantle branch; metallogenesis; ore-controlling structures; metallogenic rule; ore prospecting
target; Jiaodong area

1. Introduction

The Early Cretaceous’ extensive magmatism and gold mineralization of the Jiaodong Peninsula,
on the eastern part of the North China Craton (NCC) defining China’s largest gold province, has
attracted considerable attention over the last decades [1–15]. For example, Song et al. [13] summarized
the deep ore prospecting results from the gold deposits in northwestern Jiaodong and discovered
middle-shallow gold deposits conjunct as a whole in the deep ore. Especially for Jiaojia and Sanshandao
metallogenic fracture zones, proven gold reserves have reached 1200 t and 1000 t respectively, which
form two significant metallogenic belts of Jiaodong gold province.

Large-scale mineralization and its origin continue to be problematic and controversial. Based on
their structural setting, mineralization style, and ore fluid geochemistry, they have been classified as
(1) the orogenic gold deposit [16–23], (2) considered as world-class gold deposits as a class of unique
“Jiaodong-type” gold deposits; [2,9,24], (3) the ”decratonic gold deposits” [25], and the anorogenic gold
deposit (e.g., intrusion-related gold deposit) [26]. Although the genesis of ore deposits is still under debate,
most scholars hold that the gold deposits in these areas were caught up within the zone of a series of
tectonic disturbances and over a highly perturbed mantle, according to mantle-crust movements [27–34].
Furthermore, more attention should be paid to following issues for a new prospective:

(1) Distribution and migration of Earth’s core, mantle and crust materials.

Minerals 2019, 9, 249; doi:10.3390/min9040249 www.mdpi.com/journal/minerals5
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(2) The formation and evolution of mantle plume.
(3) The anti-gravity migration of metallogenic elements.
(4) The concentration and positioning of metallogenic materials.

Above all, this contribution focuses on the relation between Cretaceous regional crust-mantle-core
movement in Jiaodong and dynamic mechanism of large-scale gold mineralization based on successional
researches and practices. Furthermore, this study mainly discusses the constraints of formation and
the multiple evolutions of the mantle plume and its effects on regional gold metallogenesis.

2. Regional Geological and Metallogenetic Setting

Intensive crustal movement occurred in north China during the middle and late Mesozoic.
Tancheng–Lujiang deep fault, which is called the Yisu fault in this area, also showed intensive activation.
It is characterized by great horizontal and vertical extension and made great impact on multiple periods
of structural movement, intensive magmatism and large scale metallogenesis [2,16,19,30,32,35–43].

The regional distribution and classification of rocks or strata often reflect the regional tectonic
setting; it can be used to deduce the evolution process of regional structures. This region is located
within the southeastern margin of the NCC, which is a block dominated by 3.8–2.5 Ga Archean
rock units, that were significantly reworked during orogenies. The region witnessed migration and
collision between the NCC and Yangtze Craton, and were temporally related to Early Cretaceous major
mantle-plume activity.

Based on the summary report of the regional geological survey for Shandong province (2000),
intensive structural movements and metallogenesis took place during the Cretaceous. The strata of the
Cretaceous can be divided into four groups from bottom to top, which include the Laiyang group, the
Qingshan group, the Dasheng group and the Wangshi group.

The Laiyang group in the lower part is composed of continental facies clastic rocks with some
fold deformation, and the depression center is in the Laiyang and Zhucheng areas. The Qingshan
group is a set of volcanic rocks and pyroclastic sedimentary rocks, which can be divided into three
sections based on its lithology. The first and third sections are mainly composed of widely spread
intermediate and acid intrusive rocks; the second section is composed of pyroclastic rocks that are
obviously controlled in fracturing zones.

The Wangshi group is mainly distributed in the eastern Shandong stratigraphic division and is
composed of red terrestrial clastic rocks. It generally is 2000–3000 m in thickness, the maximum is up
to 3500–4000 m. In the Qingdao-Laiyang area, it interbeds with many basalt, andesite and andesitic
turf, covered by thin layers of marl. Its thickness varies between 496 m and 1600 m. Both the Qingshan
group and the Dasheng group belong to the middle Cretaceous, the former refers to the Qingshan
group volcanic rock or intrusive rock, the later specially refers to the clastic rocks in northwestern
Jiaodong. The thickness of Cretaceous volcanic-sedimentary formation in Shandong is close to, or even
exceeds the thickness of sedimentary-volcanic formation (over 100 Ma) of the middle-late Proterozoic
in the Jixian group.

Generally, lower and upper systems of Cretaceous rock are made up of clastic rocks, and the
middle system is made up of volcanic rocks in this area. The sedimentary basin is associated with
small extension and deep depression, and the dominant rocks are volcanic rocks and intrusive rocks,
which demonstrates the intensive magmatic activity in that period. This is caused by the upwelling of
the mantle plume and the rapid splitting and depression of the upper crust (Figure 1). At the same
time, large scale gold mineralization took place, which is called “explosive metallogenesis” by some
geologists [35].
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3. Ore-Controlling Factors and Enlightenment of Current Prospecting Works

More than 100 large gold deposits (>20 t) and hundreds of middle-sized (5–20 t) and smaller (<5 t)
gold deposits have been discovered. In northwestern Jiaodong in Shandong, which makes this area the
third largest gold metallogenic area in the world. Sanshandao and Jiaojia gold deposits have become
world class giant gold deposits (Table 1). Since 2017, proven gold reserves in the mining segment of
north Sanshandao sea area have reached 470 t, among them, the Shaling mining segment has submitted
389 t of gold reserves [14].

The Jiaojia and Sanshandao giant gold deposits are distributed along the Jiaojia and Sanshandao
fault belts, respectively. Two fault belts are nearly parallel on the surface and vertically decline in
opposite direction with the stepped fault plane. Ore bodies are thickened in gently declined sections,
are enriched in turning points and intersected parts of the diamond lattice faults [14,15]. Ore bodies
are mainly hosted in Pre-Cambrian metamorphic rocks and Jurassic-Cretaceous terrestrial clastic rocks
that have no metallogenic specificity.

3.1. The Spatial Distribution of Main Gold Ore Bodies

The ore bodies show regular distributions in Sanshandao and Jiaojia fault belts. Two gently
declined ore-hosting fault benches have been exposed in both deposits. Based on the study of the
spatial pattern of regional ore-controlling faults, the Jiaojia fault is the main detachment zone in the
northwest margin of the Guojiadian mantle branch. The Sanshandao fault is an opposite listric fault in
the hanging wall of the Jiaojia fault [45]. The relationship between the two faults, based on dynamic
analysis, is that the Jiaojia fault is a backbone fault and the Sanshandao fault is a derived fault, which
should be terminated on the Jiaojia fault and shows a “y-letter” spatial pattern.

The dip of main ore bodies in the Jiaojia giant deposit are same as those of the Jiaojia backbone fault.
Ore bodies dip toward the northwest, and pitch toward the southwest at a 25◦–30◦ pitch angle. The dip
direction of main ore bodies in the Sanshandao giant deposit is the same as that of the Sanshandao
fault. Ore bodies in the Sanshandao giant deposit dip toward the southeast, and pitch toward the
northeast, the minimum pitch angle is about 35◦. Both faults were sinistral strike-slip faults during the
main metallogenic period; the pitch direction of the ore bodies is controlled by the strike-slip direction
of the faults.

3.2. Rock-Controlling and Ore-Controlling Character of Fault Structures

There are continuously distributed 5–40 cm thick fault gouges on the main fault planes of the
Jiaojia and Sanshandao faults. Most ore bodies are in the fracturing zone below the fault gouge. It is
indicated that the fault gouge plays the role of a barrier layer, which makes the major ore bodies
constrained below the fault gouge. Ore hosting rocks show zoning of fracturing and alteration, and they
usually develop a beresitization cataclasite zone, beresitization granitic cataclasite zone, beresitization
granite zone and a potassic-altered granite zone. The mineralization intensity is varied across different
zones, and the major ore bodies are hosted in the altered zones [14,15].

Gold ore bodies in northwestern Jiaodong are obviously controlled by fault structures. Horizontally,
the Jiaojia giant gold deposit formed in the turning part of the Jiaojia fault, which is the turning point
from the South-North (SN) direction (Xuchunyuan-Sizhuang section) to the North 22.5◦East-North
45◦East (NNE-NE) direction (Sizhuang-Gaojiazhuangzi section). Vertically, the fault plane shows
wave-shaped extension along the declined direction. The gently declined sections are usually taken
as expanding spaces for the concentration of metallogenic materials. Moreover, many branch faults
are developed in the foot wall of the backbone fault. The mineralization enrichment zone of the
Sanshandao giant gold deposit is also in the turning part of the Sanshandao fault, which is the turn
point from 80◦ strike (south Xinli section) to 40◦ strike (Sanshandao-Xinli section).
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3.3. The Constraint of the Backbone Faults on Ore Formation and Ore Controlling

Diamond lattice faults are recognized based on their different orientations and overprinting
relationships, and Au mineralization occurs mainly as vein and breccia in the faults, where the regional
deep fault—Jiaojia fault intersects with secondary faults (e.g., the Wangershan, the Hexi, the Houjia
and the Qiujia fault). Additionally, The Sanshandao fault is a transitional part of NNE (NE) and
NEE trending regional deep faults, and it controls the spatial distribution of major ore-bodies in the
Changshang, Xinli and Sanshandao deposits (Figure 1).

It is obvious that ore-bodies are mainly controlled by a few ore-controlling structures. More than
180 mineralization zones have been delineated in the Shaling gold deposit with approximately 77 being
economic with 389 t Au. However, the #1 and #2 are the largest ore-bodies with a 300 t gold reserve,
those ore-bodies are up to >2000 m long and 1.06–125.64 m thickness.

Horizontally, the thick part of the ore body is at the southeast part of the ore body (Figure 2a).
The thickness of the ore vein shows an alternative thick and thin pattern. The ore veins are branched
as finger-like veins, which might be caused by the explosive hydraulic cracking of hydrothermal
fluid. The grade from single engineering ore body varies between 1.00–11.37 ppm. The Au grade of
bonanzas (>5 ppm) are located in the southeast part of the ore-bodies, and they also show a finger-like
pattern, they are likely due to a combination of cryptoexplosion, where can be a diffusion center of
ore-forming fluid. Hence, it is worthwhile to notice that some large thick ore-bodies and high grade
ore-bodies in the main vein group might be caused by the pulsation cryptoexplosive metallogenesis of
hydrothermal fluid.

Figure 2. (a) Thickness isoline (unit: m) and (b) grade isoline (unit: ppm) for ore body I-2 in the Shaling
deposit (modified after [15]). Red lines indicate the branches and extension direction of isoline.

Based on the analysis of metallogenesis of hydrothermal gold deposits, only few are mineralized
in the mineralization zone, although most faults can be developed. The variation of physical and
chemical conditions in deep zones can drive the ore-bearing hydrothermal fluid to migrate from deep
earth to shallow crust, and some strata or rocks may stop or obstruct the migration of the hydrothermal
fluid. Once the hydraulic cracking penetrates into a regional fracturing zone, the hydrothermal fluid
would rapidly penetrate into the main structural zone. Because of the rapid decline of hydrodynamic
pressure, the penetration of hydrothermal fluid into other secondary fractures is relatively weak, and
the metallogenesis also is weak in these fractures.

Generally, if an ore concentration area develops wide migration channels for fluid, the ore-bodies
will be thicker and of high grade. When hydrothermal fluid rapidly penetrates into some main
fractures, penetration of hydrothermal fluid into other faults would greatly decrease because of the
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variation of the physicochemical conditions of the fluid. For this reason, the reserve of main ore bodies
in a deposit may occupy more than 50% of the deposit reserve, even more than 90% of the deposit
reserve. In the Jiaojia, Lingnan and Taishang gold deposits, gold grade isoline is positively correlated
with the thickness of the ore vein [57,58]. The closer to the fluid cryptoexplosive point, the higher the
gold grade (Figure 3). This ore-forming and ore-controlling character of structure also exists in the
Xiaoqinling, North Hebei and East Hebei gold deposit concentration districts.

Figure 3. (a) Thickness isoline and (b) grade isoline of No.1 orebody in the Jiaojia gold deposit (from [57]).

3.4. Physicochemical Conditions of Metallogenesis

Homogenization temperature of fluid inclusions from Jiaodong gold deposits is in the range of
120–420 ◦C [9], most of them are concentrated in 230–320 ◦C [59], which is close to the metallogenic
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temperature of epithermal gold deposits (generally <300 ◦C) in the Pacific rim metallogenic belt. So,
some scholars believe that Jiaodong gold deposits belong to epithermal gold deposits [60].

The ore bodies No. I-1 and No. I-2 in the Shaling gold deposit have great vertical extension.
In adjacent ore districts, ore bodies also vertically extend over 2 km, which greatly exceeds the
metallogenic depth of epithermal gold deposits (<1 km). It is indicated that the metallogenic condition
of Jiaodong gold deposits are obviously different from that of epithermal deposits. In recent years,
many researchers also believed that the Jiaodong gold deposit is different from other known gold
deposits [12,15].

Compared with previous low-temperature hydrothermal gold deposits, the spatial distribution,
magnitude and physicochemical conditions (such as Temperature (T), Pressure (P), Potential of
Hydrogen (Ph), Oxidation-Reduction Potential (Eh)) of Jiaodong gold deposits obviously exceed
the scope of known epithermal deposits, especially for the Jiaodong middle to deep gold deposits
represented by the Shaling gold deposit prospected in the past two years.

In previous studies on metallogenesis, geologists believed that regional large faults play the role
of conducting ore-forming materials, and secondary faults are ore-hosting structures. More and more
studies indicate that main faults usually control main ore bodies in many deposits [34]. Main faults can
both conduct ore-forming materials and host ore bodies. Whether or not faults are hosting ore bodies
does not depend on the scale of fault but depends on physicochemical conditions. When ore-bearing
hydrothermal fluid passes through a main fault, if the physicochemical condition can not satisfy the
crystallization of ore-forming materials, hydrothermal fluid would continue to migrate. In that case,
main faults only play the role of ore-conducting structures; if the main faults were elevated to shallow
crust with a lower P-T condition, hydrothermal fluid would have crystallized and stopped migrating
before it reached shallow crust. In that case, main faults are neither ore-conducting structures nor
ore-hosting structures. So, the metallogenesis of main faults does not depend on its magnitude but
depends on geologic condition.

4. Mantle-Crust Evolution and the Structural Movement of Metallogenic Districts

Many geologic factors have an impact on gold mineralization [12,61–63]. Magmatic activity is the
important expression of structure movement. During a period of intensive crust movement, large scale
of volcanic activity or/and igneous intrusions are developed, which are accompanied with different
types of metallogenesis.

Since Wilson [64] and Morgan [65] put forward the theory of hot spots and mantle plumes
successively, the study of the vertical motion of the earth has been gradually strengthened [66–73] and
many scholars believe that the formation of polymetallic deposits is related to mantle plumes [74–79].
But it is obvious that the scale of a mantle plume is too large for explaining the formation process of a
specific deposit or ore field. The mantle branch structure which was first put forward by Professor Niu
in 1996 [80–85], is the third grade of structural units during multiple evolutions of mantle plumes and
is mainly used to research ore-forming and the ore-controlling role of Au-Ag polymetallic ore fields.
So, in this paper, the metallogenesis of gold deposits in the Northwest of Jiaodong are discussed from
the perspective of a mantle branch structure.

4.1. Mantle Uplifting and the Formation of the Laiyang Sub-Mantle Plume

Magmatic activity can be divided into large structural cycles and small pulse periods. Large
structural cycles are usually related with crust movement. For instance, the structural movement and
magmatism during the Yanshanian movement are divided into four cycles, and then each cycle is
divided into several periods. Dominated by the intensity of structural movement, magmatic activity
can express as volcanic eruption or large scale of intrusion. Based on the time and intensity of a
volcanic eruption and the time and scale of intrusion, it can be divided into several periods.

Magmatism often begins with basic-intermediate volcanic eruptions and ends with intermediate-acid
eruption or intrusion. When the temperature and pressure of deep magma exceed the bearing capability
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of overlapped rocks, the magma would break through the rocks and bring out volcanic eruption. With
the decrease of pressure, volcanic eruption would transform to intrusion [86].

During middle-late period of the Yanshanian movement, large scale magmatism occurred and a
rift basin was developed in the Jiaodong area. Since the Cretaceous period, mantle magma under the
Jiaolai basin showed significant upwelling, and the upper crust was rapidly extended to form the basin,
which resulted in the formation of a typical sub-mantle plume. The main structural or sedimentary
formation includes several geologic units: The Lower Cretaceous Laiyang group is composed of
thick conglomerate, sandstone and argillaceous rocks (fluvio-lacustrine facies); The Middle-upper
Cretaceous Qingshan group is composed of thick pyroclastic rocks interbedded with some terrigenous
clastic rocks; the time of the Dasheng group is same as the Qingshan group, but it particularly refers
to the fluvio-lacustrine sedimentary rocks in northwestern Jiaodong; The Late Cretaceous Wangshi
group is made up of thick conglomerate and sandstone (fluvio-lacustrine facies). The basin takes
Laiyang as its center, and it is characterized by rapid subsiding and rapid sediment accumulation.
The palaeogeographic lithofacies of the whole Cretaceous can be divided into nine phases, and eight
of them are in great depression. Total depression amplitude is up-to or even over 10,000 m (Table 2).
Intermediate-basic dykes and intermediate-acid dykes are widely distributed in the sedimentary strata.
The Guojiadian mantle branch, the Qipeng mantle branch and the Muru mantle branch are developed
around the Laiyang sub-mantle plume. Generally speaking, the Qingshan period is the most intensive
period of deep magmatism, and it is characterized by a short time, significant depression, intensive
structure movement, thick volcanic material accumulation, a complex intrusive phase and varieties of
dykes. Simultaneously, it is the most important period for metallogenesis.
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4.2. Pulse Upwelling of Magma and the Formation of Mantle Branches

The density (specific gravity) of mantle magma is higher than that of crust rocks. Liguliform
mantle magma can emplace into low-velocity and high-conductivity middle crust and make the
sandwich structure of the crust intensively deformed. Decoupled lower crust would fall down in
the form of residual structural blocks. Middle and upper crust would appear as a negative gravity
anomaly caused by the emplacement of intermediate-acid magma, which results in the uplifting of
igneous-metamorphic complexes and the formation of a mantle branch.

The igneous rocks in a mantle branch usually evolve from intermediate-basic to intermediate-acid.
When liguliform mantle magma emplaces into middle crust, high temperature mantle magma
(1300–1000 ◦C for ultra-basic and basic magma, [87]) would melt some middle-upper crust rocks
and exchange solid or liquid materials with crust rocks, which forms mantle-crust magma with a
percentage of gas-liquid solution. When the energy in magma chamber accumulates enough to break
through overlapped rocks, the mantle-crust magma would explosively emplace toward upper crust.
When the energy is released, magma emplacement stops and the magma chamber would begin
next cycle to accumulate energy until the next magma emplacement takes place. This much likes
the geothermal fountain in Yellow Stone of the USA in where energy accumulation and hot water
eruptions are periodically repeated. Obviously, the periodical emplacement-heat melting produces
igneous complex with multiple periods of pulsation intrusion. In the middle-late period of magmatism,
intermediate-acid magma occupies the majority volume of the emplaced magma. Significant negative
gravity anomalies drives the metamorphosed country rocks to uplift together with igneous rocks,
accompanying the detachment of cover rocks toward the surrounding area. So far, the typical mantle
branch structures are formed, it has an igneous-metamorphic complex core surrounded by ring-like
cover rocks and a series of normal detachment faults. The combination of the Laiyang sub-mantle
plume with the Guojiadain mantle branch in the west, the Qipeng mantle branch in the north and the
Muru mantle branch in the east, perfectly reflects a kind of structural combination relationship.

4.3. The Spatial Pattern of the Mantle Branch

Mantle branch theory can be used to explain the multiple pulsation intrusion process and the
spatial distribution of intrusive rocks during Yanshanian magmatism. The heat circulating driven by
periodical magmatic activity brought out large scale gold mineralization.

There is the Guojiadain mantle branch, the Qipeng mantle branch and the Muru mantle branch
around the Laiyang sun-mantle plume. Take the Guojiadian mantle branch as an example. It developed
in the west of the Laiyang sub-mantle plume. Taking the “0-value” line of gravity anomaly as a
division, the outer-ring is a positive gravity anomaly area in which the anomaly value increases away
from the division line. The inner-ring is a negative gravity anomaly area. Gold deposits controlled
by the mantle branch are distributed along the “0-value” line. It is indicated that gold deposits were
mainly formed in major and secondary detachment zones around the mantle branch.

5. Multiple Evolutions of the Mantle Plume and the Metallogenesis of Mantle Branches

In the process of the Earth’s evolution, heavy elements were mainly concentrated in the core.
Small amount of heavy elements (such as gold) can migrate to shallow crust through mantle plume→
sub-mantle plume→mantle branch in the form of gas, gas-liquid mixture or ore-bearing hydrothermal
fluid [88]. Under the impact of a regional tectonic stress field, they can penetrate into fracture zones
and accumulate to form ore bodies with a variation of physicochemical conditions. The ore-forming
materials mainly come from deep Earth.

Based on the non-exclusive character and the atomic structure model of gold, it is speculated that
99% gold is concentrated in the core. Gold is mixed with iron and nickel in a purple gas state within
the core. In the process of intensive outer core convection and differential rotation of the core-mantle,
the majority of gold gas accumulates in the core–mantle boundary (D“ layer) that is the boundary
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between the core and mantle. Once the dynamic balance of the core-mantle boundary was damaged by
some astronomical or intraterrestrial agents, the liquid materials in the outer-core would pass through
the core-mantle boundary and migrate up in the form of a mantle plume. As a component of mantle
plumes, gold gas moves up in a state of anti-gravity migration. The initial mantle plume has a small
diameter and it gradually increases during its upwelling process. When it comes to the boundary
between lower mantle and upper mantle, the top head of the mantle plume would be enlarged to form
a mushroom-like crown because of the restriction and obstruction of the boundary. When accumulated
energy in the head of a mantle plume exceeds the bearing capability of the boundary, the upwelling
mantle materials would penetrate the boundary to form several sub-mantle plumes. Similarly, at the top
of upper mantle, sub-mantle plume experiences same process as the mantle plume, a series of mantle
branches are formed, which constitutes the typical multiple evolution sequence of mantle plumes.

Accompanied with the multiple evolution of mantle plumes, parts of gaseous gold could transform
into liquid to form gas-liquid mixture when it passes through the asthenosphere. Together with the
mantle methane material (CH4), the gas-liquid mixed gold continues to migrate up with the evolution
of the mantle plume [88]. In the process of upwelling of magma with a gas-liquid mixture along a
deep fracture, two-thirds of the gaseous gold in mixture would enter into softened plastic country
rocks, and one-third of the gaseous gold in gas-liquid mixture would experience differentiation with
magmatic evolution. During the differentiation, liquid gold can directly crystallize into solid gold in
near-surface freshwater environments. In surface salt water (sea water), gold migrates in a complex
form, and it can aggregate into solid gold under the action of freshwater or bacteria. Table 3 shows the
differential distribution of gold and silver in different spheres of the Earth.

Table 3. Distribution of gold and silver in the earth’s layers [89].

The Earth’s
Layers

Mass Percentage of
Crust-Mantle-Core

(%)

Distribution of Gold Distribution of Silver

Abundance
ppb

Weight Ratio
ppb

Volume Ratio
(%)

Abundance
ppb

Weight Ratio
ppb

Volume Ratio
(%)

Crust 0.4 3.0 1.2 0.00423 80.0 32.0 0.01005
Mantle 68.1 1.0 68.1 0.23962 55.0 3745.5 1.17495

Core 31.5 900.0 28,350.0 99.75615 10,000.0 315,000.0 98.81500
Earth 100.0 284.0 28,419.3 100.00000 3188.0 318,777.5 100.00000

Jiaodong gold deposits are characterized by their various deposit types, enormous gold reserves
and rapid metallogenic process. It is necessary to study metallogensis and the metallogenic rule,
conclude the metallogenic model and summarize metallogenic laws in order to guide a new round of
gold prospecting works.

5.1. Heat Migration Ore-Conducting and Ore-Forming of Sub-Mantle Plumes

Traditional gold geological survey works pay much attention to looking for metamorphic rocks
and granitic rocks with a high gold background value. Their theoretical idea for gold mineralization is
that gold comes from the high background value country rocks and the gold is extracted from country
rocks and accumulated into favorable structures as ore bodies under the impact of magmatism and
structure movement. Based on the above idea, gold migration is from low P-T environments to high
P-T environments and from low grade rocks to high grade rocks, this is difficult to realize in normal
geological conditions [90].

From the viewpoint of the multiple evolutions of mantle plumes, heavy elements such as gold
and silver mainly come from the boundary between the core and mantle. Through multiple evolutions
of the mantle plume, they penetrate the major structural expanding zones of mantle branches in the
shallow crust. In that case, ore prospecting work should follow the system of sub-mantle plume–mantle
branch–structural expanding zone–ore-hosting fractures (Figure 4).
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Figure 4. Sub-mantle plume-mantle branch evolution and its metallogenesis: Mantle plume-sub-mantle
plume mode (I) and Sub-mantle plume-mantle branch metallogenic mode (II).

The sub-mantle plume is the secondary structure unit of a mantle plume, and it plays the role of
connecting the lower mantle and the upper crust. It also is the pathway for magma to migrate from
deep earth to shallow crust, and the main place for energy to accumulate and release. The pulsation of
magmatic activity, energy release and accumulation, is much like the geothermal springs of Yellowstone
Park in the USA. Intermittent igneous intrusion or eruptions produce multiple-phases of complexes.
Early eruption and intrusion are dominated by intermediate-basic magmatic activity; late magmatic
activity which evolves to intermediate-acid magma.

With the rapid uplifting of a sub-mantle plume, a large scale faulted subsidence basin rapidly
forms above the top of the sub-mantle plume. The basin has a mirror symmetry relationship with
the sub-mantle plume. Intense activity and large uplifting amplitudes of deep mantle magma are
usually accompanied with a rapid fault basin development, large influence dimension and significant
depression in the shallow crust. This shows a gravity equilibrium compensation in relation with deep
mantle uplifting.

The Laiyang basin is a fault basin formed rapidly on the top of a sub-mantle plume. It developed
in the Cretaceous and was widely spread in the Laiyang stratigraphic district which includes the
Jiaolai basin and its surrounding elements. Sedimentary formation is composed of inland basin
fluvio-lacustrine clastic rocks interbedded with terrestrial pyroclastic rocks that are overlapped
non-conformingly on an ancient metamorphic basement. It is divided into the Laiyang group, the
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Qingshan group and the Wangshi group, from bottom to top [58]. The Laiyang group exhibits obvious
horizontal variation and a differential diagenetic environment, and it is made up of terrestrial clastic
rocks interbedded with some volcanic rocks. The Qingshan group is widely spread in the Jiaolai basin
and its surrounding elements. It is a set of terrestrial volcanic rocks and pyroclastic rocks formed in a
volcanic basin. The rock formation includes dactitic pyroclastic rocks→ andisitic-basaltic andesitic lava
and pyroclastic rocks→ rheolitic pyroclastic rocks and lava→ trachytitic andesitic lava interbedded
with pyroclastic rocks, from bottom to top. Subvolcanic intrusions were developed in each period of
volcanic activity. The Wangshi group is distributed in the Jiaolai basin and its western elements. It is
mainly distributed in Laixi, Laiyang and Jiaozhou in the Jiaodong area, especially in Laiyang. It is
much same as molasses formations made up by a set of red terrestrial clastic rocks interbedded with
some volcanic rocks.

Overall, above mentioned sedimentary formation in the Laiyang basin indicates that intensive
structural movement during the Cretaceous had wide distributions and deep extensions. At the same
time, large scale of metallogenesis took place in that time.

5.2. The Ore-Forming and Ore-Controlling of Mantle Branches

Geodynamics indicate that upwelling mantle magma from sub-mantle plumes comes to the surface
or shallow crust in the form of volcanic eruptions or intrusions. Constrained by regional structural
stress fields, magmatic activity shows alternative variations of intense and weak, large volume and
small volume, eruptions and intrusions. The uplifting and evolution of magmatic-metamorphic
complexes results in a series of mantle branches.

The crust has an obvious sandwich structure, and different layers show different characters.
The upper crust is shallow and cold; the lower crust is deep and rigid; the middle crust is heat
softened layer. The regional ductile shearing zones in the crust constrain the structural movement
and magmatism. The density (specify) of mantle magma is much higher than that of the middle
crust. The existence of detachment zones in the crust makes it easy for the mantle magma intrude into
detachment zone in a large tongue shape. Because the tongue-shaped mantle intrusion could detach
the sandwich structure of the middle-lower crust, parts of residual crust blocks would drop into the
mantle magma. Meanwhile, the upwelling of the mantle magma results in faulting and subsiding of
the upper crust, forming a fault basin controlled by listric faults around the basin margin.

With the increase of depth, the temperature and pressure of crust increases gradually, which
causes the deep crust rock to be softened. Intruded high temperature mantle magma (1300–1000 ◦C for
ultra-basic and basic magma) would heat and melt some crust rocks to form magma chambers that
are filled with mantle-crust magma with a percentage of gas-liquid solution. The periodical energy
accumulation and release in the magma chamber causes pulse eruptions or intrusions. The country
rocks of magma chamber are progressively heated, so the temperature for melting country rocks
decreases and the crust material in magma gradually increases. So, igneous rocks usually show the
evolution sequence of basic→ intermediate-basic→ intermediate-acid→ acid.

When the intermediate-acid igneous rocks reach a certain volume in the magmatic complex, a
negative gravity anomaly would drive metamorphic country rocks to uplift together with the magmatic
rocks, forming the magmatic-metamorphic complex in the core of the mantle branch. The uplifting of
magmatic-metamorphic complexes either provides a connection for a sub-mantle plume and mantle
branch or creates a migration channel for deep ore-bearing fluid and favorable structural expanding
spaces for metallogenesis.

5.3. Mantle Branch Metallogenesis and Its Main Types of Mineralization

As mentioned above, once the mantle plume evolution links the crust to deep source, especially
to the core-mantle boundary, the source material in the D“ layer would migrate up through the
mantle plume→ sub-mantle plume→mantle branch and concentrate to form a deposit in a favorable
structural expanding zone of the mantle branch. These favorable structural expanding spaces include
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the brittle-ductile detachment zone in the core of the mantle branch, the contact zone between intrusion
and country rock, the contact zone between metamorphic complex and cover rocks, faults and joints
formed in the process of mantle branch uplifting. Different structural spaces result in different structural
metallogenic types.

The core of the Guojiadian mantle branch (Linglong-type gold deposit): It mainly refers to the
vein ore bodies in the core uplifting zone between the Jiaojia fault and the Potouqing fault. Ore bodies
are hosted in Linglong granite and some metamorphic rocks. Fractures are well developed within
ore-bearing geological bodies between the Jiaojia fault and the Linglong fault. The deposit type belongs
to structural fracture veins. Ore veins are densely developed, and their gold grade is high. It is a major
ore-forming and ore-controlling structure type in Jiaodong [14].

Detachment zone in the northwest margin of a mantle branch (Jiaojia-type gold deposit):
The Jiaojia fault is a dominant ore-forming and ore-controlling structure in the northwest margin of the
Guojiadian magmatic-metamorphic core complex. The fault has both great horizontal extension and
vertical extension. It not only is a regional ore-conducting structure, but an important ore-forming and
ore-controlling structure. Deposits controlled by this fault are the most famous fracture alteration gold
deposits in Jiaodong. Recent ore prospecting works indicate that the vertical extension of ore bodies is
usually larger than their horizontal extension. Previous proved gold deposits such as the Shizhuang
deposit, the Matang deposit, and the Jiaojia deposit connect as a whole deeper down, which forms an
ultra-large gold deposit. Deep prospecting works indicate that ore bodies show stable extension along
the fault, which provides great prospecting potential for this gold deposit [14].

Sanshandao reverse listric fault belt (Sanshandao-type gold deposit): Recently, prospecting
works for the Sanshandao metallogenic zone have made much progress. Viewing from metallogenesis,
it is an ultra-large fracture alteration gold deposit that is strictly dominated by a reverse listric
fault [13,44]. The giant gold mineralization zones, named the Sanshandao giant gold deposit, have been
delineated in Sanshandao with several larger gold ore-bodies, which are thought to be an independent
deposit previously [15].

Peripheral faults of a mantle branch (Pengjiakuang-type gold deposit): Due to the rapid splitting
of the Laiyang fault basin, the structural contact belts around the Laiyang fault basin are developed
between the Guojiadian mantle branch and the Laiyang fault basin. A certain thickness of ore-bearing
conglomerate has developed in the structural contact belts. Studies indicate that conglomerate
distribution belts are usually weak structure belts for ore-forming and ore-controlling, and they easily
form typical conglomerate-type gold deposits.

Mantle branches mainly form under a tectonic setting transformed from regional compression to
regional extension. A core complex, marginal main detachment zones, hanging wall cover rocks and
related fault structures are the components of the mantle branch. The detachment zones and related
faults are usually taken as main structural expanding zones for metallogenesis. Studying the fault
distribution and ore-bearing potential, metallogenesis, metallogenic modes and metallogenic rule of
mantle branches is important for guiding the next round of ore prospecting.

6. Conclusions

The Jiaodong mineralization concentration area is characterized by its large metallogenic scale,
deep ore body extension, high ore grade, variety of deposits and great resource potential.

(1) The multiple evolutions of mantle plume break the restriction of earth spheres (core, mantle,
crust) structure, and provide an important channel for deep ore-forming material to migrate up.
The study on the multiple evolutions of mantle plume elaborates the migration mechanism of
heavy elements migrating from the core to shallow crust.

(2) In the process of mantle plume multiple evolutions initiated from core-mantle boundary (D”
layer), heavy elements (such as gold and silver) which sank into the core by gravity differentiation
migrate up in the form of a gas-liquid state. They are concentrated to form ore bodies in the
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favorable structural expanding zones in mantle branch and different fractures. Ultra-large gold
deposits with huge reserves can be formed.

(3) Metallogenic material came from deep earth and accumulated as ore-bodies in favorable structural
expanding zones. Generally speaking, a favorable fault is not necessary to form deposits, but
ore-bearing fault structure is linked to the deep earth. Favorable fault structures can be either
migration channels for metallogenic material or hosting places for ore bodies.

(4) Structure movement, magmatism and metallogenesis are critical factors in the mineralization of
large metal deposits. The structure movement is the most important factor in igneous activity
related to gold metallogenic events. In the Jiaodong area, the main faults play both roles of fluid
migration channels and ore-hosting places, forming large to ultra-large gold deposits.
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Abstract: The Liaodong Peninsula is an important mineral province in northern China. Elucidating its
lithospheric architecture and structural evolution is important for gold metallogenic research and
exploration in the region. In this study, Hf-Nd isotope maps from magmatic rocks are constructed
and compared to geological maps to correlate isotopic signatures with geological features. It is found
that gold deposits of different age periods in Liaodong are located in areas with specific εHf(t) and
εNd ranges (Triassic: from −8 to −4 and from −12 to −8, Jurassic: from −22 to −8 and from −14 to
−8, Cretaceous: from −12 to −10 and from −22 to −20), respectively. This may reflect that when the
Paleo-Pacific plate was subducted beneath the North China Craton, the magma was derived from
the juvenile lower crust and the ancient lower crust, and formed the low-to-moderate hydrothermal
Au-(Ag) and Pb-Zn deposits in the Triassic. In the Jurassic, continued subduction may have led to
lithospheric thickening. Subsequently, the magma from the ancient lower crust upwelled and formed
low-to-moderate hydrothermal Au deposits and porphyry Mo deposits. In the Cretaceous, crustal
delamination may have taken place. The magma from the ancient lower crust upwelled and formed
various low-to-moderate hydrothermal Au deposits.

Keywords: lithospheric architecture; metallogenesis; Hf-Nd isotopic mapping; Liaodong Peninsula;
North China Craton

1. Introduction

The North China Craton (NCC), containing the Liaodong and Jiaodong gold provinces, is the
top gold producer in northeast Asia [1–6]. The Liaodong Peninsula is located between the Yalujiang
and TanLu fault zones (Figure 1) [7–9] and represents an important mineral province in the NCC.
The peninsula has undergone complex magmato-tectonic modifications, during which many important
polymetallic (Pb-Zn, Au, Ag, and Mo) deposits have been formed (Figures 1 and 2) [10,11]. Most of
these deposits are interpreted to be genetically linked with granitoid in the peninsula [11]. Granitoid in
the Liaodong peninsula include the diorite and the granite that formed in the Paleoproterozoic,
Permian, Jurassic, and Cretaceous [7,12,13]. These many phases of magmatism provide a window into
the study of the lithospheric architecture and its control on metallogenesis.

Tectonic evolution and the characteristics of gold deposits in Liaodong and Jiaodong are
similar [14–18]; however, whether or not the lithospheric architecture played a role in controlling the
tectonic evolution and gold ore formation remains poorly understood.

The Hf and Nd isotopes are powerful tools to trace the nature of basement rocks and the age of
the continental crust [19–21], and Hf-Nd isotope mapping has been used to reveal the lithospheric
architecture and evolution, and their control on the distribution of mineral deposits [22–29].

Minerals 2019, 9, 179; doi:10.3390/min9030179 www.mdpi.com/journal/minerals25
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The Hf and Nd isotopes are powerful tools to trace the nature of basement rocks and the 

age of the continental crust [19–21], and Hf-Nd isotope mapping has been used to reveal the 

lithospheric architecture and evolution, and their control on the distribution of mineral 

deposits [22–29]. 

 

Figure 1. (a) Simplified tectonic map of the Liaodong Peninsula showing the major suture 

zones and blocks. (b) Geological map of the Liaodong Peninsula showing the distribution of 

magmatic rocks, and the locations of major mineral deposits [30]. 

In this study, we summarize the spatial distribution, age, and geochemical and isotopic 

data of the Paleoproterozoic to Cretaceous magmatic rocks in the Liaodong Peninsula, and we 

use Hf-Nd isotope mapping to reveal the crustal architecture and its controls on the regional 

mineralization. 

2. Geological Setting 

2.1. Regional Tectonics 

The Liaodong Peninsula is located in the eastern margin of the NCC (Figure 1). It is 

bounded by the Yalujiang fault in the east and by the Tanlu fault in the north [31,32]. The 

Liaodong Peninsula can also be subdivided into the Longgang terrane in the north, the Liaoji 

orogenic belt in the middle, and the Langlin terrane in the south. This study only focuses on 

the Longgang terrane and the Liaoji orogenic belt. The Longgang terrane is composed of 

Archean to Paleoproterozoic basement rocks, and unmetamorphosed Mesoproterozoic to 

Cenozoic sedimentary and volcanic rocks [7]. The Liaoji orogenic belt consists mainly of 

Paleoproterozoic to Cretaceous magmatic rocks. In the Longgang terrane, the Paleoproterozoic 

sequences are missing, and the magmatic rocks are largely Triassic (Figure 3) [33]. 

2.2. Magmatism 

Figure 1. (a) Simplified tectonic map of the Liaodong Peninsula showing the major suture zones and
blocks. (b) Geological map of the Liaodong Peninsula showing the distribution of magmatic rocks,
and the locations of major mineral deposits [30].

In this study, we summarize the spatial distribution, age, and geochemical and isotopic data of
the Paleoproterozoic to Cretaceous magmatic rocks in the Liaodong Peninsula, and we use Hf-Nd
isotope mapping to reveal the crustal architecture and its controls on the regional mineralization.

2. Geological Setting

2.1. Regional Tectonics

The Liaodong Peninsula is located in the eastern margin of the NCC (Figure 1). It is bounded
by the Yalujiang fault in the east and by the Tanlu fault in the north [31,32]. The Liaodong Peninsula
can also be subdivided into the Longgang terrane in the north, the Liaoji orogenic belt in the middle,
and the Langlin terrane in the south. This study only focuses on the Longgang terrane and the Liaoji
orogenic belt. The Longgang terrane is composed of Archean to Paleoproterozoic basement rocks,
and unmetamorphosed Mesoproterozoic to Cenozoic sedimentary and volcanic rocks [7]. The Liaoji
orogenic belt consists mainly of Paleoproterozoic to Cretaceous magmatic rocks. In the Longgang
terrane, the Paleoproterozoic sequences are missing, and the magmatic rocks are largely Triassic
(Figure 3) [33].

2.2. Magmatism

The Liaodong Peninsula consists of Paleoproterozoic granite, Triassic granite and diorite, Jurassic
granite and diorite, and Cretaceous granite and diorite (Table 1 and Table S1) (Figures 4 and 5) [34–39].
During the Paleoproterozoic, the voluminous granitoid and the mafic intrusions in the peninsula were
emplaced (Figure 5) and then metamorphosed at 1.93 Ga [40], marking the cratonization of the NCC
eastern block. The Triassic magmatism is characterized by metaluminous mafic and felsic magmatic
rocks (Figure 5), which are also identified in the southern Liaodong Peninsula [7,30]. Late Mesozoic
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intrusive rocks include Jurassic (180–153 Ma) ductile-deformed, peraluminous/metaluminous granite
(Figure 5), and undeformed to slightly deformed early Cretaceous (131–120 Ma) metaluminous granite
and diorite (Figure 5) [7,41,42].

The Liaodong Peninsula consists of Paleoproterozoic granite, Triassic granite and diorite, 

Jurassic granite and diorite, and Cretaceous granite and diorite (Tables 1 and S1) (Figures 4 and 

5) [34–39]. During the Paleoproterozoic, the voluminous granitoid and the mafic intrusions in 

the peninsula were emplaced (Figure 5) and then metamorphosed at 1.93 Ga [40], marking the 

cratonization of the NCC eastern block. The Triassic magmatism is characterized by 

metaluminous mafic and felsic magmatic rocks (Figure 5), which are also identified in the 

southern Liaodong Peninsula [7,30]. Late Mesozoic intrusive rocks include Jurassic (180–153 

Ma) ductile-deformed, peraluminous/metaluminous granite (Figure 5), and undeformed to 

slightly deformed early Cretaceous (131–120 Ma) metaluminous granite and diorite (Figure 5) 

[7,41,42]. 

 

Figure 2. Simplified geologic map of the Qingchengzi orefield showing the distribution of 

deposits [11]. 

2.3. Mineralization 

The Liaodong Peninsula contains Pb-Zn, Au, Ag, and Mo polymetallic deposits, which are 

mainly distributed in the Qingchengzi, Wulong, and Maoling orefields (Figure 1) (Table 2) 

[11,43,44]. The Qingchengzi orefield is in the northern part of the Liaodong Peninsula, which 

hosts a number of magmatic-hydrothermal (low-to-moderate hydrothermal) Au-(Ag) and Pb-

Zn deposits and porphyry Mo deposits (Figure 2) [45,46]. The magmatic-hydrothermal Au-

(Ag) deposits were mainly formed in the Triassic (225–240 Ma), as exemplified by the Baiyun 

and Yangshu deposits (Table 2). The mineralization of these deposits has been correlated to the 

granite and the diorite, which are the result of lithospheric thinning associated with the Paleo-

Pacific plate subduction [30,35]. The magmatic-hydrothermal Pb-Zn deposits (e.g., Xiquegou 

and Zhenzigou) were also formed in the Triassic (221–232 Ma), whilst the Yaojiagou porphyry 

Figure 2. Simplified geologic map of the Qingchengzi orefield showing the distribution of deposits [11].

2.3. Mineralization

The Liaodong Peninsula contains Pb-Zn, Au, Ag, and Mo polymetallic deposits, which are
mainly distributed in the Qingchengzi, Wulong, and Maoling orefields (Figure 1) (Table 2) [11,43,44].
The Qingchengzi orefield is in the northern part of the Liaodong Peninsula, which hosts a number
of magmatic-hydrothermal (low-to-moderate hydrothermal) Au-(Ag) and Pb-Zn deposits and
porphyry Mo deposits (Figure 2) [45,46]. The magmatic-hydrothermal Au-(Ag) deposits were
mainly formed in the Triassic (225–240 Ma), as exemplified by the Baiyun and Yangshu deposits
(Table 2). The mineralization of these deposits has been correlated to the granite and the diorite,
which are the result of lithospheric thinning associated with the Paleo-Pacific plate subduction [30,35].
The magmatic-hydrothermal Pb-Zn deposits (e.g., Xiquegou and Zhenzigou) were also formed in the
Triassic (221–232 Ma), whilst the Yaojiagou porphyry Mo deposit was formed in the Jurassic (168 Ma).
The mineralization of these Pb-Zn deposits has been correlated to the granite and the diorite, and that
of the Mo deposit has been correlated to the granite. The Pb-Zn and Mo deposits have been correlated
to large-scale delamination [7,35].
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Mo deposit was formed in the Jurassic (168 Ma). The mineralization of these Pb-Zn deposits 

has been correlated to the granite and the diorite, and that of the Mo deposit has been correlated 

to the granite. The Pb-Zn and Mo deposits have been correlated to large-scale delamination 

[7,35]. 

 

Figure 3. Stratigraphic columns showing the basement rocks, sedimentary cover, and 

magmatic history of the Longgang Terrane and the Liaoji orogenic belt.
Figure 3. Stratigraphic columns showing the basement rocks, sedimentary cover, and magmatic history
of the Longgang Terrane and the Liaoji orogenic belt.
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Figure 4. (a) Histogram of geochronological dating of zircon U-Pb ages of magmatic rocks. (b) 

Histogram of geochronological dating of mineralization. 

The Wulong orefield contains the Wulong and Sidaogou magmatic-hydrothermal (low-to-

moderate hydrothermal) Au deposits. The largest Wulong deposit was formed at 122 Ma [62], whilst 

the Sidaogou deposit in southern Liaodong has no reliable mineralization age data. 

Figure 4. (a) Histogram of geochronological dating of zircon U-Pb ages of magmatic rocks.
(b) Histogram of geochronological dating of mineralization.

The Wulong orefield contains the Wulong and Sidaogou magmatic-hydrothermal
(low-to-moderate hydrothermal) Au deposits. The largest Wulong deposit was formed at
122 Ma [62], whilst the Sidaogou deposit in southern Liaodong has no reliable mineralization age data.
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The Maoling orefield contains the Jurassic, Maoling, Fenshui, and Wangjiawaizi
magmatic-hydrothermal (low-to-moderate hydrothermal) Au deposits (186–189 Ma) [44,60,61].
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Figure 5. (a) Total alkali (Na2O + K2O) versus SiO2 diagram. (b) A/CNK (molecular Al2O3/(CaO + Na2O
+ K2O)) versus zircon U-Pb age diagram. Dates are in Table 1 and the Supplementary Material Table S1.

3. Methods

Published zircon U-Pb age and Hf isotope data (35 samples) and whole-rock Sr-Nd isotope
data (35 samples) from the Liaodong Peninsula have been compiled. Data compiled were from
Paleoproterozoic to Cretaceous rocks, including (porphyritic) granite, monzogranite, lamprophyre,
plagiogranite, (gneissic) granodiorite, (quartz) diorite, and syenodiorite. New data were also added
in this study via collecting and analyzing (for zircon Lu-Hf isotopes) samples from the Qingchengzi
orefield. The Zircon U-Pb age of the Miaonangou gabbro near the Baiyun gold deposit was in
1252 Ma [63], and the porphyrie (diorite, monzogranite) in the Baiyun deposit were emplaced in
229–222 Ma [63,64]. The Gujiapuzi granite porphyry in the Qingchengzi orefield was in 219 Ma [63].

Zircon Hf isotopes were analyzed using a 193-nm laser ablation (LA) system attached to a Neptune
multi-collector (MC)-ICP-MS (Laboratory of Isotope Geology, Tianjin Institute of Geology and Mineral
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Resources, China). A laser pulse (100 mJ energy, 10 Hz frequency, 50 µm beam size) was used for the
laser ablation [65]. Isobaric interference of 176Lu on 176Hf was corrected on the basis of the measured
175Lu value and the recommended 176Lu/175Lu ratio of 0.02655. Similarly, the 176Yb/172Yb value of
0.5887 and mean β Yb value obtained during Hf analysis on the same spot were used for interference
correction of 176Yb on 176Hf [66,67]. A 176Lu decay constant of 1.865 × 10−11-year−1 [68] and the
chondritic ratios of 176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336 [69] were used to calculate the
εHf(t) values [70–72].

The Hf-Nd contour maps were produced using the inverse distance weighted interpolation
method in the MapGIS 6.7 (Manufacturer is Zondy Cyber, Wuhan, China) program to contour the Hf
and Nd dataset, which accounts for the distance between sample points in the most representative
manner [73–75]. In order to produce the most robust spatial representation of the isotopic dataset, this
method used 12 nearest neighbors at a power of 2 following [24]. All isotope data were grouped by
the geometric interval method designated for class breaks. This ensured that each class range had
approximately the same number of values, and that the change between intervals was fairly consistent.
All point data shown in the contour maps represent the median for a range of Hf-Nd isotope values
from an individual sample, which helped to minimize data anomalies [23,28,76].

4. Results

4.1. Zircon Hf Isotope Features

Zircon εHf(t) values of the Longgang terrane vary from −18.9 to 5.8 (average −3.3), and the old
crustal Hf model ages (TDM

C) range from 994 to 2058 Ma (average 1349 Ma). Zircon εHf(t) values
of the Liaoji orogenic belt vary from −33 to 11.7 (average −11.4), and the TDM

C range from 763 to
2785 Ma (average 1449 Ma).

For the Paleoproterozoic rocks, the εHf(t) and TDM
C ranged from −17.4 to 7.9 (average −0.8)

and from 2036 to 3874 Ma (average 2948 Ma), respectively. For the Triassic rocks, the zircon εHf(t)
and TDM

C ranged from −18.9 to 5.2 (average −11.5) and from 763 to 2613 Ma (average 1422 Ma),
respectively. For the Jurassic rocks, the zircon εHf(t) and TDM

C range from −28.9 to −1.1 (average
−16.3) and from 1505 to 2785 Ma (average 2041 Ma), respectively (Table S2).

Contour maps of the zircon εHf(t) values for the Paleoproterozoic-Cretaceous Liaodong magmatic
rocks show four high εHf(t) domains and two low εHf(t) domains, among which two high εHf(t)
domains are in the Longgang terrane, and the other two are in the Liaoji orogenic belt (Figure 6).
There are two low εHf(t) domains in the Longgang terrane and the Liaoji orogenic belt, respectively
(Figure 6).

4.2. Whole-Rock Sr-Nd Isotope Features

The (87Sr/86Sr)i ratios of the Liaoji orogenic belt and the Longgang terrane range from 0.7044 to
0.7215 (average 0.7098) and from 0.7037 to 0.7306 (average 0.7085), respectively. The εNd values of the
Liaoji belt and the Longgang terrane range from −24.9 to −0.9 (average −14.1) and from −18.9 to 3.82
(average −5.1), respectively (Table S3).

For the Cretaceous rocks, the εNd and TDM values range from −19.3 to −11.9 (average −15.1) and
from 1388 to 2191 Ma (average 1831 Ma). For the Jurassic rocks, the (87Sr/86Sr)i, εNd, and TDM values
range from 0.7044 to 0.7215 (average 0.7104), −24.9 to −9.6 (average −11.2), and 1110 to 2826 Ma
(average 1888 Ma), respectively. For the Triassic rocks, the (87Sr/86Sr)i, εNd, and TDM values range
from 0.7037 to 0.7306 (average 0.7082), −18.9 to 3.82 (average −9.5), and 726 to 2290 Ma (average
1541 Ma), respectively. For the Paleoproterozoic rocks, the εNd and TDM values range from −16.2 to
−0.9 (average −5.8) and from 2480 to 2813 Ma (average 2279 Ma), respectively (Table S3).

The Contour maps of whole-rock Nd isotopes for the Paleoproterozoic-Cretaceous magmatic
rocks show three high εNd domains and four low εNd domains in the region. One high εNd and one

34



Minerals 2019, 9, 179

low εNd domain are in the Longgang terrane, and the other two high εNd domains and three low
εNd domains are in the Liaoji belt (Figure 7).
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5. Discussion

5.1. Lithospheric Architecture of the Liaodong Peninsula

In the Longgang terrane, there are two domains characterized by high εHf values (Figure 6),
that are present in the area of the Triassic and Paleoproterozoic granite and diorite (Figure 1) and
indicate that the granite and the diorite of this area are derived from the mantle or juvenile lower crust.
There are also two domains characterized by low-εHf in the Longgang terrane (Figure 6), that indicate
the magmatic rocks of this area are derived from the lower crust. In the Liaoji orogenic belt, there
are two domains characterized by high-εHf (Figure 6), which are present in the area of Triassic and
Paleoproterozoic granite and diorite (Figure 1), and indicate that the rocks are derived from the mantle
or juvenile lower crust. There are also two low-εHf domains in the Liaoji orogenic belt (Figure 6) that
indicate the crustal origin of the magmatic rocks in this area.

There is one high εNd domain in the Longgang terrane, and there are two high εNd domains in
the Liaoji orogenic belt (Figure 7). However, the εNd values of the two domains in the Liaoji orogenic
belt are still below zero. Therefore, the magmatic rocks in the Liaoji orogenic belt are derived from the
lower crust. The high εNd domain in the Longgang terrane is present in the area of the Triassic granite
and the diorite (Figure 7). This also can indicate that the granite and the diorite are mostly derived
from the mantle or juvenile lower crust.

In the Longgang terrane, the area of the Triassic granite and the diorite with high-εHf and
high-εNd shows that the magmatic rocks are derived from the juvenile lower crust (Figure 8). The high
(87Sr/86Sr)i ratios also support this evidence (Figure 9). The area of Paleoproterozoic granite and diorite
with high-εHf in the Longgang terrane shows that the magmatic rocks are from juvenile lower crust
(Figure 8). In the Liaoji orogenic belt, the area of Triassic granite and diorite with high-εHf shows that
the magmatic rocks are from the juvenile lower crust (Figure 8). The area of Paleoproterozoic granite
and diorite with high-εHf shows that the magmatic rocks are from the depleted mantle (Figure 8).
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In the Paleoproterozoic, the Tanlu fault may have experienced dextral shear movement, and the
intense regional extension creating the Liaodong rift valley [77], although the actual timing and number
of stages (argued variably from four to six) of the rifting process remain controversial. The timing of
rifting is also variably attributed from 2.3 to 1.7 Ga or from 2.3 to 1.8 Ga [9,77]. The magmatic rocks in
the Longgang terrane are from the juvenile lower crust and the ancient lower crust, but the magmatic
rocks in the Liaoji orogenic belt are from the depleted mantle and the ancient lower crust (Figures 6–8).
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In the Mesozoic, the Liaodong Peninsula was likely in a post-collisional extensional setting [9,78,79],
and the Paleo-Pacific plate may have subducted beneath the NCC [6,9]. Zircon and monazite SHRIMP
U-Pb dating suggested that the continental collision took place in 220–240 Ma [80–82]. In the Triassic,
the collision between North China and Paleo-Pacific plate likely caused the lithospheric thickening in
the Liaoji rift [30,35,83]. The Triassic magmatic rocks are derived from the juvenile lower crust and the
ancient lower crust (Figures 6–9). The rocks have positive whole rock εNd(t) and zircon εHf(t) values,
indicating a juvenile lower crustal source. In addition, the Triassic magmatic rocks with high SiO2 contents
and low MgO concentrations have strong negative and variable whole rock εNd(t) and zircon εHf(t)
values, indicating that they were derived from partial melting of the ancient lower crustal materials with
involvement of mantle components [12]. In the Jurassic, the lithospheric thickening continued [1,84–88].
The sources of the magmatic rocks are from the ancient lower crust (Figures 6–9). The rocks with strong
negative and variable whole rock εNd(t) and zircon εHf(t) values indicate that they were derived from
partial melting of the Precambrian basement [7]. In the Cretaceous, large-scale delamination may have
taken place [35,89]. The magmatic rocks have the same characteristics of whole rock εNd(t) and zircon
εHf(t) values as those of Cretaceous magmatic rocks. Therefore, the sources of the magmatic rocks are also
derived from the ancient lower crust (Figures 6, 7 and 9).
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5.2. Regional Tectonic Evolution and Relation to Mineralization

The Triassic is the principal metallogenic epoch in Liaodong. Deposits formed in the Triassic
include the Zhenzigou, Nanshan, Diannan, and Xiquegou low-to-moderate hydrothermal Pb-Zn
deposits, the Baiyun and Xiaotongjiapuzi low-to-moderate hydrothermal Au-Ag deposits, and the
Gaojiapuzi low-to-moderate hydrothermal Ag deposits, that are all located in the Qingchengzi
orefield (Table 2). The mineralization ages (221–240 Ma) are consistent with the magmatic ages
(210–230 Ma), suggestive of a magmatic-hydrothermal genesis for these deposits [8]. The Sr and Pb
isotope characteristics of the deposits in the Qingchengzi orefield show that the ore-forming materials
were derived from the magma and metamorphosed sequences [8,64]. The deposits of the Qingchengzi
orefield are clustered in regions with high-εHf (Figures 6, 8 and 9). This infers that the deposits are
correlated to the magma, and that the magma is derived from the juvenile lower crust and the ancient
lower crust (Figure 10a).
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Figure 10. (a) Lithospheric architecture of the Liaodong Peninsula in the Triassic. (b) Lithospheric
architecture of the Liaodong Peninsula in the Jurassic. (c) Lithospheric architecture of the Liaodong
Peninsula in the Cretaceous.

In the Jurassic, the Maoling and Fenshui low-to-moderate hydrothermal Au deposits were formed
in the Maoling orefield, and the Yaojiagou porphyry Mo deposit was formed in the Qingchengzi orefield
(Table 2). Sulfur isotopes from the Miaoling deposit show typical magmatic sulfur characteristics [90].
The Pb isotope characteristics of the deposit show that the ore-forming materials came from the magma
and the metamorphic sequences [90]. The deposits are clustered in regions with low εHf and εNd
values (Figures 6–9). This infers that the deposits are correlated to the magma, which is derived from
the ancient lower crust (Figure 10b).

The Cretaceous is another important metallogenic epoch. The Wulong orefield contains Wulong
and Sidaogou low-to-moderate hydrothermal Au deposits. The characteristics of Sr and Pb isotopices
suggest that the rock- and ore-forming and diagenetic materials of the Sanguliu granite near the Wulong
orefield were derived from the magmatic rocks [62]. The H-O isotopes characteristics demonstrate that
the ore-forming fluid came from magmatic fluid [62]. The deposits are clustered in regions with low
εHf and εNd values (Figures 6–9). This infers that the deposits are correlated to the magma, which is
derived from the ancient lower crust (Figure 10c).

6. Conclusions

In the Triassic, the Paleo-Pacific plate subducted beneath the NCC and caused the lithospheric
thickening. The Triassic ore deposits are characterized by high εHf(t) values, and are correlated
to the magma, which is derived from the juvenile lower crust and the ancient lower crust. In the
Jurassic, the lithospheric thickening continued. The Jurassic ore deposits are characterized by low
εHf(t) and εNd values and are correlated to the magma derived from the ancient lower crust. In the
Cretaceous, large-scale delamination may have taken place in this period. The Cretaceous ore deposits
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are characterized by low εHf(t) and εNd values, and are correlated to the magma, which is derived
from the ancient lower crust.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/3/179/s1,
Table S1: Major elements datas, Table S2: Hf isotope, Table S3: Sr-Nd isotope.
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Abstract: The Early Cretaceous Sanshandao gold deposit, the largest deposit in the Sanshandao-Cangshang
goldfield, is located in the northwestern part of the Jiaodong peninsula. It is host to Mesozoic granitoids
and is controlled by the north by northeast (NNE) to northeast (NE)-trending Sanshandao-Cangshang
fault. Two gold mineralizations were identified in the deposit’s disseminated and stockwork veinlets
and quartz–sulfide veins, which are typically enveloped by broad alteration selvages. Based on the
cross-cutting relationships and mineralogical and textural characteristics, four stages have been identified
for both styles of mineralization: Pyrite–quartz (stage 1), quartz–pyrite (stage 2), quartz–pyrite–base
metal–sulfide (stage 3), and quartz–carbonate (stage 4), with gold mainly occurring in stages 2 and 3. Three
types of fluid inclusion have been distinguished on the basis of fluid-inclusion assemblages in quartz and
calcite from the four stages: Pure CO2 gas (type I), CO2–H2O inclusions (type II), and aqueous inclusions
(type III). Early-stage (stage 1) quartz primary inclusions are only type II inclusions, with trapping at
280–400 ◦C and salinity at 0.35 wt %–10.4 wt % NaCl equivalent. The main mineralizing stages (stages 2
and 3) typically contain primary fluid-inclusion assemblages of all three types, which show similar phase
transition temperatures and are trapped between 210 and 320 ◦C. The late stage (stage 4) quartz and calcite
contain only type III aqueous inclusions with trapping temperatures of 150–230 ◦C. The δ34S values of
the hydrothermal sulfides from the main stage range from 7.7h to 12.6h with an average of 10.15h.
The δ18O values of hydrothermal quartz mainly occur between 9.7h and 15.1h (mainly 10.7h–12.5h,
average 12.4h); calculated fluid δ18O values are from 0.97h to 10.79h with a median value of 5.5h.
The δDwater values calculated from hydrothermal sericite range from −67h to −48h. Considering the
fluid-inclusion compositions, δ18O and δD compositions of ore-forming fluids, and regional geological
events, the most likely ultimate potential fluid and metal would have originated from dehydration and
desulfidation of the subducting paleo-Pacific slab and the subsequent devolatilization of the enriched
mantle wedge. Fluid immiscibility occurred during the main ore-forming stage due to pressure decrease
from the early stage (165–200 MPa) to the main stage (90–175 MPa). Followed by the changing physical
and chemical conditions, the metallic elements (including Au) in the fluid could no longer exist in the
form of complexes and precipitated from the fluid. Water–rock sulfidation and pressure fluctuations, with
associated fluid unmixing and other chemical changes, were the two main mechanisms of gold deposition.

Keywords: fluid inclusion; stable isotopes; gold deposition; Sanshandao gold deposit; Jiaodong
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1. Introduction

The Jiaodong gold province, being the largest gold producer in China, is located in the
southeastern part of the North China Craton (NCC) (Figure 1) [1–4], with gold reserves above
3000 t [5]. The gold deposits in Jiaodong Province are hosted predominantly by Late Mesozoic
granitoids [6–10] and are controlled by northeast to north by northeast (NE–NNE) trending faults,
making Jiaodong one of the biggest known mesothermal lode-gold provinces hosted in granitoids in
the world [8]. Two styles of gold mineralization have been identified in this area: The Linglong-type
and the Jiaojia-type [11]. The Linglong-type gold mineralization is characterized by single or multiple
quartz veins, hosted in second- or third-order faults cutting the Mesozoic granitoids (Figure 1).
The Jiaojia-type gold deposits are dominated by disseminated and stockwork-style altered ores that
generally occur along major regional faults (Figure 1) [12], which are commonly surrounded by
widespread hydrothermal alteration.
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Many studies have focused on geological features, ore-forming age, ore fluid characteristics,
origin of the ore-forming fluid and metals, and geodynamic setting [7,12–21], all of which indicate that
gold deposits throughout the whole Jiaodong Peninsula formed in broadly uniform hydrothermal
fluid and physicochemical conditions [12]. Despite these intensive studies, a universal answer is
not yet available, and the question of source of the ore fluids and metals is still open, as well as the
genesis of gold deposit [22–30]. Fan et al. [17] concluded that the ore-forming fluids derived from
mantle magma degassing in the shallow crust and are a combination of crustal and mantle components.
Wang et al. [31] revealed the ore-fluid P–T–X (pressure–temperature–composition) conditions of most
deposits are consistent with those typical of a metamorphic source. However, Yang et al. [32] and
Deng et al. [33] proposed that the origin of the ore-forming fluid and materials may be associated with
the Paleo-Pacific oceanic subducting slab.
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As the Jiaojia-type deposit is now considered to be the most important and typical gold resource
in this area, the distinctive geological background, structural setting, and metallogenic characteristics
in the Sanshandao gold deposit provide an excellent opportunity to evaluate the gold depositional
processes for the disseminated style mineralization in detail. Although certain studies have been
completed on the ore fluid of the Sanshandao deposit, the P–T conditions of gold deposition
have not been well defined [17]. If fluid immiscibility did occur during gold precipitation at the
deposits [34], then the homogenization temperature and pressure would correspond to the trapping
P–T conditions [35,36] and a pressure correction is unnecessary [37,38].

Fluid-inclusion data, ore petrography, and structural mapping are keys to determining ore
genesis [39]. Fluid inclusions (FIs) trapped in hydrothermal minerals provide the best available method
for defining the physical and chemical conditions of ore-forming fluids in fossilized hydrothermal
systems [40]. Detailed FI study is essential to determine the origin and evolution of the ore-forming
fluids. In this paper, based on detailed field and petrographic observations, FI analyses and isotope
(H, O, S) compositions of the ores, the ore fluid, and metal origin and evolution together with the
genesis of gold deposits were evaluated in detail.

2. Regional Geology

The Jiaodong Peninsula is located in the southeastern part of the NNC, bounded by the north
to northeast (N–NE)-trending Tan-Lu fault to the west and by the Su-Lu Ultra-High Pressure (UHP)
metamorphic belt to the south (Figure 1). The Peninsula comprises the Jiaobei terrane in the
northwest and Sulu terrane in the southeast. The two terranes were sutured together along the
Wulian–Qingdao–Yantai fault during continental collision in the Triassic to Early Jurassic [26,41]
(Figure 1). Almost all the largest gold deposits and more than 90% gold resources are preserved in the
Jiaobei terrane.

The Jiaobei terrane is composed of the Jiaobei uplift in the north and the Jiaolai basin in the south.
The former is principally defined by Precambrian basement and supracrustal rocks cut by Mesozoic
intrusions. The Precambrian basement consists of the Neoarchean Jiaodong Group (amphibolite
and mafic granulite sequence), Paleoproterozoic Fenzishan and Jingshan Group (schist, paragneiss,
calc–silicate rocks, marble, and minor mafic granulite and amphibolite), and Neoproterozoic Penglai
Group, which is dominated by marble, slate, and quartzite [1,21,42–44]. The Jiaodong Group is
unconformable, overlain by the Fenzishan and Jingshan Group. The Jiaolai Basin mainly consists of
Mesozoic volcanic rocks, which refer to the Qingshan Formation; these Mesozoic volcanic rocks formed
at ca. 108–110 Ma [11]. The Qingshan Formation comprises two units, with the upper assemblage
composed of rhyolite flows and pyroclastic rocks, underlain by the lower assemblage characterized by
trachybasalt, latite, and trachyte [45].

The widespread Mesozoic granitoids in the Jiaodong province are traditionally divided into
the Linglong, Guojialing, and Aishan Suites [46,47], with the gold mineralization being mainly
hosted in the former two suites (Figure 1). The Linglong Suite is distributed between the Jiaojia
and Zhaoping fault zones, composed of garnet granite, biotite granite, and amphibole-bearing biotite
granite [48,49], and considered to be generated by partial melting of remnant thickened Archaean
lower crust during 165–150 Ma. The 132–123 Ma Guojialing Suite [13,50], which intruded into both
the Late Jurassic granitoids and the Precambrian basement, mainly consists of porphyritic quartz
monzonite, granodiorite, and monzogranite [46,51], and was likely derived from intense crust-mantle
interaction [41,49]. The Guojialing Suite was cut by the later Early Cretaceous Aishan granitoids at
ca. 118 to 110 Ma [52]; the Aishan granitoids mainly include monzogranites and syenogranites of
I-type affinity with local alkali-feldspar granite of A-type affinity [13]. In addition to the granitoids
introduced above, many mafic to felsic dikes were emplaced at ca. 122–114 Ma in the gold district.
They are represented by dolerite, lamprophyre, granodiorite, and syenite. The genesis of these rocks
was probably caused by magma activity associated with the Cretaceous lithospheric thinning and
asthenospheric upwelling [19,53].
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Regional structures mainly include the EW, NNE–NE, and NW trending fault zones. The EW
tectonic belt is a basement structure, maintain long-term activity since the Yanshan movement,
mainly characterized by folds and ductile shear zones. The NW trending fault zones formed in
the Archean era, followed by inherited activities during the Late Proterozoic era and large-scale intense
activities accompanied by magmatism and volcanism in the Mesozoic era [25]. The NE–NNE trending
faults are the most important ore controlling structures in Jiaodong district. There are four fault
systems from west to east: SSDF (Sanshandao fault), JJF (Jiaojia fault), LDF (Zhaoping fault), and QXF
(Qixia fault) (Figure 1), corresponding to four gold belts. These faults are argued to be subsidiary
structures to the regional Tan-Lu fault system. Two main stages of deformation during the late
Mesozoic era have been identified. The first stage is characterized by brittle-ductile shear zones with
sinistral oblique reverse movements, caused by northwest–southeast oblique compression [5,13,54].
This was followed by development of brittle normal faults [3,55], accompanied by hydrothermal
alteration and gold mineralization [47].

The Sanshandao fault zone is located at the western part of the Jiaodong gold district; the majority
of the fault zone is covered by Quaternary sedimentary rock, which is locally exposed to the surface; the
fault is 12 km long with a width of 50–200 m. The distribution of the fault zone on the plane is S-type,
and generally strikes 40◦ NE and dips 45◦–75◦ SE. The fault zone mainly develops along the contact
between the Linglong suite and Malianzhuang suite, with a continuous and stable main fault plane,
characterized by mylonite and cataclastic rocks. More than 13% of the gold reserves (including the
giant Sanshandao gold, Xinli, and Cangshang deposits) are hosted in the Sanshandao-Cangshang fault
zone (Figures 1 and 2).
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Figure 2. Simplified geological map (a) and geological cross section (b) of the Sanshandao gold
deposit [21].

3. Deposit Geology

The Sanshandao gold deposit is located in the northwestern part of the Jiaobei uplift, about
25 km north of Laizhou City (Figure 1), with a proven gold reserve of >200 t. A total of 80 t gold
has already been produced with an estimated annual gold production of 8 t (Data from Shandong
Gold Group Co., Ltd.). In the deposit, the Sanshandao fault follows the contact between the Linglong
granite and Jiaodong group metamorphic rocks in the hanging wall, and the Guojialing Granodiorite
accompanied by minor Linglong granite in the footwall (Figure 2). Linglong granite is intruded by
Guojialing Granodiorite, showing a medium-grained equigranular texture, consisting mainly of Biotite,
K-feldspar, plagioclase, quartz, and a small amount of magnetite and apatite. Guojialing granodiorite
is characterized by a porphyritic-like texture, and the mineral assemblages are analogous to that of the
Linglong granite, but with more hornblende. Dynamic recrystallized quartz occurs commonly in the
Linglong and Guojialing granitoids, indicating the two suites underwent subsolid ductile deformation
before mineralization.

The Sanshandao gold deposit is controlled by the Sanshandao fault. This fault generally trends
northeast, dips 50◦ southeast, and extends offshore into the Bohai Sea. The fault zone is characterized
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by fault gouge, mylonite, hydrothermal breccias, and cataclastic rocks, which comprise zones up to
tens of meters thick of K-feldspar, quartz, and sericite, with both disseminated pyrite and pyrite–quartz
stockworks [11], reflecting early shearing and late brittle fracturing of the structures along the fault
zone, dominated by brittle failure. Two mineralization styles were identified at the gold deposit and
all hosted in the footwall of the fault zone: Disseminated- and stockwork-style (Figure 3). The former
contains disseminated gold within the granodiorite with strong hydrothermal alteration, including
sericitization, silicification, sulfidation, and K-feldspar wall-rock halos; the degree of alteration and
fracturing decrease with distance from the fault. This is the most common style mineralization in this
deposit. The less common style is the gold–quartz vein/veinlet stockworks mainly controlled by the
subsidiary fault.
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Figure 3. Field photographs demonstrating major geologic bodies with cross-cutting relationships and
different mineral assemblages. (a,b) Disseminated-style ore of stage 1 (early stage); (c) auriferous
quartz vein of stage 2 (main stage) in sericitized and silicified granite; (d) auriferous quartz
vein-style ore of stage 3 (main stage); (e) the early-stage milky white quartz vein with disseminated
pyrite; (f) main stage quartz–pyrite veinlet cut across the early-stage sericite–quartz altered
rock; (g) quartz–base–metal–sulfide vein; (h) late stage (stage 4) quartz–calcite veins cutting the
quartz–base–metal–sulfide vein. Qz—quartz; Gn—galena; Py—pyrite.
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The combined disseminated and veinlet mineralization form tabular orebodies broadly parallel to
the Sanshandao fault zone. Six orebodies have been defined in the Sanshandao gold deposit, all of
which occur in the footwall of the fault zone. The orebodies generally strike NE, dip SE, with the No. 1
orebody being the largest and the No. 2 being second. The No. 1 orebody accounts for 70.35% of
the known gold resources and occurs within the middle to upper part of the pyrite–sericite–quartz
alteration zone. This orebody strikes 35◦ NE, dips 34◦–44◦ SE, extends 1020 m along the strike and
700–1000 m along the dipping direction. It ranges in thickness from 0.95 to 12.08 m (average 6.65 m)
and extends downdip from the –10 m level to below the –1050 m level, with gold grade ranging from
1.74 to 15.4 g/t (average 3.25 g/t). The No. 2 orebody underlays the No. 1 orebody, appearing as
regular pulse, stratiform-like lenses, with a strike of 3◦–40◦ and a dip of 32◦–44◦. It extends 335–380 m
in length with an average thickness of 5.74 m. The gold grade varies from 1.55 to 24.8 g/t (average of
3.13 g/t).

The paragenetic assemblages of the disseminated- and stockwork–veinlet-style ores are shown
in Figures 3 and 4. The ore minerals mainly include pyrite, chalcopyrite, galena, sphalerite,
and arsenopyrite, with minor electrum. The gangue minerals are dominated by quartz, sericite,
and calcite. Combining mineral assemblages and textural characteristics with crosscutting relationships
(Figure 3), four mineralization stages have been identified in this deposit: Pyrite–quartz–sericite
(stage 1/early stage), quartz–pyrite–arsenopyrite (stage 2/main stage), quartz–base metal–sulfide
(stage 3/main stage), and quartz–carbonate (stage 4/late stage). Stage 1 is characterized by
sericite–quartz-altered rocks or locally pyrite–quartz veins (Figure 3a,b,e). The mineral assemblages
mainly consist of milky white subhedral quartz, sericite, and minor coarse-grained, irregular,
or euhedral pyrite (Figure 4a–c). Little gold precipitated in this stage. Stage 2 is characterized by
quartz–sulfide veins and stockworks and disseminated sulfides occurring in the sericite–quartz-altered
rocks (Figure 4d), or as auriferous quartz–pyrite veins controlled by secondary structures (Figure 3c).
The minerals are dominated by pyrite and white-gray quartz with a small amount of chalcopyrite,
native gold, and pyrrhotite (Figure 4h,i). The gold minerals primarily occur as native gold wrapped
in pyrite (Figure 4i) or fill within in the gaps and/or cracks of pyrite. Stage 3 is characterized by
the assemblage of gold, quartz, base metal sulfide (Figure 3d,g). Large amounts of sulfide minerals
precipitated during this stage, including pyrite, galena, sphalerite, and chalcopyrite (Figure 4e,g).
These base metal sulfides minerals are fine-grained, occur as veinlets or disseminated aggregates,
cutting the early-stage quartz–pyrite veins and veinlets. Gold minerals are mainly native gold,
filling the open fractures in pyrite and/or galena. Stage 4 is characterized by quartz–calcite veinlets,
commonly marking the termination of gold mineralization. Quartz and carbonates form veins and
veinlets cutting the early quartz–pyrite veinlets (Figures 3h and 4f) or quartz–base–metal sulfide veins
in the disseminated ores or subsidiary faults.
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Figure 4. Photomicrographs under (a–d,f) transmitted light, (e) reflected light and (g–i) backscattered
electron images, showing important ore minerals and alteration assemblages at the Sanshandao gold
deposit. (a–c) Typical sericitization alteration consisting of sericite and quartz, with minor pyrite
(stage 1); (d) quartz–pyrite vein (stage 2) occurring in sericite–quartz altered rock; (e) galena cemented
with chalcopyrite replacing the pyrite grain (stage 3); (f) calcite (stage 4) cutting the quartz–pyrite vein
(stage 2); (g,h) typical quartz–pyrite–base–metal–sulfide ore minerals consisting of pyrite, chalcopyrite,
sphalerite, and galena; (i) native gold inclusion in pyrite. Cc—calcite; Ccp—chalcopyrite; Gn—galena;
Py—pyrite; Qtz—quartz; Ser—sericite; Sp—sphalerite.

4. Sampling and Analytical Methods

Samples for fluid-inclusion analysis were selected from −150, −195, −255, −285, −330, −375,
−390, −495, −510, and −600 m levels in the Sanshandao deposit, areas represented by quartz,
quartz–pyrite, quartz–base–metal–sulfides, quartz–carbonate veins, and quartz–sericite–pyrite altered
rocks. More than 100 doubly polished sections (about 0.2 mm thick) were petrographically examined
in detail. Finally, 12 samples (Table 1) were selected for microthermometric and laser Raman
spectroscopic investigations.

Table 1. Samples for microthermometry in the Sanshandao gold deposit.

Sample ID Depth (m) Mineral Sample Depth (m) Mineral

SSD600C −600 Quartz SSD28505 −285 Quartz
SSD51001 −510 Quartz SSD25508 −255 Quartz
SSD49501 −495 Quartz SSD25505 −255 Quartz
SSD39006 −390 Quartz SSD19504 −195 Quartz
SSD37501 −375 Quartz SSD15003 −150 Quartz
SSD33004 −330 Quartz SSD-02 0 Quartz

4.1. Fluid-Inclusion Analysis

Reconnaissance fluid-inclusion petrography was conducted on quartz veins from all paragenetic
stages, recognized by observing intersection and overprinting relationships between different veins
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(veinlets) and alteration types (halos), and temporal–spatial relationships of gangue and ore minerals
using a microscope. Subsequently, optical microscopy and detailed fluid-inclusion petrography were
performed on selected quartz vein samples with a microscope using a series of doubly polished sections.
Accuracy of the microthermometric data on selected fluid inclusions was ensured by calibration against
the triple-point of pure CO2 (–56.6 ◦C), the freezing point of water (0.0 ◦C) and the critical point of
water (374.1 ◦C) using synthetic fluid inclusions supplied by FLUID INC (an incorporation in USA).

The microthermometric analysis of fluid inclusions was performed using a LinkamTHMSG 600
(Linkam Scientific Instruments Company, Surrey, UK) heating–cooling stage (from −198 to 600 ◦C) on
a Leitz microscope (Wetzlar, Germany) at the Fluid Inclusion Laboratories, State Key Laboratory of
Geological Processes and Mineral Resources, China University of Geosciences, Beijing, China. Synthetic
fluid inclusions were used to calibrate the stage to ensure the precision of analysis. Measurements of
the melting temperatures of the carbonic phase (TmCO2), ice final melting temperatures (Tmice) and
clathrate melting temperatures of CO2 (Tmclath) were recorded at the heating rate of 0.1–0.2 ◦C/min.
For the total homogenization and the CO2 homogenization temperatures (ThCO2), the heating rate
was 0.2–0.4 ◦C/min. Salinities were then calculated using Tmice [35,40] and Tmclath [56]. The CO2

densities can be well defined through ThCO2. Bulk composition and density were determined using
the program of Bakker et al. [57] and software of Brown et al. [58].

4.2. Laser Raman Spectroscopy

Laser Raman spectroscopic analysis was carried out at the Institute of Geology and Geophysics
of the Chinese Academy of Sciences (IGGCAS) by using Raman 2000 laser Raman spectrometer
(British Ranishaw, London, UK). The wavelength was 514.5 nm for the Ar ion laser. The spectrum
ranged from 50 to 9000 cm–1, with a reproducibility of ±0.2 cm–1 and a resolution of 2 cm–1. The spatial
resolution was better than 4 µm longitudinally and lower than 1 µm in the transverse direction.

4.3. Isotope Analysis

Isotopes of hydrogen, oxygen, and sulfur were analyzed at the Stable Isotope Laboratory,
National Key Laboratory for Tectonic Evolution of Lithosphere, Institute of Geology and Geophysics,
Chinese Academy of Sciences (IGGCAS, Beijing, China). Samples from different ore-forming stages
were crushed to 40–60 mesh to separate the mineral grains. The quartz, calcite, and pyrite grains for
isotopic analysis were handpicked under a binocular microscope to achieve 99% purity.

For hydrogen isotopic measurement, the water from secondary fluid inclusions were gradually
removed in a vacuum system after drying the selected single mineral below 105 ◦C, then heating to
600 ◦C to cause the remaining inclusions to burst. The released water was disposed by collection,
condensation, and purification, and replaced by zinc to obtain the hydrogen for mass spectrometry
analysis [59]. Oxygen isotope analyses of quartz were conducted on the same samples for hydrogen
isotopes using the following procedure. First, quartz grains were reacted with BrF5 for 15 hours
at 500–550 ◦C to produce oxygen. Then, the generating O2 was purified using liquid nitrogen
and converted to CO2 on a platinum-coated carbon rod at 700 ◦C for mass spectrometry analysis.
Both oxygen and hydrogen determinations were made on a MAT-252 (Finnigan company, San Francisco,
CA, USA) mass spectrometer. The H–O isotope analysis results adopted the Vienna Standard Mean
Ocean Water (V-SMOW), with a precision of ±1h for δD, and ±0.2h for δ18O [59].

For sulfur isotope analyses, 36 pyrite samples from ores of the Sanshandao deposit were used.
SO2 was generated through the reaction of pyrite and cuprous oxide under a vacuum pressure of
2 × 10−2 Pa at 980 ◦C and was measured using a Delta-S (Finnigan company, San Francisco, CA, USA)
mass spectrometer for sulfur isotope analysis. All the sulfur isotopic compositions are reported relative
to CDT (Cañon Diablo Troilite). S isotope analysis results adopted Vienna Cañon Diablo Troilite
(V-CDT) standards, with a precision of ±0.2h [59].
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5. Results

5.1. Fluid-Inclusion Types

Three types of fluid inclusion were identified in this study based on microthermometry and
Raman spectroscopy: Pure CO2 gas (type I), CO2–H2O inclusions (type II), and aqueous inclusions
(type III). Type I inclusions are completely filled with gas, darkened or even black, and are only light at
the center of the bubble. Their size ranges from 5 to 10 µm. We observed that they coexist with the type
II inclusions in the early stage and with type II and type III inclusions in the main stage (Figure 5g).
These inclusions appear alone or scattered and are interpreted to be primary inclusions.
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Figure 5. Photomicrographs of typical fluid inclusions in the Sanshandao gold deposit. (a) Type II
inclusion consisting of two (H2O liquid + CO2 vapor/liquid) phases; (b) type II inclusion consisting
of three (H2O liquid + CO2 liquid + CO2 vapor) phases; (c) type I inclusion consisting of pure gas
(CO2 vapor) phase; (d) type III inclusion consisting of two (H2O liquid + H2O vapor) phases; (e)
fluid-inclusion assemblage (FIA) consists of secondary type III inclusions; (f) FIA consists of type 1
inclusions; (g) FIA consists of type I and type II-l inclusions occurring together in stage 2 quartz; (h) FIA
consists of type II-l inclusions; (i) FIA consists of type II-l and type II-g inclusions occurring together in
stage 3 quartz.

Type II inclusions can be further divided into two subtypes, containing two-phase (VCO2 + LH2O)
or three-phase (VCO2 + LCO2 + LH2O) inclusions at room temperature with sizes from 5 to 15 µm
(Figure 5a). The two-phase inclusions (liquid phase and gas phase) have a boundary between the two
phases denoted by a black circle. They can be subdivided into gas inclusions (II-g type) with gas filling
degree greater than 50% (V/(V + L) > 50%) and aqueous inclusions (II-l type) with liquid filling degree
lower than 50% (L/(V + L) < 50%). In some samples, we found the coexistence of type II-g and II-l
inclusions, or type II and type I inclusions (Figure 5g,i). This reflects the fluid evolution. Components
of the inclusions can be H2O, CO2, or saline solution. The three-phase inclusions usually occur with
VCO2 + LCO2 accounts for 20%–40% of the total volume (Figure 5b).

Type III inclusions consist of two phases (H2O liquid and H2O vapor) and are mostly colorless
(Figure 5d,e); they commonly occur between 5 and 10 µm, with the vapor occupying 5%–30% of the
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total cavity volume. These fluid inclusions have irregular or regular shapes and develop especially in
late-stage quartz. The secondary type III inclusions are generally cut across the crystal boundaries of
quartz with the primary ones occur as isolated singles or group.

The primary fluid inclusions are identified according to (1) the shape of the fluid inclusions.
The shape of primary inclusions is usually regular and scattered, the secondary inclusions are usually
irregular in shape, distributed along healing fissures, and sometimes healing fissures pass through
different minerals; (2) the density, homogenization temperature, salinity, and composition of inclusions
of the same origin are the same or similar, so the inclusions can be compared and classified with known
primary and secondary inclusions. (3) In gold-bearing quartz veins, gold coexists with pyrite, whereas
quartz in pyrite coexists with natural gold and pyrite, so fluid inclusions in quartz can represent the
ore-forming fluids.

5.2. Microthermometry

The early-stage quartz grains mainly include the type II inclusions. The carbonic phase melting
temperatures (TmCO2) range from –56.9 to –56.4 ◦C (Table 2, Figure 6), close to the triple point of
pure CO2 (–56.6 ◦C), indicating that the gas phase mainly comprises CO2 with few other volatiles.
The CO2 clathrate melting temperature is between 7.4 ◦C and 7.7 ◦C, corresponding to salinities of
0.35 wt %–10.4 wt % NaCl equivalent. The carbonic phases (ThCO2) partially homogenize to liquid
at temperatures from 27.4 to 31.2 ◦C. Total homogenization (ThTOT) into liquid of the carbonic and
aqueous occurs between 280 and 400 ◦C, corresponding to densities of 0.61–1.07 g/cm3, (Table 1,
Figure 6).
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In the late stage, type I FIs were generally observed in the quartz–calcite veins. The TmCO2 
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Figure 6. Histograms of microthermometric data showing temperatures of (a) ThTOT and (b) salinity. Figure 6. Histograms of microthermometric data showing temperatures of (a) ThTOT and (b) salinity.

Quartz grains of the main stage include all three type FIs and are dominated by type II and type
III. Melting temperatures of the carbonic phase (TmCO2) of type II inclusions occur between −59.3 and
−57.6 ◦C, commonly below the pure CO2 melting point (−56.6 ◦C), demonstrating that the existence
of other gas components, such as CH4 and N2 [60], Melting temperatures of the CO2 clathrate (Tmclath)
occur between 7.3 ◦C and 8.0 ◦C, corresponding to the fluid salinities from 2.2 wt % to 13.33 wt % NaCl
equivalent. The total (ThTOT) and carbonic phases (ThCO2) homogenization into liquid range between
220 and 320 ◦C and 22 and 31.2 ◦C, respectively. The final ice melting temperature (Tmice) of type III is
between –6.0 and –4.0 ◦C.

In the late stage, type I FIs were generally observed in the quartz–calcite veins. The TmCO2 occurs
between –56.8 and –56.6 ◦C, showing the gas components are almost pure CO2. The Tmclath ranges
from 6.4 to 8.2 ◦C and Tmice is between –3.5 and –0.0 ◦C, yielding salinities of 0.1 wt %–12.5 wt % NaCl
equivalent. Final homogenization into liquid of these inclusions is between 150 and 230 ◦C (Table 1,
Figure 6), yielding densities of 0.82–1 g/cm3.
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5.3. Fluid-Inclusion Composition

Laser Raman spectroscopy indicated that the volatiles of the early mineralization stage are
characterized by CO2 and H2O; no CH4 or N2 were detected (Figure 7b,d). However, in the main
stage, abundant CH4 was detected in many of the type II fluid inclusions (Figure 7a,c), but no H2S
or N2 were detected. This is consistent with the microthermometric results that showed that melting
temperatures of the carbonic phase are near −56.6 ◦C in early-stage mineralization and below −56.6 ◦C
in main stage mineralization. For the type III FIs in the middle- and late-stage quartz, the component
is composed of 100% liquid H2O.
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Figure 7. Representative Raman spectra of fluid inclusions in quartz. (a) Two-phase type II fluid
inclusion, showing a small amount of CH4; (b) three-phase type II fluid inclusion, containing water only;
(c) two-phase type II fluid inclusion, showing much more CH4; and (d) one-phase type I fluid inclusion.

5.4. Isotope Composition

The hydrogen and oxygen isotopic data obtained from this and previous studies in the Sanshandao
deposit are listed in Table 3. The δDV-SMOW values for fluid inclusions in quartz range from –62h to
–100h, with a median value of –86h. The δDV-SMOW values of fluid inclusions in the early stage are
between –86h and –100h, main stage from –62h to –95h (median –84h), and late stage from –70h
to –99h. The δDV-SMOW for the sericite ranges from –48 to –67h in the main stage, with a median
value of –53h. The δ18O values of hydrothermal quartz (δ18OSMOW, h; quartz) occur between 9.7h
and 15.1h (mainly 10.7h–12.5h) with a median of 12.4h (Table 3). Oxygen isotopic compositions
of hydrothermal water in equilibrium with quartz were calculated based on an extrapolation of the
fractionation formula: 1000lnα = δ18Oquartz – δ18OH2O = 3.38 × 106/T2 – 3.40 [61]. The fractionation
factors were calculated using the mean value of the homogenization temperatures of fluid inclusions
from the same ore-forming stage quartz samples. The calculated δ18Owater values range from 0.97h to
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10.79h with a median value of 5.5h. The calculated δ18Owater values of the early stage are 4.9h–9.4h
(median 7.0h); main stage, 4.1h–8.9h (median 6.6h); and late stage, 1.2h–2.6h.

Table 3. Oxygen and hydrogen isotope analyses in the Sanshandao gold deposit.

Stage Sample Mineral δDV-SMOW
(h) δDwater

δ18Omineral
(h) SMOW

δ18Owater
(h) SMOW

T (◦C) Reference

early

SSD28505 quartz −100 13.3 4.9 315 This
study

SSD02 quartz −86 13.5 9.4 350 This
study

quartz 14.0 7.1 320
[62]quartz 15.0 7.0 290

quartz 18.8 7.5 220

main

sericite −52 −36 10.7 7.6 250

[35]

sericite −48 −32 11.7 8.6 250
sericite −52 −36 12.0 8.9 250
sericite −53 −37 9.7 6.6 250
sericite −50 −33 10.9 7.8 250
sericite −67 −51 11.0 7.9 250
quartz −92 12.5 4.1 280

[62]quartz −72 12.8 4.8 290
quartz −62 14.3 6.9 300

[63]quartz −71 14.7 5.3 250
SSD600H quartz −65 13.2 4.7 284

This
study

SSD51001 quartz −95 13.6 5.5 272
SSD49501 quartz −86 13.9 5.9 258
SSD39006 quartz −85 13.9 5.2 255
SSD39007 quartz −84 12.6 4.2 250
SSD25505 quartz −94 12.8 4.4 247

late

quartz −92 13.4 2.5 220 [63]
quartz −70 11.1 1.4 250 [62]

SSD15003 quartz −76 13.5 2.6 200 This
studySSD25508 quartz −99 13.5 1.2 177

The δ34SV-CDT values of pyrite, sphalerite, and galena were all obtained from the main stage in
the Sanshandao gold deposit, listed in Table 4 and graphically shown in Figure 8. The δ34SCDT values
range from 7.8h to 12.6h, with a median value of 11.4h.
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(b) comparison of sulfur isotopic compositions of main mineralization stages at Sanshandao and
related major geologic bodies. The ranges of major geologic bodies were obtained from Yang et al. [12].
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Table 4. Sulfur isotope analyses in the Sanshandao gold deposit.

Mineral δ34S (h) Reference Mineral δ34S (h) Reference

Py 11.1

This
study

Gn 7.9

[64]

Py 9.7 Sp 11.4
Py 11.5 Sp 11.1
Gn 7.8 Py 11.8
Py 11.8 Py 11.6
Py 11.0 Py 11.1
Py 11.0 Py 10.5
Py 10.7 Py 10.4
Py 11.8

[63]

Cp 8.3
[65]Py 12.6 Py 9.5

Py 12.6 Py 12.0

[35]
Py 12.6 Py 12.0
Cp 10.1 Py 11.7
Cp 10.7 Py 11.9
Cp 10.5 Py 11.5
Py 11.3

[64]
Py 12.6

[65]Cp 11.5 Py 12.5
Cp 11.4 Py 12.1

6. Discussion

6.1. Fluid Immiscibility in the Main Stage

As described above, the type I, II, and III FIs coexisted during the main stage at the Sanshandao
gold deposit (Figure 5). These FIs are spatially associated with each other, indicating that the
ore-forming fluids were in a heterogeneous thermal condition when they were trapped [31].
This phenomenon can result from one of the three possible mechanisms: (1) Fluid immiscibility
by unmixing from the homogeneous fluid [32], (2) mixing of different fluids [66], and (3) necking down
as the fluids were not necessarily heterogeneous during trapping [57].

Mixing of two different fluids would cause the inclusions to show a wide range of compositions
and degrees of filling [66], which was not observed here. The inclusions in the main-stage quartz
grains of vein- and veinlet-style ores have two end-members (>30%VCO2 type II-l inclusions and
>50% VCO2 type II-g inclusions), rather than a continuum of compositions, suggesting that mixing of
two separate fluids was not the primary cause for the coexisting of types 1 and 2 inclusions. All the
fluid inclusions selected for microthermometry and laser Raman studies were primary in origin.
They commonly developed in undeformed quartz grains, with regular shape and constant degrees
of gas fill (Figure 5), without any evidence of necking down [57], indicating that the fluid-inclusion
assemblage in the main stage quartz of vein- and veinlet-style ores were unaffected (or minimally
affected) by post-entrapment deformation.

The initial homogeneous ore-forming fluids underwent fluid immiscibility during the main stage
in the Sanshandao gold deposit, as evidenced by: (1) All the three types fluid inclusions appear in the
same growth phase of the quartz (Figure 5g–i), which shows that these FIs formed contemporaneously;
(2) the total homogenization temperatures of type II inclusions are higher than those of aqueous
inclusions (type III), and this also agrees with fluid immiscibility [64]; (3) the fluid salinity in the
Sanshandao deposit shows a rising tend from the early stage to the main stage (Figure 9), consistent
with fluid immiscibility (or phase separation) leading to higher salinity during evolution of the
ore-forming liquid; (4) the type II-l inclusions and type II-g coexist as an isolated group, the type II-l
inclusions homogenized to the liquid, and some of type II-g inclusions with high CO2 phase(s) volumes
homogenized to the vapor; and (5) two type II fluid inclusions with abnormal high density occur at
about 300 ◦C in the Sanshandao gold deposit (Figure 10). The density of these two fluid inclusions is
obviously higher than that of the other inclusions. Together with their high homogenization pressures,
this shows that CO2-rich overpressure fluid exists in the Sanshandao deposit, and the existence of
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such overpressure fluids is also likely to cause decompression boiling, which will also lead to fluid
immiscibility. Finally, we think that fluid immiscibility was an important gold precipitation mechanism
in the Sanshandao deposit.
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6.2. Source and Evolution of Ore-Forming Fluids

6.2.1. Source of Ore-Forming Fluids

The δ18O and δD compositions of ore-forming fluids in the Sanshandao gold deposit are shown
in Table 2 and Figure 11. The calculated δ18Owater values of ore-forming fluids vary from 0.97h to
10.79h, with the median values decreasing from 7.45h, to 5.5h, to 1.36h from the early stage to
late stage, respectively, indicating these calculations are not credible because the calculated δ18Owater

values decreased from early stage to late stage mainly due to the decrease in equilibrium temperature,
but the final homogenization temperature of fluid inclusions used for calculation is probably not the
mineral–fluid equilibrium temperature [29]. Considering the similar median values of δ18OSMOW

(quartz) for each hydrothermal stage (Table 3), the quartz in the four stages is probably deposited from
the same fluid with a very constant δ18O composition. The δD values of the fluid inclusions in the
quartz range from −100h to −48h, with nearly constant median values from early stage to late stage.
The calculated δDwater values of hydrothermal waters in equilibrium with sericite are ~30h less than
that of the fluid inclusions in the quartz; thus, the reliability of these two results must be questioned.
The single primary fluid inclusions being selected for microthermometry, different generations of fluid
inclusions being trapped in quartz grains, and the large amount of secondary fluid inclusions probably
caused the δD values of the hydrothermal fluids in each stage to be incorrect. By contrast, the sericite
in the main stage was defined by detailed petrographic observation. Therefore, the calculated δDwater

values are more reliable. The most likely true δ18O and δD compositions of the primary ore-forming
fluid in the Sanshandao gold deposit were calculated from quartz and sericite, respectively (Figure 11).
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Figure 11. Isotopic compositions of oxygen and hydrogen in the Sanshandao gold deposit using
data from Table 2. Blue circle and brown circles represent the data obtained from quartz and
sericite, respectively.

Most of the data from sericite were recorded from the metamorphic water field, with some data
from the field between metamorphic water and primary magmatic water. The ore-forming fluid of
the Sanshandao gold deposit could have been derived from metamorphic fluid or primary magmatic
water. The salinity of the ore-forming fluid in the Sanshandao deposit is generally lower (<10%)
than that of the magmatic–hydrothermal fluids. The low salinity (<10 eqv. wt % NaCl) is different
from the normally high salinity magmatic–hydrothermal fluids [29,67]. All the FI homogenization
temperatures of the ore-forming fluid are less than 500 ◦C in this study, which is also inconsistent
with the property of magmatic–hydrothermal fluids [68]. Deng et al. [25] studied the stable isotopes
(H–O–C–S–Sr) in the Xinli gold deposit and revealed that δDSMOW and δ18OH2O from the main stage
are −69.6h to −88.3h and from 2.82h to 5.34h, respectively; δ13CPDB and δ18OSMOW of late stage are
from −6.4h to −2.4h and from 9.8h to 11.6h, respectively; and δ34S and 87Sr/86Sr ratios are from
9.42h to 11.62h and from 0.710657 to 0.711542, respectively. They suggested that the ore-forming
fluid genetically originated from the subducting slab and metasomatized mantle, akin to the magmatic
water. Yang et al. [29] reported consistent stable isotopic (H–O–S) compositions and discussed their
result for the Taishang gold deposit. Wang [28] studied the REE (rare earth element) composition of
fluids in different mineralization stages in the Jiaojia gold field and found that the total REE content of
metallogenic pyrite demonstrated a trend of first increasing and then decreasing from the early to late
stage. This indicates that the metamorphism in the early stage is weak and strengthened in the main
stage, then decreased again in the late stage. They combined evolution of the REE composition and
H–O isotope analysis also suggested that the ore-forming fluid originated from metamorphic water.
As an exceptionally large fluid flux with a mixed H2O–CO2–CH4 is required, the ore-forming fluid in
the Sanshandao gold deposit probably had a metamorphic source.

The source of ore-forming fluids cannot be the Late Archean Jiaodong Group metamorphic rocks
because the gold event occurred about 2 billion years later than the regional high-grade metamorphism.
These components would have been lost from the rocks. As an exceptionally large fluid flux with
a mixed H2O–CO2–CH4 is required, the potential fluid reservoirs could be associated with the
dehydration and decarbonization of the subducting Paleo-Pacific plate.

The δ34S values of hydrothermal pyrite in the main stage have a narrow range, from 7.9h to 12.6h
(Figure 8) with average of 10.25h. These values are near or outside the upper ranges of the Linglong
granite (6.1h–10.1h) [35], Guojialing granite (2.7h–10.0h) [29], Mesozoic intermediate-basic dykes
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(5.3h–10.8h) [12], and the Jingshan Group [68] (Figure 8), but higher than that of the metamorphic
rocks in the Jiaodong Group [35] (7.2h–7.6h) and the majority of lode gold deposits (Figure 8).
The pyrite δ34S from different sampling locations in the Sanshandao deposit are nearly invariable and
consistent with other typical Jiaojia-type gold deposits. Similarly, in the Xinli gold deposit, the pyrites
δ34S display little variation [25]. The sulfur was suggested to be directly sourced from the Mesozoic
granites, which probably scavenged the sulfur from the Jiaodong and Jingshan Groups [18,69,70].
Goldfarb and Santosh [6] ruled out the above argument on the basis of the evidence of the geological
relationship and radiometric ages and proposed that the heavy sulfur could have been derived from
the subducting marine sediments.

The enrichment of heavy sulfur isotopes is diagnostic of submarine exhalative deposits, the sulfur
in which is mainly derived from non-bacterial reduction of isotopically heavy marine sulfate [71,72].
Zhu et al. [73] suggested that the heavy S isotope signature of both deposit types in Jiaodong indicates
that the sulfur was derived from the reduction of marine sulfate. The heavy S isotope compositions
originating from the reduction of seawater sulfate have been found in most sediment-hosted orogenic
Au deposits, VHMS, and SEDEX Cu–Zn–Pb deposits [73–76]. However, the wall rocks of the Jiaodong
gold deposits, dominated by Mesozoic granite and the Neoarchaean basement rocks, could not supply
seawater sulfate, and the possibility of the heavy S isotope being derived from recycled seawater in
ore-forming fluids was also ruled out by the H–O isotope compositions [17]. Considering the existence
of many mafic dikes, which are associated with subduction of the Palaeo-Pacific plate nearly coeval
with gold mineralization, sedimentary materials derived from the slab are a possible sulfur source.
The possibility that the heavy sulfur could have been derived directly from evolved seawater is also
worth considering.

Based on the H–O–S isotope analysis from this and previous studies [77–82], and given that
an exceptionally large fluid flux with a mixed H2O–CO2–CH4 is required, we think that the
ore-forming fluids may be mainly associated with the dehydration and decarbonization of the
subducting Paleo-Pacific plate, although devolatilization of a hydrated mantle wedge or subcontinental
lithospheric mantle [6] cannot be excluded. Ore-forming materials bear both the mantle and the crustal
fingerprints. This agrees with the subducted-related model proposed by Goldfarb and Santosh [6,83],
and the sulfur was derived from subducted marine sediments.

6.2.2. Evolution of Ore-Forming Fluids

The evolutionary trend of ore fluid can be determined using the plot of homogenization
temperature versus salinity [84]. The correlation between homogenization temperature and salinity
of fluid inclusions trapped in fluid mixing is positive, and negative for fluid inclusions trapped
in the process of fluid boiling or phase separation (Figure 9) [62]. According to fluid inclusion
microthermometry and laser Raman spectroscopy, the dominant type II inclusions and subordinate
type III inclusions developed in the early-stage quartz. Ore-forming fluids in this stage belong to
H2O–CO2–NaCl system, which has moderate-high temperatures, high CO2, and medium-to-low
salinity (Figure 9). The water–rock reaction between metal-rich fluids and metamorphic rocks
is a common process in each gold deposit (Water/Rock ratio of 0.1–0.5) [85], and the interaction
was extensive at temperatures of 280–380 ◦C [85]. However, these temperatures coincide with the
homogenization temperatures of early-stage FIs, in addition to widespread hydrothermal alteration
in the early stage. The δ18O values of hydrothermal quartz are clearly different among the ores,
altered rocks, and wall rocks, indicating that water–rock interactions were common during the early
stages, significantly affecting the ore-forming fluid of the deposit. In the main stage, all three types of
inclusions were identified, but still dominated by type II inclusions. The CH4 content in the carbonic
phase increased dramatically, which led to the ore-forming system evolving from H2O–CO2–NaCl to
H2O–CO2–NaCl ± CH4. As mineralization progressed, the ore-forming fluids moved upward through
the faults and underwent water–rock reactions and fluid immiscibility, resulting in a large number of
volatiles escaping, accompanied by increasing salinity and density of the ore fluids (Figures 9 and 10).
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Finally, the fluid evolved into an aqueous H2O–NaCl system with low temperature, low salinity, high
density, and no CO2 in the late stage.

6.3. Mechanisms of Gold Deposition

In hydrothermal solutions, gold is mainly dissolved and transported in the form of gold bisulfide
complexes (Au(HS)2

−, Au(HS)0) and gold chloride complexes (AuCl2−) [86–90]. Given the close
relationship between gold and sulfides (especially pyrite), both in the alteration zones and in the
stockwork quartz veins. The ore fluids were near-neutral to weakly acidic [29,91], mostly characterized
by low salinity (≤10 wt % NaCl eqv.) and moderate temperature (250–350 ◦C) at the Sanshandao gold
deposit, we infer that Au(HS)2

− was most probably the gold transporting complex at Sanshandao.
The FIs homogenization temperatures of the Sanshandao gold deposit range from 220 to 320 ◦C,

following a normal distribution (Figure 6). This indicates that mineralization occurred under
medium-temperature conditions. In terms of gold mineralization at Sanshandao, the disseminated-
and stockwork-style ores are within the hydrothermal breccias and cataclastic zones. The echelon
tensile auriferous veins developed in subsidiary faults, suggesting the continuous cycle of fluid
pressure fluctuation associated with incremental rupture during fault zone movement [92]. Sibson et al.
described the mechanism of fluid pressure cycling that probably occurred at Sanshandao, and it was
significant due to the high angle of the fault veins (Figure 3). The cycle of fluid pressure build-up,
failure, fluid pressure drop, and re-sealing by hydrothermal deposition [93] is apparent during vein
formation at the Sanshandao gold deposit. The estimated pressures of the type II FIs are shown
in Figure 12. The trapping pressures of the Sanshandao gold deposit from the early stage to the
main stage are 165–200 MPa and 90–175 MPa, respectively, showing a gradual decrease during the
evolution of the ore-forming fluids (Figure 12). Subsequently, large-scale fluid immiscibility occurred
during the main stage of gold mineralization due to pressure fluctuation and temperature decrease.
Along with fluid immiscibility, H2S was fractionated strongly into the vapor phase and the activity
of HS− lowered [94,95]. This process might have led to the decomposition of Au(HS)2

− and the
concomitant deposition of gold [96]. Fluid immiscibility can be caused via fluid–pressure cycling
due to fault failure during development of the vein system [97]. Fluid-inclusion results indicate that,
similar to other gold deposits in Jiaodong [98,99], fluid immiscibility caused by seismic movement
along fault zones, lowered the gold-complex solubility are interpreted to be the major precipitation
mechanism of gold deposition [29], especially for the vein- and veinlet-style ores [100,101].

Fluid–rock interaction was intensive in the Sanshandao gold deposit, which resulted
in widespread hydrothermal alteration, especially sericitization, silicification, and pyritization.
Iron entered the ore-forming fluid continuously during the reaction between ore-bearing fluids and
iron-bearing wall-rock, resulting in the formation of pyrite, which would decrease the H2S content of
the fluid, then decrease the solubility of Au(HS)2

−, thereby causing gold deposition [96,102–107].
Previous work indicated that minor gold was deposited during the early stage when no fluid
immiscibility occurred, and gold has a close relationship with the widespread sulfidation, especially
pyritization. All this suggests that the wall-rock sulfidation also played a role in gold deposition [29].
Abundant CH4 occurred in the main stage at the Sanshandao gold deposit (Figure 7) relative to
other gold deposits in Jiaodong, and CH4 can expand the temperature and pressure range of fluid
immiscibility and facilitate the occurrence of fluid immiscibility [91]. This can also contribute to the
precipitation of gold. The appearance of CH4 indicates that the ore-forming fluid transformed into a
more reducing fluid, which would cause CO2 to be reduced to CH4 and also cause gold precipitation.
This is not a strong effect and is probably a second-order process for gold deposition.
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7. Conclusions

Three types of fluid inclusion were identified in the Sanshandao gold deposit: Type I pure
CO2, type II aqueous-carbonic, and type III aqueous fluid inclusions. The type II fluid inclusions
can be subdivided into gas-rich inclusions (II-g type) and aqueous-rich inclusions (II-l type).
The fluid-inclusion assemblage in the early stage mainly contains type II inclusions, whereas all
three types of fluid inclusion coexist in the main stage quartz. In the late stage, only type III fluid
inclusions were observed.

The ore-forming fluid was genetically derived from the subducting slab and metasomatized
mantle. Ore-forming materials (gold and sulfur) were probably scavenged from the metasomatized
mantle enriched with subduction-related components, predominantly originating from the
Paleo-Pacific oceanic slab and its overlying sediments, which were thrust below the high-grade
metamorphic rocks of the Jiaodong Peninsula. Both mantle and recycled crust components contributed
ore-forming materials.

Gold was transported as the Au(HS)2
− complex in hydrothermal solution at the Sanshandao gold

deposit. Fluid immiscibility caused by episodic pressure drops due to fault movements, together with
sulfidation and other physicochemical changes resulting from fluid–rock interactions, were the two
main gold deposition mechanisms.
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Abstract: The Sizhuang gold deposit with a proven gold resource of >120 t, located in northwest
Jiaodong Peninsula in China, lies in the southern part of the Jiaojia gold belt. Gold mineralization can
be divided into altered rock type, auriferous quartz vein type, and sulfide-quartz veinlet in K-feldspar
altered granite. According to mineral paragenesis and mineral crosscutting relationships, three stages
of metal mineralization can be identified: early stage, main stage, and late stage. Gold mainly occurs
in the main stage. The petrography and microthermometry of fluid inclusion shows three types
of inclusions (type 1 H2O–CO2 inclusions, type 2 aqueous inclusions, and type 3 CO2 inclusions).
Early stage quartz-hosted inclusions have a trapped temperatures range 303–390 ◦C. The gold-rich
main stage contains a fluid-inclusion cluster with both type 1 and 2 inclusions (trapped between
279 and 298 ◦C), and a wide range of homogenization temperatures of CO2 occurs to the vapor
phase (17.6 to 30.5 ◦C). The late stage calcite only contains type 1 inclusions with homogenization
temperatures between 195 and 289 ◦C. With evidences from the H–O isotope data and the study
of water–rock interaction, the metamorphic water of the Jiaodong Group is considered to be the
dominating source for the ore-forming fluid. The ore-fluid belonged to a CO2–H2O–NaCl system with
medium-low temperature (160–360 ◦C), medium-low salinity (3.00–11.83 wt% NaCl eq.), and low
density (1.51–1.02 g/cm3). Fluid immiscibility caused by pressure fluctuation is the key mechanism
in inducing gold mineralization in the Sizhuang gold deposit.

Keywords: fluid inclusions; H–O isotope; immiscibility; water–rock interaction; Sizhuang gold
deposit; Jiaodong Peninsula; China

1. Introduction

The giant Jiaodong gold deposit, with more than 4500 t proven gold reserves [1], is the most
important gold producer of China [2,3]. More than 150 deposits in Jiaodong area are generally
divided into two styles, Jiaojia-style and Linglong-style [4]. The mineralization of the former is the
disseminated-stockwork type which occurs in the pyrite-sericite-quartz alteration belt and the latter’s
is the auriferous quartz vein type which is mostly controlled by subsidiary faults [5]. However, both
styles invariably occur in every single deposit in Jiaodong [6,7], with similar mineral paragenesis,
alteration assemblages, and gold deposition ages [1,8].

Many previous inclusion studies show that three types of primary inclusions (H2O–CO2, aqueous,
and CO2 inclusions) have been founded in both the mineralization styles [6,9,10]. They belong
to the CO2–H2O–NaCl ± CH4 fluid system with a medium-high temperature (158–393 ◦C) and a
medium-low salinity (≤11.2 wt % NaCl eq.) [6–10]. The fluid immiscible system was discussed and
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considered as a significant role in gold mineralization [6,10]. The source of ore-forming fluids still
remains a controversy: Magmatic water, mixing with meteoric water before and/or at mineralization,
is considered the source based on a H–O isotope composition in many studies [11,12]. Deng et al.
(2015) [13] and Yang et al. (2017) [14] considered that the source of Jiaodong gold deposit may be
from both the crust and mantle by carbon and sulfur isotope study; The δD values of hydrothermal
sericite together with the O–S isotope indicate that the source of ore-forming metal is derived from the
paleo-Pacific oceanic slab and its overlying sediments [6].

For the Sizhuang gold deposit, there are few studies including the geology, structures, and
hydrothermal alteration [15], and only one published paper includes a fluid inclusion study. Wei
et al (2015) [16] identified H2O–CO2 and aqueous inclusions in quartz (hosted in auriferous quartz
vein in early stage and main stage) and indicated a medium-low temperature (133–310 ◦C) and
medium-low salinity (≤12 wt % NaCl eq.) H2O–CO2–NaCl fluid system. Just comparing the H–O
isotope composition in the Sizhuang deposit with natural water, Wei et al (2015) [16] concluded that
magmatic water was the dominating source of ore-fluid.

The origin of the Jiaodong gold province is still controversial. Only a simple comparison of
isotopes cannot be convincing. In this study, three stages of quartz have been divided. Three
mineralization styles have been identified and compared in the Sizhuang gold deposit which is
well-known as a Jiaojia-style deposit. Three types of primary fluid inclusions were recognized
by petrography and microthermometry. According to the H–O isotope, more comparisons with
possibilities and the calculation of fluid compositions through a water–rock interaction will be done,
the origin and evolution of ore-fluid in the Sizhuang gold deposit will be discussed.

2. Geological Background

2.1. Regional Geology

The Jiaodong Peninsula consists of two tectonic units, the Jiaobei Terrane of the North China Block
and the Sulu Terrane of the Yangtze Block, which are bounded by Wulian-Qingdao-Yantai Fault [17]
(Figure 1). The Jiaobei Terrane contains the Jiaobei Uplift in the north and Jiaolai Basin in the south.
The Jiaobei Uplift includes more than 90% gold reserves and hosts the largest gold deposits of Jiaodong
gold province [10,17] (Figure 1).

The ca. 2.9 to 2.5 Ga tonalite-trondhjemite-granodiorite (TTG) gneisses near Zhaoyuan city, which
form the basement of the Jiaodong Group, are the oldest rocks in this area [18,19]. The ca. 2.5 Ga folding
of TTG and Jiaodong Group [20] and the ca. 2.2–2.0 Ga intrusion of amphibolite-facies [21,22] happened
one after another. These events were followed with the forming of schist, paragneiss, calc-silicate,
marble, and minor mafic granulite and amphibolite [23,24]. After the ca. 1.9 Ga continental collision
of the rocks of the Jingshan and Fenzishan Group, the Neoproterozoic sedimentary cover (mainly
includes marble, slate, and quartzite) [25] deposited (Figure 1).

The Mesozoic granites, commonly existing in the Jiaobei Uplift, is divided into three groups
(Figure 1): The Late Jurassic (165–150 Ma) Linglong granite, the middle Early Cretaceous (132–123 Ma)
Guojialing granite, and the late Early Cretaceous (120–110 Ma) Aishan granite [26–28]. The Linglong
granite, which is the product of widespread Mesozoic magmatism, hosts the Sizhuang gold
deposit [16,27,29] (Figure 2). The Linglong granites are composed of garnet granite, biotite granite,
amphibole-bearing biotite granite, and muscovite granite [29,30].

The major gold deposits in the Jiaobei Uplift are controlled by the NE- to NNE-trending fault
system which cut through Linglong granite [4]. The main faults from the west to east are Sanshadao,
Jiaojia, Zhaoping, and Qixia Fault. All these faults are the subsidiary faults of the Tan-Lu Fault Zone
(Figure 1). The Jiaojia Fault, which is the ore-controlling fault at the Sizhuang gold deposit (Figure 2),
is one of the most significant faults in Jiaobei Uplift.
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Figure 1. A simplified geological map of the Jiaodong gold province showing the distribution of
major fault zones, Precambrian metamorphic rocks, Mesozoic granitoid intrusions, sedimentary rocks,
and gold deposits: Modified from Yang et al. (2016) [17]. The double concentric circles represent
cities. The areas covered with vertical grey lines and horizontal grey lines respectively represent
Jiaobei Terrane and Sulu Terrane in Jiaodong. Abbreviations: SSDF, Sanshandao Fault; JJF, Jiaojia
Fault; ZPF, Zhaoping Fault; QXF, Qixia Fault; TCF, Taocun Fault; MJF, Muping-Jimo Fault; WQYF,
Wulian-Qingdao-Yantai Fault; HQF, Haiyang-Qingdao Fault; MRF, Muping-Rushan Fault; WHF, Weihai
Fault; RCF, Rongcheng Fault; HSF, Haiyang-Shidao Fault.

Figure 2. A simplified geological map of the Jiaojia gold belt [17] showing the distribution of major
faults and gold deposits: The Sizhuang gold deposit is located at the south segment of the Jiaojia Fault.
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2.2. Deposit Geology

The Sizhuang gold deposit is situated in the footwall of the southern section of the Jiaojia Fault,
about 28 km northeast to Laizhou City (Figure 1). It is a world-class gold deposit with a proven reserve
of >120 t Au. Xenoliths of Jiaodong Group metamorphic rocks, mostly biotite amphibolite, only occurs
in the hanging wall of Jiaojia Fault. The Linglong biotite granite is widely exposed in the mine and
mainly in the footwall of the Jiaojia Fault (Figure 3).

The hydrothermal alteration zones, which develops along the Jiaojia Fault, can be divided into the
pyrite-sericite-quartz alteration zone, sericite-quartz alteration zone, and K-feldspar alteration zone.
The extent of sericite-quartz alteration is weaker and the volume of metallic sulfide (mostly pyrite) is
fewer with the increasing distance to the Jiaojia Fault in the footwall. The content of K-feldspar in the
alteration zone, especially in the K-feldspar alteration zone, is macroscopically higher than in Linglong
biotite granite.

All gold mineralization occurs in the footwall of Jiaojia fault. The orebody is mainly controlled by
the NE- to NNE-trending and SE-dipping Jiaojia fault system (Figure 2). The secondary faults, which
are often filled with quartz veins and are surrounded by hydrothermal zones with a width from 0.5 m to
more than ten meters, can be several hundreds to one thousand meters long and 0.1–1.5 m wide (Figure 3).

Figure 3. A sketch map of the Sizhuang gold deposit showing the orebodies and hydrothermal
alteration: (a) The plan view of the Sizhuang deposit and (b) the geological cross sections along lines
AB. The orebody was defined by the gold cut-off grade (1 g/t).

Although the Sizhuang gold deposit is known as Jiaojia-style mineralization, three mineralization
styles can be identified in the Sizhuang gold deposit. The first one is disseminated-stockwork type
(Jiaojia-style) mineralization which is hosted in the first-order Jiaojia Fault (Figure 4a,d). There is less
Jiaojia-style mineralization surrounding the subsidiary second- or third-order faults. The second style
is the auriferous quartz vein style (Linglong-style) which almost occurs along the subsidiary second-
or third-order faults (Figure 4b,e). The third type is sulfide-quartz veinlet in the K-feldspar altered
granite (Figure 4c,f). These three mineralization styles have almost the same mineral assemblages and
mineral paragenesis (Figure 4g–i).

The No. I and No. II orebody, characterized by disseminated- and stockwork-type ores, are
respectively hosted in the pyrite-sericite-quartz alteration zone and sericite-quartz alteration zone which
are located in the footwall of the Jiaojia Fault. The biggest No. III orebody (reserves 57.91% Au) occurs
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in the K-feldspar altered alteration zone. It is characterized by both Jiaojia-style and Linglong-style
mineralization. The auriferous quartz veins are surrounded by Sericite-quartz alterations.

Figure 4. Photography of the three styles of ores: (a,d) Disseminated-stockwork style;
(b,e) Auriferous quartz vein style; (c,f) sulfide-quartz veinlet in K-feldspar alteration granite; and
(g–i) photomicrographs in the reflected light of the disseminated-stockwork type, auriferous quartz
vein style and sulfide-quartz veinlet in K-feldspar alteration granite, respectively.

The relationships between different veins in the field clearly shows their relative formation timing
(Figure 5): (1) Biotite granite; (2) earlier lamprophyre vein; (3) K-feldspar granite and granite pegmatite;
(4) quartz sulfide vein; (5) later lamprophyre vein; and (6) calcite vein.

Figure 5. Field photographs showing the crosscutting relationships of the major geologic bodies
from the Sizhuang gold deposit: (a,b) The K-feldspar altered granite crosscuts the biotite granite and
(c,d) the quartz-sulfide vein crosscuts the K-feldspar altered granite, and the calcite vein crosscuts the
quartz-sulfide vein.
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As is pointed out above, there is no difference between different mineralization styles in mineral
paragenesis in the Sizhuang gold deposit. The primary metallic mineral in ores is pyrite with lesser
chalcopyrite, galena, sphalerite, pyrrhotite, and electrum. The gangue minerals mainly contain sericite,
quartz, and calcite (Figure 6). With the study of cross-cutting relationships, textures, and mineral
paragenesis, three mineralization stages have been divided which include the early stage, main stage,
and late stage (Figure 7).

Figure 6. Photomicrographs under transmitted light (a,b,h) and reflected light (c–g), showing important
mineral assemblages in the Sizhuang gold deposit: (a) Sericite-quartz alteration consists of sericite and
quartz, with few pyrite; (b) disseminated pyrite occurs in the matrix of sericite and quartz; (c–g) the
primary sulfides in the main stage of the Sizhaung deposit; and (h) the calcite vein crosscuts the
sericite and quartz. Abbreviations: Kfs = K-feldspar, Ccp = chalcopyrite, Qtz = quartz, Ser = sericite,
Py = pyrite, Sp = sphalerite, Cc = calcite.
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Figure 7. The paragenetic sequence of the hydrothermal alteration and mineralization at the Sizhuang
gold deposit interpreted by crosscutting relationships and assemblages of minerals: The thickness
means the abundance of minerals in the paragenetic sequence.

The early stage is characterized by sericite-quartz-altered rocks with magmatic K-feldspar and
white-milky quartz veins. There are less pyrite and few gold in the early stage. Few gold is deposited
in this stage.

The main stage is characterized by the formation of quartz-pyrite-base-metal-sulfide stockworks
and veins/veinlets, with a mass of gold and grey quartz in it. Gold occurs along the crack of pyrite.
According to mineral assemblage, the main stage can be divided into two parts. In the earlier part,
pyrite is the dominating sulfide. The later part is featured with the sulfide assemblage of pyrite,
chalcopyrite, galena, and sphalerite.

The late stage is characterized by calcite veins/veinlets crosscutting the veins of main stage, with
less pyrite and no visible gold in it.

3. Sampling and Analytical Procedures

Samples with different stages and mineralization styles were chosen for the fluid inclusion
analyses on the basis of detailed fieldwork (Table 1). Twenty 0.2 mm-thick polished sections were
used in the petrographic study. Quartz is the host mineral of fluid inclusion in early stage and main
stage (Figure 8a,c). Calcite is the host mineral in late stage (Figure 8b,d). At length, eight sections were
selected for microthermometric analysis, and 168 sets of data were obtained.

Table 1. The basic information of the samples in this study.

Sample Stage Ore Style

SZ13D008B3 early Sulfide-quartz veinlet in K-feldspar granite
SZ13D008B2 main Sulfide-quartz veinlet in K-feldspar granite
SZ13D020B2 main Disseminated-stockwork style
SZ14D019B2 main Disseminated-stockwork style
SZ13D005B1 main Auriferous quartz vein style
SZ13D008B3 main Sulfide-quartz veinlet in K-feldspar granite
SZ14D016B1 main Auriferous quartz vein style
SZ14D020B4 main Disseminated-stockwork style
SZ14D017B2 late Calcite vein
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Figure 8. Photographs of the field view and ores shows the inclusion-hosted quartz (a,c) and
calcite (b,d).

Fluid-inclusion microthermometry was made on the Linkam THMSG 600 heating-cooling stage
(−198 ◦C to 600 ◦C) on a Leitz microscope at the Fluid Inclusion Laboratories, China University of
Geosciences, Beijing. Synthetic fluid inclusions were used to calibrate the stage to make sure for an
accuracy of which the error is ±0.1 ◦C at temperatures <30 ◦C and ±1 ◦C at temperatures >30 ◦C, the
heating rat of carbonic phase (TmCO2) and clathrate-melting temperatures (Tmclath) are 0.2 ◦C/min,
and it is 1.0 ◦C/min for the carbonic phase (ThCO2).

4. Results

4.1. Fluid Inclusion Petrography

Quartz grains border upon or included by pyrite were chosen, and 27 inclusion clusters were
identified, which are mostly interpreted to be primary in origin. The inclusions generally growing
along trails, which may be secondary or pseudosecondary, are not used in following analysis.

By detailed petrography, following microthermometry and a comparison with a previous study
in the Sizhuang gold deposit [16], three types of primary fluid inclusions were identified (Figure 9):
H2O–CO2–NaCl inclusions (type 1), aqueous inclusions (type 2) and CO2 inclusions (type 3). Most type
1 inclusions contain two or three phases (liquid H2O + CO2 rich vapor or liquid H2O-liquid CO2– CO2

rich vapor, respectively) at room temperature (Figure 9c,d). These inclusions (3–11 µm in diameter),
the carbonic phases of which mainly account for 10–40%, commonly appear as groups or along growth
zones and are widespread in any stages. Type 2 aqueous inclusions, which are commonly 2–13 µm in
diameter, consist of H2O liquid and H2O vapor (Figure 9a,b). The degree of fill of H2O vapor mostly
range 10–40%. Like most of the gold deposit in Jiaodong [6,9–11], type 3 primary CO2 inclusions
are small (2–4 µm in diameter) and are infrequent in this study. They include CO2 liquid and CO2

vapor (Figure 9e). There is a phenomenon in main stage that both type 1 and type 2 fluid inclusions
with similar total homogenization temperatures occur in the same inclusion cluster (Figure 9f), which
suggests immiscibility during main stage.
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Figure 9. Photomicrographs of the fluid inclusions in the Sizhuang gold deposits: (a,b) Type 2 aqueous
inclusions contain two phases (liquid H2O and vapor H2O); (c,d) Type 1 H2O–CO2 inclusions generally
consist of three phases (liquid H2O, liquid CO2 and CO2 rich vapor); (e) Type 3 CO2 inclusions are
small and infrequent in this study; and (f) the inclusions with a total homogenization temperature of
298 ◦C is a type 2 aqueous inclusion. The other inclusions are Type 1 H2O–CO2 inclusions.

4.2. Microthermometry of Fluid Inclusions

4.2.1. Early Stage

Type 1 H2O–CO2 inclusions and type 2 aqueous inclusions were identified in this stage. For type
1 inclusions, the carbonic phase melting temperatures (TmCO2) of H2O–CO2 inclusions ranged between
−57.5 and −56.6 ◦C (mean −56.9 ◦C, n = 6) (Figure 10; Table 2). The integral clathrate-melting
temperature (Tmclath) was 5.2–7.9 ◦C (mean 7.3 ◦C, n = 8) (Figure 10; Table 2). The homogenization of
CO2 (ThCO2) occurred in the vapor phase range from 26.9 to 29.5 ◦C (mean 28.0 ◦C, n = 5) (Figure 10;
Table 2). The total homogenization temperatures (ThTOT) occurred between 303 and 390 ◦C (mean
336 ◦C, n = 8) (Figure 10; Table 2). For type 2 inclusions, the final ice melting temperatures (Tmice) and
total homogenization temperature (ThTOT) of type 2 inclusions were −2.7 ◦C (n = 1) and 350 ◦C (n = 1)
(Figure 10; Table 2).

4.2.2. Main Stage

In main stage, the three inclusion types mentioned above were all observed.
For type 1 inclusions (Figure 10; Table 2), the carbonic phase melting temperatures

(TmCO2) of H2O–CO2 inclusions ranged from −60.5 to −56.5 ◦C (mean −57.6 ◦C, n = 55).
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The integral clathrate-melting temperature (Tmclath) was between 5.2–7.9 ◦C (mean 6.9 ◦C, n = 92).
The homogenization of CO2 (ThCO2) occurred in the vapor phase range 17.6 to 30.5 ◦C (mean 25.7 ◦C,
n = 24) which was much wider than the range of the type 1’s ThCO2 in early stage, which suggested
the possibility of a bigger density change in main stage. The total homogenization (ThTOT) into liquid
occurred between 165 and 342 ◦C (mean 272 ◦C, n = 100). Some of the type 1 inclusions contained
second phases at room temperature, which made them look like aqueous inclusions. However, when
the temperature approximately cools down to 16 ◦C, they became 3-phases inclusions.

For type 2 fluid inclusions (Figure 10; Table 2), the final ice melting temperatures (Tmice) ranged
between −8.7 and −2.5 (mean −4.7 n = 12). The total homogenization (ThTOT) into liquid occurred
between 183 and 392 ◦C (mean 256, n = 13).

For CO2 inclusions (Figure 10; Table 2), the carbonic phase melting temperatures (TmCO2) of CO2

inclusions were −56.6 ◦C (n = 2). The homogenization of CO2 (ThCO2) occurred in the vapor phase at
27.1 ◦C, nearly the same as ThCO2 of the mean of type 1.

4.2.3. Late Stage

Only type 1 H2O–CO2 inclusions were identified in this stage. The carbonic phase melting
temperatures (TmCO2) ranged between −58.3 and −56.6 ◦C (mean −57.5 ◦C, n = 12). The integral
clathrate-melting temperature (Tmclath) was 5.0–9.6 ◦C (mean 7.2 ◦C, n = 12). The homogenization
temperatures of CO2 (ThCO2) in the vapor phase ranged from 29.4 to 31.0 ◦C (mean 30.2 ◦C, n = 2),
which was much wider than the range of ThCO2 in the early stage, suggesting that a larger density
change occurred in this stage. The total homogenization temperatures (ThTOT) occurred between 195
and 289 ◦C (mean 242 ◦C, n = 16) (Figure 10; Table 2).

Figure 10. Histograms of the microthermometric data showing the temperatures of TmCO2, Tmclath,
ThCO2 and ThTOT and the salinity.
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4.2.4. Salinity and Density

The salinity (wt % NaCl eq.) and density of fluid inclusions were calculated by the software
MacFlincor [31]. These calculations were applied to the H2O–CO2 inclusions (Type 1) and aqueous
inclusions (Type 2). The measured salinities of type 1 H2O–CO2 inclusions were between 4.14 and
8.93 wt % NaCl eq. (meanly 5.99–8.93 wt % NaCl eq.). Those of type 2 aqueous inclusions were
4.17–11.83 wt % NaCl eq. (meanly 4.17–9.73 wt % NaCl eq.). On the whole, the range of fluid salinity
in the Sizhuang gold deposit was 4.14–11.83 wt % equiv. NaCl (Figure 10; Table 2).

The range of densities of type 1 H2O–CO2 inclusions was 0.516–1.017 g/cm3 (mean 0.886 g/cm3).
The range of type 2 aqueous inclusions was 0.506–0.937 g/cm3. All in all, the density of fluid Sizhuang
gold deposit ranged between 0.506 to 1.017 g/cm3.

5. Discussion

5.1. Fluid Immiscibility and Pressure Fluctuation

As is mentioned above, the H2O–CO2 and aqueous inclusions hosted in pyrite-related quartz
in main stage can occur in a same inclusion cluster (Figure 9f), which can be considered as evidence
of a fluid immiscibility. However, fluid mixing and necking down can result in this phenomenon as
well [32,33]. First and foremost, it should be eliminated that the fluid mixing and/or necking down
may be the reasons for co-occurrences of the H2O–CO2 inclusions and aqueous inclusions.

In a mixing fluid, the homogenization temperatures and salinities of H2O–CO2 inclusions are
different from those of aqueous inclusions [34]. However, in this study, the ranges of salinities of
H2O–CO2 inclusions and aqueous inclusions are similar and the homogenization temperatures are
discrepant, which indicates the fluid mixing is not the reason for type 1 and type 2 being in the same
fluid cluster. Although necking down could generate this assemblage, the relatively constant degree of
filling of vapor in each inclusion clusters and the low deformation level of quartz can even suggest
that it should be eliminated.

Moreover, more evidences of immiscibility are shown in this study: (1) Gold mineralization related
H2O–CO2 inclusions and aqueous inclusions occupy in same assemblages (Figure 9f); (2) compared
with H2O–CO2 inclusions, aqueous inclusions have slightly lower total homogenization temperatures
and higher salinities (Figure 11), which correspond with fluid immiscibility [35,36]; and (3) the similar
homogenization temperatures of type 1 and type 3 suggest the enrichment of CO2 may be caused by
fluid immiscibility [37,38] (Figure 10; Table 2). Fluid immiscibility is vital in the Sizhuang deposit’s
gold mineralization.

Figure 11. The temperatures (◦C) of the total homogenization temperatures (ThTOT) versus salinity
(wt% NaCl eq.): The solid and hollow signs represent the H2O–CO2 inclusions and aqueous
inclusions, respectively.
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During fault movement, the fluid pressure decline can lead to the immiscibility of H2O–NaCl–CO2

crustal fluid [39]. Also, there is another argument that retrograde boiling can cause fluid immiscibility
without a sharp decline in fluid pressure [40]. In this study, there is a phenomenon in main stage
that the ThTOT of type 2 aqueous inclusions is about 40 ◦C lower than that of the coexisting type 1
H2O–CO2 inclusions (Figure 11). It can be caused by the partial CO2 boiling in saturated aqueous
fluid [41]. Considering the Sizhuang gold deposit is controlled by a fault, CO2 boiling may cause the
fluid pressure fluctuation in the structural controlled Sizhuang gold deposit during faulting [41,42].

Fluid pressure can be reflected by the density of the fluid inclusions [43,44]. In the Sizhuang gold
deposit, the density ranges of the fluid inclusions in different stages and mineralization styles are wide
(Figure 12), which show the evidence of a fluid pressure fluctuation during gold mineralization.

Figure 12. Histograms of the density of type 1 fluid inclusions: The range of inclusion density is wide
in different stages or in different mineralization styles.

5.2. Source and Evolution of Ore-Fluid

5.2.1. Source of Ore-Fluid

H–O isotopes are commonly used for studying the source of fluid. Many previous studies compare
the H–O isotopes compositions with those of magmatic water, metamorphic water and meteoric water
in order to speculate the source of fluid. On the one hand, the range of natural H–O isotopes are wide,
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which makes the result inaccurate. On the other hand, ore-fluid may have a complicated water–rock
interaction during transportation and contacting with rocks [45]. Therefore, more natural waters
which may have a possibility of mineralization in the Sizhuang deposit (metamorphic water of the
Jiaodong Group, magmatic water of the Linglong granite, magmatic water of the Guojialing granite)
are compared with the H–O isotope composition in this study.

The H–O isotope composition of the Sizhuang deposit, which were collected from previous
studies (Sample 10SZ06, Z4974-5, 10SZ01 and 10SZ31 are from Wei et al., 2015; sample 10SZ28 and
10SZ32 are from Jiang et al., 2011) [16,46], shows that δ18Oquaitz values range from 9.7h to 14.2h.
The oxygen isotope composition of hydrothermal waters (δ18OH2O) and the δDH2O values of inclusions
are calculated by a fractionation formula system of stable isotope from Clayton et al. (1972) [47] and
Suzuoki and Epstein (1976) [48]. The δ18OH2O values range from −0.5h to 6.1h, and δDH2O values
range from −77.7h to −55h (Table 3).

Table 3. The H–O isotope composition of the Sizhuang gold deposit.

Sample Stage δ18Oquaitz Equilibrium
Temperature

δ18OH2O δDH2O
(h) (h) (h)

10SZ06 Early stage 10.3 320 3.6 −64.3
Z4974-5 Early stage 13.9 290 6.1 −55
10SZ01 Main stage 13.4 230 2.9 −74.7
10SZ31 Main stage 14.2 225 3.5 −73.8
10SZ28 Main stage 12.5 245 2.8 −77.7
10SZ32 Main stage 9.7 235 −0.5 −74.6

Note: δDH2O is calculated by the equation: δDH2O = δ18Oquaitz + 22.1 × 106T−2 − 19.1 (Suzuoki and Epstein,
1976) [48]. δDH2O is calculated by the equation: δDH2O = δ18Oquaitz − 33.8 × 106T−2 + 3.40 (Clayton et al., 1972) [47].

In general, similar to the majority of the gold deposits in Jiaodong, the spots of δ18O and δD
are located between metamorphic water/magmatic water and meteoric water (Figure 13). In view
of the H–O isotope geochemical background in the Jiaojia gold belt (Table 4) and the absence of
Guojialing granite in the Sizhuang god deposit, all spots located in region A and B suggest that the
metamorphic water of the Jiaodong Group and the magmatic water of Linglong granite may take part
in the mineralization (Figure 13). There is a trend of spots approach to Mesozoic meteoric water, which
indicates meteoric water may be a part of mineralization. Therefore, the mixing fluid of magmatic
water of Linglong granite, metamorphic water of the Jiaodong Group and meteoric water is the source
of ore-fluid.

Table 4. The H–O isotope geochemical background in the Jiaojia gold belt.

Rocks/Fluid δ18O (‰) δD (‰) Data Resources

Jiaodong Group metamorphic rocks 8.2 ± 3.1 −88.5 ± 7.5 Chen, 1995 [49]

Linglong granite 7 −72 ± 11 Lin and Yin, 1998 [50]
and Mao et al., 2005 [51]

Guojialing granodiorite 10.1 ± 0.4 −102 ± 15 Zhang et al., 1994 [52]
and Mao et al., 2005 [51]

Metamorphic water of the Jiaodong Group 9.9 ± 0.7 −62 ± 21 Zhang et al., 1994 [52]
Magmatic water of Linglong granite 7.7 ± 1.0 −47 ± 11 Zhang et al., 1994 [52]

Magmatic water of Guojialing granite 9.3 ± 0.8 −77 ± 15 Mao et al., 2005 [51]
meteoric water −15.6 ± 0.6 −115 ± 5 Zhang et al., 1994 [52]
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Figure 13. The H–O composition of ore-fluids in early and main stages: Area A means metamorphic
water of the Jiaodong Group mixed with meteoric water; Area B means magmatic water of the Linglong
granite mixed with meteoric water; and Area C means magmatic water of the Guojialing granite mixed
with meteoric water. The base map is modified after Guo et al. (2014) [53].

5.2.2. Fluid Evolution and Water–Rock Interaction

As is noted above, ore-fluid may experience the water–rock interaction before mineralization.
The water–rock interaction of ore-fluid and wall rocks follows the equation of meteoric-hydrothermal
system [54]:

W·δi
water+R·δi

Rock= W·δf
water+R·δf

Rock

where δi
water and δi

Rock are the values of isotope compositions before the water–rock interaction; δf
water

and δf
Rock are the final values after exchange; W and R are the numbers of atoms (oxygen or hydrogen in

this study) in fluid and wall rock, respectively. When the water–rock exchange system is at equilibrium
(∆R−W = δf

Rock − δf
water), then [54]

δf
W =

δf
Rock − δi

Rock

δi
Water −

(
δf

Rock − ∆RW

) =
δi

R(W/R)δi
W − ∆RW

1 + (W/R)

The H–O isotope composition of granite and metamorphic rocks in the giant Jiaodong gold
deposit can be replaced by δDbiotite and δ18Oplagioclas (An30) [50]. ∆RW of δO18 and δD were calculated
and demonstrated in this system as follows [48,55]:

∆RW
18O = 103lnαplagioclas−water = 2.68 × 106T−2 − 3.53

∆R−WD = 103lnαbiotite−water = −21.3 × 106T−2 − 2.8

The calculation of water–rock interaction uses the rate of quality of δD and δ18O in this study.
In intermediate-acidic granite, the quality rates of oxygen and hydrogen have a stable relationship
with the rates of atoms’ numbers as follows [56]:

O(W/R)atoms= 2·O(W/R)quality
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D(W/R)atoms= 100·D(W/R)quality

Therefore, the final values of δO18 and δD can be worked out with detailed calculation (Table S1).
Figure 14a shows the H–O isotope composition and H–O isotope evolution after an exchange in

the water–rock system in early stage (mean homogenization temperature 305 ◦C). Line 1 represents
the evolution of exchange between the magmatic water of Linglong granite and Jiaodong Group
metamorphic rocks. Line 2 represents the evolution of exchange between he metamorphic water of
the Jiaodong Group and Linglong Granite. Line 3 represents the evolution of exchange between the
meteoric water and Jiaodong Group metamorphic rocks. Line 4 represents the evolution of exchange
between the meteoric water and Linglong granite.

Figure 14b shows the H–O isotope composition and H–O isotope evolution after exchange in
the water–rock system in main stage (mean homogenization temperature 235 ◦C). Line 5 represents
the evolution of exchange between the magmatic water of Linglong granite and Jiaodong Group
metamorphic rocks. Line 6 represents the evolution of exchange between the metamorphic water of
the Jiaodong Group and Linglong Granite. Lines 7–9 represents the evolution of exchange between the
mixing fluid (metamorphic water of the Jiaodong Group and meteoric water mix with the rate 8:1, 4:1
and 2:1, respectively) and Linglong granite. Line 10 represents the evolution of exchange between the
meteoric water and Linglong Granite.

In Figure 14a, the spots are under Line 1 distinctly, which suggests the magmatic water of Linglong
granite may be not involved in fluid evolution in the early stage of the Sizhuang gold deposit. These
spots are around Line 2, and one of them is on Line 3, indicating that the metamorphic water of the
Jiaodong Group plays an important role in fluid evolution of the main stage.

In Figure 14b, the spots of the main stage mostly fall between Line 8 and Line 9, which suggest
that the metamorphic water of the Jiaodong Group is the uppermost source of ore-fluid of the Sizhuang
gold deposit. When the values of W/R are big (10–0.1), the mixing fluid of metamorphic water of
the Jiaodong Group and meteoric water (with the mixing rate between 4:1 and 2:1) is propitious to
gold mineralization.

Figure 14. The evolution of the H–O composition during the water–rock interaction.

In conclusion, the source of the ore-fluid is the metamorphic water of the Jiaodong Group
in early stage. In main stage, the metamorphic water of the Jiaodong Group and meteoric water
mix with the rate between 4:1 and 2:1. The mixing fluid reacts with Linglong granite and extracts
mineralization-related elements for gold deposition.

6. Conclusions

1. Microthermometry showed less obvious differences between different mineralization styles,
which suggested a similar mechanism of gold deposition.
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2. The ore-forming fluid was in a medium-high temperature (210–368 ◦C), medium-low salinity
(4.14–11.83 wt% NaCl eq.) and low density (0.516–1.02 g/cm3) CO2–H2O–NaCl system. The peak
of ThTOT during mineralization appeared in 270–300 ◦C.

3. The fluid immiscibility caused by pressure fluctuation at the main stage was the key mechanism
of gold mineralization in the Sizhuang gold deposit.

4. The source of ore-forming fluid in the metallogenic early stage was mainly the original
metamorphic water of Jiaodong group. In main stage, the mixing fluid of the original
metamorphic water of Jiaodong group and meteoric water in mixing ranged between 4:1 to
2:1 was most conducive to mineralization.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/3/190/s1,
Table S1: The calculations of the water–rock interaction.
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Abstract: The Koka gold deposit is located in the Elababu shear zone between the Nakfa terrane
and the Adobha Abiy terrane, NW Eritrea. Based on a paragenetic study, two main stages of gold
mineralization were identified in the Koka gold deposit: (1) an early stage of pyrite–chalcopyrite–
sphalerite–galena–gold–quartz vein; and (2) a second stage of pyrite–quartz veins. NaCl-aqueous
inclusions, CO2-rich inclusions, and three-phase CO2–H2O inclusions occur in the quartz veins at
Koka. The ore-bearing quartz veins formed at 268 ◦C from NaCl–CO2–H2O(–CH4) fluids averaging
5 wt% NaCl eq. The ore-forming mechanisms include fluid immiscibility during stage I, and mixing
with meteoric water during stage II. Oxygen, hydrogen, and carbon isotopes suggest that the
ore-forming fluids originated as mixtures of metamorphic water and magmatic water, whereas
the sulfur isotope suggests an igneous origin. The features of geology and ore-forming fluid at the
Koka deposit are similar to those of orogenic gold deposits, suggesting that the Koka deposit might
be an orogenic gold deposit related to granite.

Keywords: C–H–O isotopes; fluid inclusion; Koka deposit; orogenic gold deposit

1. Introduction

The Nubian Shield, located in northeastern Africa, is an important Gondwana metallogenic
domain [1,2] that formed during the Neoproterozoic Pan-African orogenic cycle (ca. 900–550 Ma) [2,3].
Most of the Volcanic-associated Massive Sulfide (VMS) type and quartz vein-hosted gold ± sulfide
deposits and occurrences in Eritrea are concentrated along NNW- and NNE-trending narrow zones in
the south Nubian Shield [4]. Ghebreab et al. [5] named these zones, the Augaro-Adobha Belt (AAB)
and the Asmara-Nakfa Belt (ANB). Both the world class Bisha VMS and Koka gold deposits are located
in the AAB copper and gold metallogenic belt [6,7].

The Koka gold deposit is located in northwest Eritrea, which has a long mining history that
extends back to the Egyptian Pharaohs. However, modern mining began in the early 20th century.
During the Italian colonization, until it was terminated due to the war for independence. Following
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independence in 1991, several foreign mining companies from China, South Africa, India, Japan,
the United Kingdom, Australia, and Canada have been involved in exploring the mineral potential of
the country. As a result of several years of explorations, Koka gold still has promising prospects.

Previous studies have suggested that the Koka deposit is a vein-type gold deposit, which is
controlled by the shear zone and Koka granite, and is considered to be an orogenic-like gold deposit [8].
However, orogenic gold deposits are commonly unrelated to the granite [9–11], making the genesis of
Koka gold deposits enigmatic. The key question is the metal and fluid source, and the evolutionary
history of ore-forming fluid.

Therefore, in order to understand the genesis of the Koka deposit, we conducted a detailed study
of deposit geology, fluid inclusions (FIs), quartz C–H–O isotopes, and the sulfide S isotope of the Koka
gold deposit to better constrain the fluid and metal source, ore-forming fluid evolutionary history,
and genesis.

2. Regional Geology

Tectonically, the Koka gold deposit is located in the south Nubian Shield. The shield was formed
by the collision between East and West Gondwana upon the closure of the Mozambique Ocean during
the Neoproterozoic Pan-African orogenic cycle (ca. 900–550 Ma) (Figure 1a) [3]. The prolonged
tectonomagmatic evolution of the Arabian-Nubian Shield involves the rifting and breakup of Rodinia,
the formation and accretion of island-arcs, continental collision, extension, and orogenic collapse [2].
Voluminous magmatic activities have also been recorded that are associated with all phases of the
tectonic evolution. High strain NNE to NNW trending brittle–ductile shear zones conformable with
major fabrics of ANS terranes are dominant in the shield [12]. It is suggested that some of these
shear zones that contain dismembered ophiolitic suites represent the major suture zones between
terranes [13]. However, others are strike-slip faults and belts of shearing and folding that have
modified older sutures [14,15]. Studies have shown that the later types of shear zones are known to
host numerous VMS-type polymetallic and orogenic gold deposits and occurrences [15].

More than 60% of the territory of Eritrea is part of the southern Nubian Shield (Figure 1b).
The geological setup of the country is made up of three major stratigraphic successions: the basement rocks
constituting the Precambrian greenstone volcano-sedimentary assemblages, which are unconformably
overlain by Paleozoic and Mesozoic sedimentary and volcanic rocks, which are in turn overlain by
sedimentary and volcanic rocks of the Paleogene to Quaternary ages [7]. Based on lithological
and structural characteristics, the Eritrean Neoproterozoic basement has been divided into five
tectono-stratigraphic terranes: (1) the Barka terrane in the west, mainly composed of upper amphibolite
to granulite metasedimentary and mafic gneiss complexes; (2) the Hagar terranes in the north are
dominated by oceanic affinity supra-subduction mafic and felsic volcanic rocks; (3) the Adobha Abiy
terrane in the central and western parts is principally composed of highly deformed ophiolites and
post-accretionary basinal sediments, which are imbricated by the regional shear zones of the Elababu
shear zone (ESZ) in the east and the Baden shear zone (BSZ)in the west; (4) the Nakfa terrane occupying
more than half of the basement complex contains greenschist facies volcano-sedimentary and syn-
to post-collision granitoid rocks; and (5) the easternmost Arig terrane is a narrow belt of high-grade
gneiss and syn- to late-tectonic granitoid rocks along the Red Sea lowlands composition [16–18].

Regional structures including the NNW-striking brittle–ductile shear zones and strike-slip faults,
low angle thrust faults, fold structures as well as local macroscopic en-echelon quartz veins and
tension gashes with a general trend of NNE to NNW are commonly developed on the Precambrian
granitoid-greenstone belt. Among these, the ductile strike-slip shear zones are the most prominent
tectonic structures in the region and can be traced for several kilometers in length and several meters
to several tens of meters in width. The dominantly sinistral AAB and dextral ANB are the two
main transpressional strike-slip shear zones, along which the important mineral deposits occur [5].
Semi-brittle shear zones developed synchronously along axial planes of isoclinal folds are also common
structures on the greenschist metamorphic rocks. Syn- to late-tectonic granitoid magmatic rocks intrude
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along the ductile shear zones as elliptical rigid bodies [5]. These magmatic rocks are dominated by
granite, granodiorite, and diorite, and are accompanied by fine-grained rocks, dolerite, and quartz
porphyry [7].
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3. Geology of the Koka Deposit

The Koka gold mine is located in the Elababu shear zone (ESZ) that separates the Nakfa terrane in
the east from the Adobha Abiy terrane in the west. The ESZ is the dominant ore- and granite-controlling
structure in the area, where the ore bodies are strictly distributed in the SN-striking ESZ. The ESZ is
characterized by the occurrence of thrust nappe faults (strike to 10~20◦, tending to the southwest) and
low grade metamorphic volcanic-sedimentary rocks upright folds (dip angle of limbs is 75◦~90◦) along
the different lithologic interfaces. The formation of the ESZ is related to the SN-striking extrusion
caused by the collision of the Neo-Proterozoic Gondwana continent. The gold-bearing quartz veins
commonly occur as reticular veins, with branching and converging features, and have locally expanded
to form lens-shaped bodies (Figure 2a). The granite occurring in the ESZ is characterized by strong
mylonitization (Figure 2b,c). Preferred orientation of sericite defined the main foliation anastomozing
around rotated K-feldspar porphyroclasts (Figure 2d).

The ores are hosted by a relatively fine to medium grained, gray colored, elongated nearly
vertically dipping granitic body. The granitic host rock is dominated by primary minerals of plagioclase,
quartz, and subordinate K-feldspar with alteration products dominated by sericite, micro-granular
albite, and quartz. The host rock is bounded by greenschist facies metamorphic rocks, consisting
of intermediate to felsic volcanic and pyroclastic rocks and post-tectonic granitoids in the east
part of the Nakfa terrane and sequence of siliciclastic metasedimentary and metavolcanic rocks
including tuffaceous greywacke, sandy mudstone, shales and mafic metabasaltic flows, and associated
syn-tectonic granitoid rocks in the west part of the Adobha Abiy terrane (Figure 1c). The area is
dominated by the NNE shear zones, which are comprised of a series of asymmetric overturned isocline
folds and thrust faults, particularly prevailed on the fine grained volcanic and sedimentary rocks.
The high-angle thrust faults are the main controlling structures for the ore-bearing hydrothermal
activities in the mine area.
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Figure 2. (a) Lens-shaped quartz veins occurring in the microgranite. (b) Microscopic aspects of
foliated leucogranite. Foliation is defined by the preferred orientation of sericite. (c) Microscopic view
of rotated K-feldspar porphyroclasts with asymmetric strain shadows. (d) Rotation of K-feldspar under
microscope. Abbreviations: Kfs = K-feldspar; Qz = quartz; Ser = sericite.

In the Koka gold deposit, the mineralization developed within the relatively competent elongated
NNE trending microganitic body. Post-magmatic deformations have fractured the Koka microgranite
(851.2 ± 1.9 Ma, [19]). These tectonic-induced brittle fractures served as a pathway for the gold-bearing
hydrothermal fluids and eventually became a mineralized stockworks of quartz veins. The main
mineralization zone can be classified into two categories: the quartz vein type and wall-rock alteration
type. The former is characterized by intense alteration and the main mineralization zone occurs from
50 to 80 m from the contact of the footwall within the microgranite. This zone is about 10 m wide
and is characterized by stockworks of quartz veins with varying widths, generally no more than two
meters. The second wall-rock alteration type mineralization mainly developed in the contact zone
between the Koka microgranite and footwall metavolcano-sedimentary rocks. As of 2010, the diamond
drilling had constrained the Koka gold orebody over a strike length of 650 m, with an average depth
of more than 165 m below the surface, and an average grade of about 5~6 g/t, proving that the gold
reserves are about 26.13 tons [20].

Gold is mainly formed in quartz veins in the form of native gold. Ore minerals are mainly native
gold, pyrite, chalcopyrite, galena, and sphalerite. Gangue minerals are mainly quartz, calcite, and
sericite. The types of alterations closely related to gold mineralization are silicification, sericitization,
pyrite mineralization, and carbonation and these are superimposed on each other in the mining
area and are generally zoning. In particular, silicification is consistent with the main mineralization.
Sericitization and pyrite mineralization are beyond the distribution of the mineralization zone, and
formed the sericite + pyrite altered halo boundary. The formation of the carbonation often occurred in
the surrounding rock mainly as a carbonated vein, accompanied by other alterations or separately.

Based on microscopic observations, and a paragenetic study of the primary ore mineral assemblages,
two main stages of mineralization are recognized in the Koka gold deposit: stage I is characterized
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by the development of quartz–sulfide–gold veins, of which sulfides are mainly pyrite, chalcopyrite,
galena, and sphalerite (Figure 3a). The shape of natural gold is xenomorphic granular and is generally
distributed between pyrite and quartz (Figure 3b,c). Pyrites mostly occur as clusters, which are
hypautomorphic-cubic crystals with large particle size changes (Figure 3d). Galena is xenomorphic
granular in shape and has a distinct triangular cleavage (Figure 3f). Chalcopyrite and sphalerite
mostly show a solid solution structure, and aggregates can also be seen, occasionally as a single grain
(Figure 3e,g). Stage II is characterized by the development of milky white quartz veins with poor
sulfide (Figure 3h). The mineral combination is relatively simple, and only a small amount of its
chalcopyrite and fine pyrite can be seen.
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Figure 3. Microscopic photos of the orebodies, hand-specimens, and minerals of the Koka gold deposit.
(a) Gold-bearing quartz veins of stage I occur in granite; (b) native gold occurs in quartz veins; (c) native
gold occurs in the crack of quartz grains; (d) euhedral pyrite occurs in quartz veins; (e) pyrite coexists
with chalcopyrite and sphalerite; (f) pyrite coexists with galena; (g) chalcopyrite coexists with galena
and sphalerite; (h) quartz veins of stage II occur in granite. Abbreviations: Ccp = chalcopyrite; Gn =
galena; Py = pyrite; Sp = sphalerite.

4. Sampling and Analytical Method

Five ore-bearing quartz samples were collected from the Koka gold deposit, namely KO-15, KO-16,
KO-17, KO-3, KO-7, and KO-14. Sampling locations are shown in Figure 1c.

4.1. Fluid Inclusions (FIs)

Fluid inclusion assemblages were characterized prior to the selection of samples for
microthermometry. Microthermometry analyses were completed at the Institute of Materials and
Engineering, University of Science and Technology Beijing, by using the Linkam THMSG600 heating–
freezing stage (−196 to 600 ◦C) (Linkam, Surrey, UK). The precision of each measurement was ±0.1 ◦C
during the cooling cycles and ±1 ◦C during the heating cycles. The heating rate was held between
0.2 ◦C/min and 10 ◦C/min during these cycles. The temperatures of the phase transitions of the
CO2-bearing fluid inclusions and aqueous inclusions were determined at heating rates of 0.1 ◦C/min
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and 0.2 to 0.5 ◦C/min, respectively. The temperatures of the phase transitions were confirmed by the
cycling technique to ensure the accuracy of the microthermometric data. For salinity determination
of the CO2–H2O FIs, the equation was S = 15.52022 − 1.02342t − 0.05286t2 (−9.6 ≤ t ≤ 10 ◦C), S =
salinity wt% NaCl eqv, t represents the temperature of clathrate in CO2 FIs [21]. For NaCl-aqueous FIs,
the equation was S = 0.00 + 1.78t − 0.0442t2 + 0.000557t3, 0 < S < 23.3% wt% NaCl eqv, t represents the
temperature of ice melting [22].

The chemical composition of the vapor phases in the fluid inclusions was determined by ion and
gas chromatography and Raman spectroscopy at the Central South China of the Mineral Resources
Supervision and Testing Center, Wuhan. The Raman spectroscopy instrument was a Renishaw inVia,
UK. The spectrum ranged from 50 cm−1 to 4500 cm−1. The operating conditions included a laser
wavelength of 514.5 nm and laser power of 30 mW. The Raman shift was calibrated using a single
crystal of silicon. The cation test instrument in the liquid phase composition of the group inclusions
was a Hitachi Z-2300 (Hitachi, Tokyo, Japan), and a DIONEX ICS-3000 (Dionex, Sunnyvale, CA, USA)
was used for ion chromatography. A GC-2014C was used for gas chromatography. The bursting
temperature of the inclusions ranged from 100 to 550 ◦C, and the precision was 0.01 mg/L (0.01 µg/g).

4.2. Stable Isotope Analytical Methods

The H–O–C isotope analyses were accomplished with a MAT253 mass spectrometer (Finnigan,
San Jose, CA, USA) at the Analytical Laboratory of the Beijing Research Institute of Uranium Geology.
The accuracy of the O isotope analysis was better than ±0.2‰, and that of the H isotope analysis was
better than ±2‰, and that of the C isotope analysis was typically better than ±0.1‰. The amount of O
in quartz water (aquartz water) was calculated from the O isotope level of the analyzed quartz by using
the fractionation equation 1000lnαquartz water = (3.38 × 106)T−2 − 3.40, where T is the temperature
in Kelvin [23], and the average fluid inclusion temperature of each stage was used to calculate the
δ18Owater value.

5. Fluid Inclusions

5.1. Fluid Inclusion Petrography

Fluid inclusions (FIs) of the Koka gold deposit are found in quartz. Quartz is mainly characterized
by ductile deformation (quartz). A large number of fluid inclusions including primary, pseudosecondary,
and secondary fluid inclusions [22,24] were identified in two mineralization stages of quartz using
detailed petrographic observations. Primary and pseudosecondary inclusions occur in the growth
zone of quartz (Figure 4), or are distributed as an isolated form. The microthermometric data in this
study were basically from primary and pseudosecondary inclusions, and inclusions with only an
aqueous liquid phase are the result of necking phenomena and cannot be used for microthermometry.
In accordance with the classification principles of Roedder [24] and Lu et al. [22], vapor-to-liquid ratios
at room temperature, heating–freezing behaviors, and results of laser Raman analysis were used to
classify the fluid inclusions found in the Koka deposit into four types:

(1) Type I, liquid-rich aqueous fluid inclusions (LH2O + VH2O), are mainly found in stage II, and
are rarely found in stage I. Type I FIs are dominantly liquid-rich inclusions with few pure liquid
inclusions. The liquid-rich inclusions have ellipsoidal or irregular shapes with long axes of 8–16 µm
and a 75–95 vol% liquid phase. These types of FIs are mostly primary and pseudosecondary inclusions
that are distributed in isolation or along the crystal growth (Figure 4a,b).

(2) Type II, CO2-rich fluid inclusions (LCO2 + VCO2), are mainly found in the early stage quartz
veins. Liquid-rich CO2 inclusions have ellipsoidal or irregular shapes with long axes of 6–16 µm
(Figure 4c–f) and a 40–95 vol% liquid phase. Type II FIs dominantly occurred as a liquid phase in room
temperature (25 ◦C), whereas few occurred as two phases. Liquid-rich CO2 inclusions will appear as
vapor in the cooling process. Type II FIs commonly coexist with Type III FIs, and few coexist with Type
I FIs (Figure 4d).
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(3) Type III, three-phase CO2-rich fluid inclusions (VCO2 + LCO2 + LH2O) at room temperature,
occurred in both the early and late stages, have ellipsoidal or irregular shapes with long axes of
6–24 µm (Figure 4a,g,h) and a 20–85 vol% liquid phase.
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5.2. Fluid Inclusion Microthermometry

Five ore-bearing quartz samples from the Koka gold deposit were selected for ice melting and
homogenization temperatures analysis, namely KO-15, KO-16, KO-17, KO-3, KO-7, and KO-14. A total
of 135 microthermometric data of all types of fluid inclusions are listed in Table 1 and Figure 5.
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(1) Stage I

The fluid inclusions in stage I included types I, II, and III. Type I FIs homogenized to the liquid
phase at temperatures ranging from 254 ◦C to 341 ◦C, predominantly at 260–280 ◦C. Their ice melting
temperatures ranged from –4.3 ◦C to –1.8 ◦C, corresponding to salinities of 3.1–6.9 wt% NaCl eqv,
with most around 3–4 wt% NaCl eqv. Type II fluid inclusions showed that the CO2 phase melting
temperatures ranged from –56.7 ◦C to –58.2 ◦C, with a peak at –57 ◦C, and the homogenization
temperatures to the liquid phase were –4.9 ◦C to 18.9 ◦C. Type III (CO2-rich) inclusions formed solid
CO2 upon cooling. The solid CO2 melted at temperatures between –56.6 ◦C and –58.1 ◦C, lower than
the triple point temperature of pure CO2 (–56.6 ◦C). The CO2-clathrate melting temperatures varied
from 5.3 ◦C to 8.0 ◦C, corresponding to salinities of 3.3–8.5 wt% NaCl eqv, with most around 6–7 wt%
NaCl eqv. Vapor- and liquid-CO2 homogenized to the vapor phase at temperatures between 10.6 ◦C
and 30.1 ◦C, higher than the type II FIs in stage I (Figure 6). The total homogenization temperatures of
type III inclusions ranged from 235 ◦C to 356 ◦C, with most around 280–300 ◦C.
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(2) Stage II

The fluid inclusions in stage II included types I, III, and rare type II, and the inclusions of type
III are commonly vapor-rich (V/(V + L) > 40%). The FIs of type I are dominantly liquid-rich, and
homogenized to the liquid phase at temperatures varying from 212 ◦C to 288 ◦C, predominantly at
260–280 ◦C. Their ice melting temperatures ranged from −2.8 ◦C to −0.9 ◦C, corresponding to salinities
of 2.2–4.7 wt% NaCl eqv, with most around 3–4 wt% NaCl eqv. Type II fluid inclusions showed the CO2

phase melting temperatures ranged from −56.9 ◦C to −57.9 ◦C, and the homogenization temperatures
to the liquid phase of 6.8 ◦C to 17.3 ◦C. The solid CO2 of type III inclusions melted at temperatures
between −56.9 ◦C and –57.9 ◦C, and the CO2-clathrate melting temperatures varied from 6.2 ◦C to
8.5 ◦C, corresponding to salinities of 3.0–8.0 wt% NaCl eqv, with most around 5–7 wt% NaCl eqv. Vapor-
and liquid-CO2 homogenized to the liquid phase at temperatures between 18.5 ◦C and 29.7 ◦C, and
the total homogenization temperatures of type III inclusions ranged from 232 ◦C to 318 ◦C, with most
around 260–280 ◦C.
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gold deposit.

5.3. Laser Raman Spectroscopy

Selected samples based on the fluid inclusion petrology of the two stages were examined by laser
Raman micro spectroscopy. The results showed that the composition of FIs in type I was relatively
simple, dominated by H2O (Figure 7d). The composition of type II FIs was basically pure CO2

(Figure 7c). The inclusion gas of type III was dominated by CO2 and H2O, and the aqueous phase also
contained some CO2 (Figure 7a,b).
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5.4. Ion and Gas Chromatography

The results of the composition of the fluid inclusions cluster in quartz based on ion and gas
chromatography showed that CO2 and H2O were the dominant gaseous ingredients, and CH4 was rare
(Table 2). The average mole% of H2O and CO2 of stage I were 0.535 and 0.465, respectively, whereas
the average mole% of H2O increased to 0.753, and the average mole% of and CO2 reduced to 0.245 in
stage II. Only 0.11 mole% of CH4 was detected in sample KO-16 of stage I. The mole% of CO and H2

of all of the samples were below the detection limit.
The results of the ion chromatography showed that Na+ was the dominant cation in both stages,

with minor K+ and Ca+, and the ratio of Na+/K+ ranged from 20.13 to 26.33, and 12.75 to 17.15,
respectively. The anion of the two stages was mainly Cl− with minor SO4

2−, and the ratio of Cl−/SO4
2−

ranged from 11.52 to 17.42, and 19.24 to 31.26, respectively. Moreover, the average content of Na+

and Cl− in stage I was 5.40 mg/L and 6.96 mg/L, respectively. Compared with stage I, the average
contents of Na+ and Cl− in stage II were 9.64 mg/L and 12.63 mg/L, respectively, higher than those in
stage I. Li+, F−, and Br− of all samples are below the detection limit.

Table 2. Results of the ion and gas chromatography of the fluid inclusions from the Koka gold deposit.

Sample No. Stage H2O CO2 CO CH4 K+ Na+ Ca2+ Mg2+ Cl− SO4
2−

mol% mol% mol% mol% mg/L mg/L mg/L mg/L mg/L mg/L

KO-15
Stage I

0.595 0.405 <0.01 <0.01 0.18 4.74 0.09 0.02 5.99 0.52
KO-16 0.526 0.474 <0.01 0.11 0.31 6.24 0.07 <0.01 8.36 0.48
KO-17 0.484 0.516 <0.01 <0.01 <0.01 5.22 0.06 <0.01 6.52 0.56

KO-3 Stage II 0.741 0.259 <0.01 <0.01 0.47 8.06 0.08 <0.01 9.62 0.50
KO-7 0.765 0.235 <0.01 <0.01 0.88 11.22 0.10 0.02 15.63 0.50

6. C–H–O–S Isotopes

The carbon and oxygen isotopic data are listed in Table 3 and plotted in Figure 8. Three quartz
samples from the early stage provided δ13C value ranging from −5.5‰ to −5.0‰, and the δ18O value
ranged from +9.0‰ to +9.7‰. The δ13C and δ18O values of two quartz samples from the late stage fell
within a range of −4.4‰ and +10.1‰ to +10.8‰, respectively.

Table 3. The oxygen, hydrogen, and carbon isotopic compositions of quartz from the Koka gold deposit.

Sample
NO. Stage Mineral δDsmow

(‰)
δ18Osmow

(‰)
δ18OH2O

(‰)
δ13Cv-PDB

(‰)
Temperature

(◦C)

KO-15
Stage I

Quartz –52.5 9.7 2.4 –5.0 290
KO-16 Quartz –57.0 9.0 1.7 –5.4 290
KO-17 Quartz –50.1 9.5 2.2 –5.5 290

KO-3 Stage II Quartz –53.1 10.8 2.7 –4.4 270
KO-7 Quartz –54.1 10.1 2.0 –4.4 270

The oxygen and hydrogen isotopic data are listed in Table 3 and plotted in Figure 9. The measured
δ18O values of five quartz samples in the two stages ranged from +8.0 to +8.8‰. The δ18O values
of hydrothermal fluids were calculated using the equation of Clayton et al. [21], 1000lnaquartz–water =
3.38 × 106 × T−2 − 3.40, together with the measured δ18Oquartz values and the corresponding average
homogenization temperatures of the FIs in the same stage of the same sample (Table 3). As a result,
the δ18OH2O values from the early stage and the late stage were +1.7‰ to +2.4‰, and 2.0‰ to +2.7‰,
respectively. All samples selected for δ18O analysis were also analyzed for their hydrogen isotopic
composition. The δDH2O values of the quartz samples in the early stage and the late stage were
−57.0‰ to −50.1‰, and −54.1‰ to −53.1‰, respectively.
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primary magmatic water field, and meteoric water line are from Taylor (1974) [26].

The sulfur isotopic data are shown in Table 4 and plotted in Figure 10. The δ34S values of ten pyrite
samples from the Koka gold deposit ranged from −0.1‰ to +2.7‰, with an average of +1.6‰, and
the δ34S value of the samples of one chalcopyrite, one galena, and one sphalerite were +1.3‰, −1.3‰,
and +1.2‰, respectively. Therefore, the sulfur isotopic compositions in the Koka gold deposit showed
a relatively narrow range (−1.3 to +2.7‰, around zero), indicating a homogenous sulfur source.
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Table 4. Sulfur isotopic compositions of sulfides from the Koka gold deposit.

Sample No. Stage Mineral δ34SCDT (‰)

KO-11

Stage I

Pyrite 1.7
KO-11 Pyrite −0.1
KO-15 Pyrite 1.3
KO-16 Pyrite 1.4
KO-17 Pyrite 1.6
KO-17 Pyrite 1.6
KO-17 Chalcopyrite 1.3
KO-17 Galena –1.3
KO-17 Sphalerite 1.2

KO-3

Stage II

Pyrite 1.9
KO-3 Pyrite 1.9
KO-7 Pyrite 2.7

KO-14 Pyrite 1.8

Figure 10. Histograms of the δ34S values of sulfide for the Koka deposit.

7. Discussion

7.1. Nature and Evolution of Ore-Forming Fluid

CO2-bearing FIs were the most abundant occurrence in the Koka gold deposit, with moderate
liquid-rich aqueous FIs. Generally, the results of fluid inclusion petrography, microthermometry, and
laser Raman micro-spectroscopy showed that the ore-forming fluid of the Koka gold deposit was a
medium- to low-temperature and low-salinity CO2–NaCl–H2O system.

(1) Stage I

The ore-forming fluid of this stage was a medium-temperature, low-salinity NaCl–H2O–
CO2(–CH4) fluid (CH4 was detected via gas chromatography). The majority of CO2 and CH4 are likely
to be from the metamorphic strata [10,27–29]. Fluid immiscibility is one of the dominant ore-forming
mechanisms in gold deposits [30–32]. The common coexistence of type I and II FIs during stage
I suggests that they were entrapped simultaneously, and homogenized in different ways, which
suggests that fluid immiscibility occurred prior to their entrapment [33]. The plot of salinity vs. the
homogenization temperatures (Figure 11) indicates that the ore-forming fluid underwent a fluid
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immiscibility process during stage I at Xiangdong (three-phase CO2-rich inclusions commonly coexist
with two-phase aqueous inclusions in quartz, with similar homogenization temperatures [24]), which
is likely to be due to the decrease in temperature and pressure as the ore-forming fluid ascended,
leading to the escape of CO2 from the fluid.
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Moreover, varying degrees of CH4 involvement in the fluid system were detected in the stage I
FIs, and CH4 may lead to fluid immiscibility of the NaCl–H2O–CO2 system at depth [34].

We calculated the densities of the type I (salinity <5 wt% NaCl eqv) and type II (CO2-rich)
inclusions in stage I via Flincor software [35] of 0.711–0.858 g/cm3 and 0.757–0.904 g/cm3, respectively,
and then estimated the pressure in the range from 73 to 278 MPa, Figure 12 [11,36–38]). In addition,
we can constrain the temperatures at ~290 ◦C from fluid inclusion microthermometry which is in
agreement with the temperature obtained from sulfur isotope calculation of galena-sphalerite pair
(see below). Then we obtained an estimated pressure between 106 and 168 MPa, which was similar
to the estimated pressure between 105 and 250 MPa (Figure 13) using the method of Van den Kerhof
and Thiéry [39]. Hence, we use 168 MPa to better constrain the estimated trapping pressure of stage I,
corresponding to a maximum depth of 6.3 km (lithostatic pressure; rock density of 2.7 g/cm3).

(2) Stage II

The occurrence and composition of different FIs types suggest that the ore-forming fluid from stage
II is a medium-temperature, low-salinity NaCl–H2O–CO2 fluid. The temperature of the ore-forming
fluid decreased from stage I to II, most likely due to the progressive cooling of the fluid system or/and
mixing with relatively low-T fluid, whereas the meteoric water mixing is supported by the results
of the hydrogen and oxygen isotopes. In addition, the water content increased in the fluid of stage
II, suggesting a water mixing. Salinity from stage I to II changed slightly, most likely due to the
precipitation of metal elements in stage II.
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7.2. Source of Ore-Forming Fluids and Metal

Most of the δDfluid values (–57.0 to –50.1‰) and the δ18OH2O values (+1.7 to +2.7‰) of the ore
quartz in the Koka gold deposit fell within the ranges of the isotopic compositions of metamorphic
water [26,40], and near the primitive magmatic water field (Figure 9). The H–O data suggest that these
ore-forming fluids were derived from metamorphic water, and that magmatic water could mix within
the ore-forming fluids.

The δ13C values of the quartz samples ranged from −5.5 to−4.4‰, which were higher than those
of the organic matter (averaging −25‰ [41]), CO2 dissolved in water (−9 to −20‰ [42]), atmospheric
CO2 (~−8‰ [43] or −7 to −11‰ [42]), and crust (−7‰ [44]), and lower than the marine carbonates
(~0‰ [41]), but consistent with the C isotopic compositions of igneous/magma systems (−3 to −30‰ [42];
mantle (−5 to −7‰ [41]). In the δ13C vs. δ18O diagram, all of the quartz samples were plotted within
the granite box field (Figure 8), indicating that carbon in the early ore-forming fluids was likely to be
provided by magmatic water. Moreover, the late stage quartz samples showed an obvious trend of
influence by low temperature alteration, which suggests a temperature cooling in the late ore-forming
system. This interpretation is consistent with the results of the fluid inclusion microthermometry.

The δ34S values of sulfides in the Koka gold deposit exhibited a narrow range of values that
were close to 0‰ (−1.3 to +2.7‰, Figure 10), which suggests that the sulfides that precipitated from
the fluid system originated from a single sulfur source that was primarily comprised of deep-seated
magma (δ34S = 0 ± 3‰ [45,46]). Moreover, the δ34S values exhibited a trend of δ34Spyrite > δ34Ssphalerite
> δ34Sgalena, which is consistent with the crystallization sequence of minerals in a hydrothermal system
under the conditions of sulfur isotopic fractionation equilibrium [45,47]. These data suggest that the
hydrothermal system reached a state of sulfur isotopic fractionation equilibrium before its ore minerals
were precipitated [48–50], suggesting that these ore-forming materials were predominantly sourced
from magma. Then we calculated the galena-sphalerite pair and obtained a temperature of 265±19 ◦C
according to Ohmoto and Rye 1979 [45], which is in agreement with the temperatures obtained from
oxygen isotopes.

7.3. Genetic Model for Ore Deposition

The continental collision of East and West Gondwana caused the reconstruction of the regional
juvenile crust and lithosphere, and the formation of Eeat African Ogogenic Belt (EAOB) during
the Neoproterozoic (~650 Ma). Most of the juvenile crust were conjoined along the arc–arc suture,
and the subsequent orogeny lasted nearly 100 Ma [15]. Due to the rapid convergence between East
Gondwana and West Gondwana, the Eritrea region in the southern part of the EAOB experienced
regional metamorphism [51].

40Ar–39Ar ages of sericite in the gold-bearing quartz veins of the Koka deposit were 600–580 Ma
(unpub. data), suggesting that the Koka deposit most likely formed in the Neoproterozoic. Moreover,
several gold deposits in the Nubian Shield were reported to have formed at this period such as
Sukhaybarat [52], An Najadi [53], Ad Duwayhi [54], and Lega-Dembi [55]. Regionally, Post orogenic
a-type granite was formed after 610 Ma [15], combined with the formation age of Kyanite schist
(U–Pb age of monazite, 593 ± 5Ma [56]), suggesting that the time interval of 600–580 Ma was in the
transition environment from crust compression to extension during the collision, accompanied by
regional metamorphism.

The characteristics of geotectonic environment, occurrence of orebodies, mineral assemblages,
and ore-forming fluid of the Koka gold deposit were similar to the features of orogenic gold
deposits [11,30,57], whereas the carbon and sulfur isotopes suggested an igneous origin. Hence, the
Koka gold deposit could be an orogenic gold deposit related to magmatism. The detailed ore-forming
process is described as follows:

After the solidification of Koka granite, multi-fractures that existed in the granite became
a relatively low-pressure zone in the district. Ore-bearing fluid, which was derived from the
metamorphic strata and containing abundant CO2 in high-pressure conditions, was driven by regional
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thermodynamic processes to flow into the fault system of Koka granite. The temperature and pressure
decreased as the ore-forming fluid rose during stage I, which led to CO2 separating from the fluid
accompanied by fluid immiscibility, leading to the dissolution of the Au-bearing complexes and a pH
change in the residual fluid. Then, ore-forming ions such as Au+, Fe2+, Cu2+, Pb2+, Zn2+, and S2− were
precipitated at locations with advantageous structural conditions. During stage II, meteoric water was
mixed in and cooled the fluid system, so that metal cations such as Fe2+ and S2− remaining in the fluid
were deposited in the structural fractures and micro-fractures of the existing veins.

8. Conclusions

(1) The ore-forming fluid of the Koka gold deposit is a medium- to low-temperature and
low-salinity CO2–NaCl–H2O system, and ore-forming mechanisms include fluid immiscibility during
an early stage and fluid mixing with meteoric water in subsequent stages at lower temperature.
We used two methods to estimate a similar pressure at ~168 MPa, which corresponded to a depth of
6.3 km.

(2) The C–H–O isotopic compositions indicated that the ore-forming fluids of the Koka deposit
could have originated from metamorphic strata and were likely to have made a considerable magmatic
contribution. The S isotopic result suggest that the metals were derived from magma.

(3) Features of geology and ore-forming fluid at the Koka gold deposit were similar to those of
orogenic gold deposits. Hence, the Koka deposit might be an orogenic gold deposit related to granite.
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Abstract: Lots of studies on gold precipitation mechanisms have focused on fluid inclusions within
quartz. However, the trace elements in quartz reflect the properties of the ore fluid, and a comparison
of the trace element content in different types of quartz can reveal the precipitation mechanism.
The Jinqingding gold deposit is the largest gold deposit in the Muping–Rushan gold belt and contains
the largest single sulfide–quartz vein type orebody in the gold belt. This study distinguished
four types of quartz in this orebody through field work and investigations of the mineralogy and
cathodoluminescence (CL) of the quartz and crosscutting relationships as seen under a microscope.
In situ studies via electron probe micro-analyzer (EPMA) and laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS) were used to determine the trace element content of the
different quartz types. Type Qa displayed a comb structure in the field and zoning under the
microscope and in CL. Milky white and smoke grey Qb was the most common quartz type and
hosted the most sulfide and gold. Qc was Qa and Qb quartz that recrystallized around pyrite or
overgrew and appeared different from Qa and Qb in CL images. Qd occurred within fractures in
pyrite. Qa formed prior to the mineralization of gold, and Qd formed post-mineralization. Qb and Qc
provided information regarding the ore fluid during mineralization. Sericites occurred with pyrite in
fractures in the quartz, and some, along with free gold, filled in fractures in pyrite. Free gold occurred
within Qa, Qb, Qc, and in brittle fractures in pyrite. Qc had the lowest Al content of all of the quartz
types. As Al content is related to the acidity of the ore fluid in previous study, this indicated an acidity
decrease during mineralization, which could be attributed to the sericitization. Sericitization could
indicate a potential gold occurrence. The Ti content decreased from Qb to Qc, indicating a decrease in
temperature during quartz overgrowth formation. Change in acidity and cooling can therefore be
identified as possible causes of gold precipitation in the sulfide–quartz vein type in the Jinqingding
gold deposit.

Keywords: quartz; trace element; precipitation mechanism; in situ study; sericite; acidity;
formation temperature

1. Introduction

The Jiaodong Peninsula is the largest gold province in China [1–5]. Its gold deposits can be
divided into fractured–altered rock type [6], mainly in the western Jiaodong, and sulfide–quartz vein
type, mainly in the eastern Jiaodong [7–11] (Figure 1a). Quartz and pyrite are the main gold-bearing
minerals [7]. Previous studies on the gold precipitation mechanism have focused on fluid inclusions and
consideration of gold precipitation mechanisms such as phase separation, unmixing, and water–rock
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reactions [12–16]. However, hydrothermal activity can be multi-pulse, and evidence from fluid
inclusions only represents a certain phase of activity. Gold-bearing quartz has the potential to record a
more comprehensive history of the hydrothermal activity, but when dividing the mineralization stage,
each stage is usually regarded as a whole and the relative timing of quartz and sulfide crystallization is
ignored within each stage.

Quartz is the predominant mineral in the gold deposit and occurs in every stage of
the mineralization [7]. As well as the fluid inclusion assemblage in the quartz, the trace
elements in each stage of quartz can reflect the growth environment in the mineralization system.
Furthermore, geochemical study of the patterns in trace elements such as Li, Sn, Sb, and Rb can be used
to establish genetic relationships within magmatic and hydrothermally derived quartz groups [17].
The trace elements such as Al and Ti in quartz that formed during different stages can reflect changes in
the properties of the ore fluid, such as acidity and formation temperature of quartz [18]. Research into
trace element variations of this kind has previously been carried out for porphyry and skarn deposits
through the use of in situ studies with laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) and electron probe micro-analyzer (EPMA) on quartz [17,18].

The Muping–Rushan gold belt is one of the three largest gold belts in the Jiaodong Peninsula and
lies in its eastern part. The ores are mainly sulfide–quartz vein type. Jinqingding is the largest gold
deposit and has the largest single sulfide–quartz vein type orebody in the gold belt (No. II, >32 t).
The quartz within it has the potential to preserve multi-pulse hydrothermal activity, which can be best
studied in orebody No. II [19].

In this paper, we defined the different types of quartz present based on fieldwork, and petrographic
and CL observations, and conducted in situ measurements to determine the trace element content.
We then used the trace element contents of Al and Ti in different generations of quartz to infer the
acidity changes in ore fluid and formation temperature of quartz, and talked about the possible
gold precipitation mechanisms in the Jinqingding gold deposit. The results of this study have wider
implications for gold exploration.
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Figure 1. Regional geological map: (a) Geological map of the Eastern Jiaodong Peninsula;
(b) geological map of the Muping–Rushan gold belt (modified from [15]; ages are from [20,21]).
HQF—Haiyang–Qingdao fault; HSF—Haiyang–Shidao fault; MRF—Muping–Rushan fault; TCF—Taocun
fault; WQYF—Wulian–Qingdao–Yantai fault; WHF—Weihai fault; RCF—Rongcheng fault.
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2. Regional Geological Setting

The Jiaodong Peninsula is located on the southeast margin of the North China Craton; the
Wulian–Qingdao–Yantai fault divides the peninsula into the Jiaobei and Sulu Terranes [22] (Figure 1a).
Jiaodong has experienced both continental collision and subduction of oceanic lithosphere, with the Yangtze
Craton subducting below the North China Craton during the Triassic and the Pacific plate subducting
beneath the North China Craton in the Jurassic [21,23–25]. More than 150 gold deposits have been found,
with more than 4000 tons of proven reserves [7,15]. Most of the gold deposits are located in the Mesozoic
granites, and a minority are in Archaen metamorphic rocks [7,14]. Most of the gold deposits formed from
120 Ma onwards and are controlled by NNE-trending faults and secondary faults; a smaller number of
gold deposits are controlled by the detachment fault in the Jiaolai Basin [7,14].

The regional basement is tonalite–trondhjemite–granodiorite (TTG) gneisses (2.9–2.5 Ga) [26].
The Neoarchean Jiaodong Group and Proterozoic Fenzishan, Jingshan and Penglai Groups overlie
the basement. The Jiaodong Group is made up of metasedimentary and meta-igneous rocks [27,28],
the Fenzishan and Jingshan Groups are composed of schist, calc-silicates, marble, and amphibolite [29–31],
and the Neoproterozoic Penglai Group comprises marble, slate and quartzite [32]. Rocks of the Jiaodong,
Fenzishan, Jingshan, and Penglai Groups occur as xenoliths in the wallrock of most of the gold deposits in
Muping–Rushan gold belt.

Tectonic and magmatic events were frequent in the Mesozoic. The magmatic activity can be divided
into four periods, namely late Triassic, Late Jurassic (165–150 Ma), Early Cretaceous (110–120 Ma),
and Late Early Cretaceous [7]. In the Late Triassic event, mantle-derived syenite–granitic–miscellaneous
rock intruded into Shidao after the North China Craton–Yangtze Craton collision [23].

In the Middle to Late Jurassic (165–150 Ma), biotite monzogranite, monzogranodiorite, quartz
diorite and granodiorite intrusions derived from partially melted Neoarchaen lower crust intruded to
form the Linglong, Kunyushan and Queshan granitoids [33,34]. The late Jurassic Kunyushan granite is
the main wallrock in the gold belt (Figure 1b). This can be sub-divided into the Duogushan granite,
Washan granite, and Wuzhuashan granite, which have sensitive high resolution ion microprobe
(SHRIMP) zircon ages of 161 ± 1 Ma, 138–146 Ma and 160 ± 3 Ma [35] and 40Ar/39Ar biotite cooling
ages of 135–147 Ma, 126–131 Ma and 120–123 Ma, respectively [36].

In the Early Cretaceous, granite–granodiorite–alkaline granite derived from partially melted lower
crust, and Precambrian metamorphic basement intruded into Sanshandao, Shangzhuang, Sanfoshan
and Guojialing and have been dated via SHRIMP U–Pb to 132–123 Ma [37,38]. Several gold deposits
within the Muping–Rushan gold belt, such as the Shicheng and Tongling deposits, are hosted within
the Sanfoshan monzogranite.

In the late Early Cretaceous, monzogranite intrusions with mixed crust–mantle and partly depleted
mantle sources intruded Aishan [35] (Figure 1b).

Most of the gold mineralization is controlled by NE–NNE trending faults [7,39]. There are four
main ore-controlling faults in the Muping–Rushan gold belt, namely the Qinghushan–Tangjiagou fault,
Jinniushan fault, Jiangjunshi–Quhezhuang fault and Hezi–Gekou fault (Figure 1b). More than 20 gold
deposits are located in the Muping–Rushan gold belt. The ores are dominantly of sulfide–quartz vein type.

3. Ore Deposit Geology

The Jinqingding gold deposit (37◦06′40”–37◦07′30”N, 121◦38′06”–121◦38′52”E) is the largest gold
deposit in the Muping–Rushan gold belt (Figures 1b and 2a) with a proven reserve of >32 t and an
average grade of 6.44 g/t [19,20]. It is located 25 km to the NE of Rushan city and was discovered by
the Jinzhou Mining Company in the 1970s. 40Ar/39Ar dating of sericite in the quartz–sulfide veins has
yielded an age of 107.7 ± 0.5–109.3 ± 0.3 Ma [21].

Sixteen orebodies have been discovered in the Jinqingding deposit; orebody No. II is the largest
and contains 96% of the proven reserve [19,20]. Recent engineering activity has revealed that orebody
No. II occurs at depths between +120 m and −1220 m, strikes NE, is 120–600 m long along strike,
averaging 300 m, and is 100–610 m long along dip (Figure 2b). Auriferous quartz pyrite veins occur
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within secondary fractures (Figure 2b). The orebodies are located in fault bends where the dip angle
changes from moderate to steep. The thickness of orebody No. II is 0.2–6.73 m, averaging 1.65 m,
the grade is usually 1.50–30 g/t, averaging 10.40 g/t [19].
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Figure 2. Geological maps of the Jinqingding gold deposit: (a) plan view; (b) section (modified
from [20]).

The ore-controlling fault (F3) is part of the Jiangjunshi–Quhezhuang fault. Its general trend
is 20◦ and it dips to the SE (Figure 2a,b). Based on the field work, F3 is a dextral normal fault
with horizontal movement, the orebodies occur in extensional zones, while the other zones are
dominated by transpression. F1 is the post-ore fault and no gold mineralization is found in
it. Kunyushan monzogranite is the main wallrock (Figure 2a,b and Figure 3a), dikes are mainly
lamprophyre, and Paleo–Proterozoic Jingshan Group amphibolite occurs as xenoliths in the deposit
(Figure 2a,b). Sulfide–quartz veins have filled fractures in the monzogranites. There is usually a clear
boundary between the vein and the wallrock (Figure 3a). Alteration can be seen in the wallrocks of the
orebody, and the degree and scale of the alteration are controlled by the fault. The alteration types
include K-feldspar alteration (Figure 3b), sericitization (Figure 3c), and silicification. There are gradual
boundaries between the different types of alteration. Potassic alteration is the most common type; it
can range in width up to 3–4 m and is most intense near the orebody. Pyrite–sericitization forms a
narrow belt and usually coexists with a belt of sericitization; these occur in the deeper level of the gold
deposit. Only a small amount of silicification is seen near quartz–sulfide veins in the field. The orebody
contains some potassic altered wallrock breccias.

The structure of the ore rock varies between massive (Figure 3d), disseminated (Figure 3d), veinlet
(Figure 3e), and brecciated, and it features textures such as fissure-intersertal texture and replacement
texture. Pyrite and quartz are the main gold-bearing minerals. Gold mainly occurs in fractures in the
pyrite and quartz and more rarely as inclusions within those minerals. Smaller amounts of galena,
sphalerite, chalcopyrite, and pyrrhotite are also present. Sericites are common in the wallrock and ore.
The early milky quartz has a comb structure (Figure 3f).

Pyrite is the most important metal mineral, and both massive pyrite and vein-type pyrite are seen
in the field and in hand sample (Figure 3e,f). Pyrite occurrence can be found from the orebody to the
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wallrock, with massive and disseminated pyrites occurring in the middle part of quartz veins and
pyrite veins occurring near the wallrock.
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looks milky white when there is no pyrite and smoke grey when pyrites are present (Figure 3d,e). 
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Figure 3. Alteration and mineralization types in the Jinqingding gold deposit: (a) A quartz–sulfide
vein with unaltered wallrock; (b) K-feldspar alteration in the wallrock; (c) sericitization in the wallrock
of a quartz–sulfide vein; (d) milky and smoke grey quartz (Qb + Qc + Qd) plus massive, disseminated
pyrites in a hand sample of quartz–sulfide vein; (e) smoke grey quartz (Qb + Qc + Qd) in a hand
sample of quartz–sulfide vein in which pyrites occur as veins (Py); (f) The earliest quartz (Qa) has a
comb structure. Py—pyrite; Q—quartz.

In the sulfide–quartz veins, quartz appears milky and smoke grey (Figure 3d–f) and is medium-
to coarse-grained (5 mm–1 cm). It can be divided into four main types, namely Qa, Qb, Qc and Qd
(Figure 4). In the field and in hand sample, Qa is milky white (Figure 3f). It characteristically has a
comb structure (Figures 3f and 4a,b), is euhedral, and has a grain size of several millimeters to several
centimeters. No sulfide is found in Qa. Qb is very common and contains gold, many types of pyrites,
and base metals (Figure 3d,e and Figure 4c–e). In hand sample, Qb looks milky white when there
is no pyrite and smoke grey when pyrites are present (Figure 3d,e). Its grain size may vary under
different conditions. Some recrystallized quartz and quartz overgrowths occur around the sulfide (Qc).
Some quartz also occurs in fractures in the pyrites (Qd). These last two types are best identified under a
microscope. Similar quartz types have been found in other gold deposits of Muping–Rushan gold belt.
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Figure 4. Features of different types of quartz: (a) Qa is zoned and is crosscut by pyrite;
(b) cathodoluminescence (CL) shows zoning in Qa and gold grains within it; (c) gold occurs in
Qb; (d) quartz outside and inside the pyrite goes extinct at the same angle; (e) quartz inside and outside
pyrite has similar CL features; (f) recrystallized (Qc) quartz contains free gold and has darker CL
features than other quartz types; (g) recrystallized quartz around a crosscutting pyrite vein; (h) quartz
(Qd) in fractures in pyrite shows different CL features from Qb. Py—Pyrite; Q—Quartz; Au—Gold;
Gn—Galena. See Section 4 for description of red circles.
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4. Sampling and Analytical Techniques

Representative quartz–sulfide vein samples were collected from depths of −825 m and −865 m
within orebody No. II (Figure 2b). Samples JQD15D4B3, JQD15D6B3 and JQD15D25B1 were chosen for
further detailed research (Figure 2b). Quartz of each generation was selected with the understanding
that multiple hydrothermal activities may be preserved within any one grain. In addition to observations
on hand samples and under the microscope, several methods were applied to differentiate the quartz
types present and detect their trace element content. Spot locations (red circle) are shown in Figure 4.
Samples of each type of quartz and overgrowth quartz were selected for analysis.

Cathodoluminescence (CL) is an effective way to study growth zonation and interior structure
in quartz [40], as the color and intensity are affected by structurally bound trace elements [40].
Quartz formation conditions and generations can be reflected in variations in CL [40–44]. Different types
of quartz from the different samples were studied with CL and then subjected to further study.
CL imaging was carried out with a HC5-LM hot-cathode CL microscope at the Colorado School of
Mines, Golden, Colorado, USA. Its operating conditions were a voltage of 14 keV and a current density
of approximately 10 µA/mm2. A modified Olympus BXFM-S optical microscope was used to locate
the quartz. To capture short-lived and long-lived CL signals, a high sensitivity, double-stage Peltier
cooled Kappa DX40C CCD camera was used to capture images every seven seconds automatically
following initial exposure. The CL images usually show colors changing from dark blue to light red
during exposure.

The composition of the selected samples was analyzed by automated scanning electron microscopy
(QEMSCAN) at the Colorado School of Mines, Golden, CO, USA. The samples were first loaded into
the QEMSCAN instrument, and the analysis was initiated using the control program (iDiscover, FEI).
Under the working conditions of a beam step interval of 5 µm or 10 µm, accelerating voltage of 25 keV
and beam current of 5 nA, spectra were acquired from each particle by four energy dispersive X-ray
(EDX) spectrometers. Monte Carlo simulation was used to model the interactions between the beam
and the sample. The EDX spectra at each acquisition point were compared with spectra held in a
look-up table based on an assignment that had been made as to composition. The QEMSCAN software
calculates the area percentage of each composition in the look-up table and outputs the results as
a spreadsheet.

Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) carried out at the
United States Geological Survey (USGS), Denver, CO, USA was used to determine the trace element
concentrations in the quartz. The LA-ICP-MS system is composed of a Horiba Xplora Raman
Spectrometer (532 nm) and a Photon Machines Analyte G2 LA system (193 nm, 4 ns excimer). He gas
(0.85 L/min) carries the ablated material to a modified glass mixing bulb, and the sample is mixed
coaxially with Ar (0.6 L/min) at the ICP torch [45]. The thin section should be prepared carefully as the
quartz from gold deposits is usually fragile and brittle and may break without the assistance of the
glass. It is also likely to contain small fluid inclusions, which may cause it to explode when heated by
the laser. The spots were chosen on the basis of the CL results and microscopic observation. Only two
selected quartz grains (JQD15D25B1) were studied (Table S2). The detection limit for Ti and Al is
1 ppm and 2 ppm, respectively.

During electron probe micro-analyzer (EPMA) work on the quartz, mineral inclusions in the
quartz were excluded so that the Al content would reflect the concentration of structurally bound
Al (Table S1). The trace element contents of the quartz were studied quantitatively with a JEOL JXA
8800 electron microprobe analyzer at the USGS, Denver, CO, USA. The operating conditions were
20 kV, 100 nA, and a focused beam 2 µm in diameter. The detection limit of Al is 0.001 wt %, and the
standard sample used was USGS-Menlo #5-168.

5. Mineralogy and Paragenesis

Previous studies have divided the mineralization process in the Jiaodong peninsula into four
main stages, namely the gold–pyrite–quartz stage (I), gold–quartz–pyrite stage (II), gold–pyrite–base
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sulfide–quartz stage (III), and quartz–pyrite–calcite stage (IV). The second and third stages are regarded
as the main stages of mineralization [6,12,15]. There has been little study of the sequence of mineral
formation within each stage; the mineral assemblages are generally discussed as one. This paper
presents a new paragenesis based on field work and the petrographic investigation.

The field, hand sample, and microscopic observations and short-lived CL results from this study
indicated that there were differences between quartz grains including their crosscutting relationships, CL
features, timing relative to pyrite, relationships with mineralization, and fluid inclusions. The detailed
features of each type of quartz were therefore studied in more detail (Figure 4).

Under the microscope, Qa cores were turbid, and the grains had clear zoning. The zoned part was
crosscut by pyrite; cross-cutting relationships indicated that Qa formed prior to all of the sulfides and
mineralization (Figure 4a,b). CL revealed zonation in Qa grains and that the Au occurred in fractures
perpendicular to the zoning (Figure 4b).

Au occurred in fractures in Qb (Figure 4c). Pyrites were present in broken quartz grains or at
contacts between coarse and fine quartz. On some occasions, euhedral or subhedral quartz occurred
inside or partly included in the sulfide (Figure 4d,e). Quartz outside and inside the pyrite goes extinct
at the same angle (Figure 4d), which means that the quartz grains were structurally the same and
crystallized simultaneously. Similar CL features were seen even where extinction did not occur at the
same angle, indicating that the quartz was of the same origin (Figure 4e). Quartz overgrowths may
have occurred during the period of Qb and Qc formation.

Qc forms by recrystallization and overgrowth of Qb. Recrystallized quartz occurred beside
massive pyrite and pyrite veins; this quartz may have resulted from hydrothermal activities of
sulphide formation (Figure 3e,f and Figure 4f,g) [20]. Recrystallization of quartz may have resulted
from many causes, such as fault movement and hydrothermal activity. Qc was different from the
recrystallization derived from fault movement. Qc was best distinguished under a microscope and
via CL. Au was found in Qc, which made Qc mineralization-relevant gold-bearing quartz (Figure 4f).
The CL color of Qc was darker than that of Qa and Qb (Figure 4f). Some quartz around pyrite veins
was recrystallized (Figure 4g). Qb and Qc had the potential to preserve information regarding the ore
fluid during mineralization. Overgrowths were rare in the sample, but two grains were selected for
LA-ICP-MS study.

Qd occurred in fractures in the sulfide (Figure 4h) and obviously formed after gold mineralization.
The grain size depended on the sizes of the pyrite fractures. No gold was found in Qd. It showed
different CL features from the other types of quartz.

Sericitization is a common alteration type in the gold deposit, and sericite has several types of
occurrence. Field and microscopic observations indicated that sericite may have derived from feldspar
alteration (Figures 3c and 5a), which means the sericitization may have occurred during mineralization.
According to mineral mapping by QEMSCAN, sericite and gold filled in fractures in pyrite (Figure 5b),
indicating that the gold precipitation may be related to sericite formation. A high proportion of sericite
was also seen in a pyrite vein filling in the fractures of quartz (Figure 5c), indicating that sericite was a
major syn-mineralization mineral.
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Visible gold occured in brittle fractures in the quartz and pyrite (Figure 4b,c,f and Figure 5b),
meaning that this gold formed after or at the same time as these quartz and pyrite grains. Other sulfides
such as galena and chalcopyrite sometimes filled in these fractures or were located around pyrites,
indicating that they may have formed at the same time or after the pyrite. A new paragenesis has been
concluded on the combined basis of all of the mineralogical investigations (Figure 6).
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Figure 6. Paragenesis of quartz and other minerals. The thickness of the line indicates scale and
intensity of mineral occurrence.

6. In Situ Study Results

The Al and Ti contents of the different types of quartz were analyzed by EPMA and LA-ICP-MS.
The EPMA results are shown in Table 1 and Figure 7. The LA-ICP-MS results are shown in Table 2 and
Figure 8.
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Table 1. Electron probe micro-analyzer (EPMA)-derived Al content in different types of quartz in the
Jinqingding gold deposit.

Al (wt %) Qa (n = 5) Qb (n = 20) Qc (n = 7) Qd (n = 2)

Max 0.086 0.284 0.069 0.167
Average 0.043 0.079 0.023 0.101

Min 0.008 0.004 0.001 0.036

The number in brackets is the number of spots on quartz.
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Table 2. Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS)-derived trace
element content in quartz and estimated formation temperatures of quartz in the Jinqingding
gold deposit.

Position Element and Formation Temperature
Under Different Pressures

Qb Qc

Max Average Min Max Average Min

Grain A

Al (ppm) 3310 2242.667 1548 393 192.667 54
Ti (ppm) 12.1 9.433 7.9 5.7 5.2 4.6

T (◦C, 1 Kb) 217 209 204 194 192 188
T (◦C, 7.77 Kb) 310 300 294 282 279 275

Grain B

Al (ppm) 61 55 48 423 156.4 26
Ti (ppm) 5.8 5.737 5.61 5.24 4.864 4.3

T (◦C, 1 Kb) 195 195 194 192 190 186
T (◦C, 7.77 Kb) 283 283 282 279 277 273

The EPMA results have a higher detection limit, so only Al could be detected. The Al content
varied in the different types of quartz. The Al content varied between the five spots within Qa, ranging
from 0.008 wt % to 0.086 wt % and averaging 0.043 wt % (Figure 7; Table 1). The Al content in Qb
ranged between 0.284 wt % and 0.004 wt % among 15 spots, with an average of 0.073 wt % (Figure 7;
Table 1). Qc was studied at seven spots that yield Al contents from 0.001 wt % to 0.689 wt %, averaging
0.023 wt % (Figure 7; Table 1). The two spots in Qd had Al contents of 0.036 wt % and 0.167 wt %,
giving a mean value of 0.101 wt % (Figure 7; Table 1).

LA-ICP-MS has a lower detection limit and so could also detect Ti. CL showed clear cores and
rims in the quartz grains analyzed (Figure 8a). Qb and Qc were distinct within each quartz grain, with
Qb forming the core and Qc the rim; cavities within grains were filled with calcite. The results for
spots on the rims and cores are shown in Figure 8 and listed in Table 2. In grain A, Qb had both higher
Al and Ti content than Qc, with the Al content ranging as high as 3310 ppm and the Ti content reaching
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12.1 ppm (Figure 8b,c; Table 2). In grain B, the range in Al content in Qb overlapped the range in Qc
(Figure 8b). The Ti content in Qb was slightly higher than that in Qc (Figure 8c).
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temperature of quartz under lithostatic and hydrostatic pressure.

Previous ore fluid studies have indicated that the fluid system was an H2O–CO2–NaCl system
with a homogenization temperatures varying between 170 ◦C and 350 ◦C, a freezing temperature
from −0.1 ◦C to −9.8 ◦C, a calculated salinity of from 0.2 wt % to 13.73 wt % NaCl eq., no salt
daughter minerals, and a calculated hydrostatic pressure of 0.619 Kb to 1.532 Kb, averaging 1 Kb [46].
Combining the fully homogenization temperatures (268 ◦C), partly homogenization temperatures of
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CO2 fluid inclusions (23.6 ◦C), fluid inclusion explosion temperature (345 ◦C) and CO2-saturated vapor
pressure (8.5 Kb), Li [46] calculated the lithostatic pressure as 7.77 Kb.

Ti content is controlled by temperature and pressure [47,48]. According to the equation (RT
lnXTiO2

quartz = −60,952 + 1.520T(K) − 1741P(kbar) + RT lnaTiO2) [47], if one is established, the other
is directly proportional to the Ti content. When the system becomes saturated in Ti, the formation
temperature of quartz can be estimated on the basis of the hydrostatic and lithostatic pressure [47,48].
Rutile was found in cavities within the pyrite and quartz, indicating Ti-saturation. Combining the
hydrostatic pressure and lithostatic pressure, the formation temperature was calculated and is shown
in Figure 8d and Table 2.

7. Discussion and Summary

Four main types of quartz are distinguished in the Jinqingding gold deposit. Quartz formation
spans the pre-ore to post-ore periods. Qa has apparent zoning microscopically and in CL images,
and formed prior to the mineralization. Qb is the most common quartz type and hosts the most sulfide
and gold. Qc is recrystallized Qa and Qb around pyrites, which may form during mineralization.
Qd occurs in fractures in pyrite and formed after the mineralization.

Two of the most efficient triggers of gold precipitation are acidity changes and cooling [49].
Alteration, which may result from water–rock reaction, is common in the gold deposit, and the acidity
of ore fluid can change during alteration. Fluid inclusion studies, meanwhile, are not able to detect
acidity changes whereas trace elements such as Al and Ti can. Additionally, changes in trace element
content can reveal a decrease in the homogenization temperatures and can thus be used to infer the
action of the cooling–related gold precipitation mechanism.

7.1. Acidity Changes

Precipitation mechanisms have been proposed for each gold deposit within the Muping–Rushan
gold belt, including water–rock reactions and fluid immiscibility [50–52], fluid boiling [51,53,54],
mixing and immiscibility [55], unmixing [56], and changes in oxygen fugacity [57]. These mechanisms
were inferred based on the fluid inclusion assemblage in quartz belonging to different mineralization
stages. Thus fluid mixing, phase separation and other hydrothermal activities may indeed have
occurred, and the quartz has preserved evidence of this activity. If gold did precipitate due to phase
separation, no gold is found in the fluid inclusions.

Quartz and pyrite are the main gold-bearing minerals. According to the mineralogical analysis,
gold occurs in fractures in pyrite and in several kinds of quartz. Sericitization is a common alteration
type in the gold deposit (Figures 2b and 3c), and the sericite coexists with pyrite and gold (Figure 5b,c).
Some feldspar and albite will have been altered to sericite (Figure 5a), and sericite formation will have
consumed H+, reducing acidity.

The Al concentration in hydrothermal quartz does not reflect its formation temperature, however,
previous study indicates the aqueous Al concentration shows a negative correlation with pH [2]. Of the
four main kinds of quartz in the Jinqingding gold deposit, Qb and Qc may form during mineralization,
while the other types apparently formed prior to or after the mineralization. A comparison of the Al
contents of the different types of quartz shows an anomalously low Al concentration in Qc (Figure 7),
which indicates a decrease in acidity. In Figure 8b, Qc overgrowing Qb grains is shown to have a lower
Al content than that of Qb in grain A and a narrower range in Al content than Qb in grain B. The total
Al content in quartz is very limited, so the Al content of Qc decreases or narrows within a small range.

Free gold precipitation may occur due to several factors such as a change in acidity, cooling,
unmixing, or other mechanisms [49]. A change in pH is reflected by variation in the Al content of
the quartz and sericites in fractures. Changes in acidity do not affect the solubility of gold in the
ore fluid [58] but instead lead to the precipitation of sulfide. The reducing sulfur in the ore fluid
is consumed when the wallrock reacts with the ore fluid, and chalcopyrite and other sulfides may
precipitate [12]. Gold hydrosulfide then becomes unstable, and gold precipitates.
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7.2. Cooling

In grain A (Figure 8), under lithostatic pressure (7.77 Kb), the estimated formation temperature of
Qb is about 294–310 ◦C and that of Qc is about 275–282 ◦C; under hydrostatic pressure (1 Kb), these
ranges change to 204–217 ◦C and 188–194 ◦C, respectively (Figure 8d). In grain B, under lithostatic
pressure (7.77 Kb), the estimated formation temperature of Qb is about 282–283 ◦C and that of Qc
is about 273–279 ◦C; under hydrostatic pressure (1 Kb), the ranges become about 194–195 ◦C and
186–192 ◦C (Figure 8d). Under hydrostatic pressure and lithostatic pressure, the estimated formation
temperatures correspond to homogenization temperatures (268 ◦C) and fluid inclusion explosion
temperature (345 ◦C) [46].

The temperature gap between the Qb and Qc indicates cooling during quartz overgrowth.
These two grains formed after Qa but during the Qb and Qc stages, and this cooling was likely an
important means of gold precipitation. The addition of rainwater or extension of ore-controlling
faults could lead to cooling. When the temperature decreases, the solubility of gold in the ore fluid
reduces [49], so gold will precipitate.

7.3. Water–Rock Reaction in Sulfide–Quartz Vein Type Jinqingding Gold Deposit

Variations in the trace element contents in four main types of quartz indicate that gold precipitated
due to changes in acidity and cooling of the ore fluid. An Al content decrease corresponds to
sericitization in the wallrock and orebody, which is consistent with an acidity change. A difference in
the Ti values of Qb and Qc shows a reduction in the formation temperature of the quartz.

In the Jiaodong peninsula, water–rock reaction and phase separation are considered to be the
main gold precipitation mechanism in the altered rock type and sulfide–quartz vein type gold
deposit, respectively [13,16,59,60]. In the Jinqingding gold deposit, sericitization may have occurred
during mineralization (Figures 3c and 5a), sericites appear with pyrite in fractures in the quartz,
and some, along with free gold, fill in fractures in pyrite (Figure 5b,c). The Al content decrease
corresponds to sericitization in the wallrock and orebody, which is consistent with the acidity change.
Acidity changes and cooling may be two results of water–rock reaction. This research provides
evidence of water–rock reaction in the sulfide–quartz vein type Jinqingding gold deposit, combining
the sericitization, acidity changes and cooling, water–rock reaction is likely an efficient means of gold
precipitation. Sericitization could be used as indicator of gold occurrence or mineralization in the
Jinqingding gold deposit.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/5/326/s1,
Table S1: EPMA-derived Al content in different types of quartz in the Jinqingding gold deposit, Table S2:
LA-ICP-MS-derived trace element content in quartz and estimated formation temperatures of quartz in the
Jinqingding gold deposit.
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Abstract: The Phapon gold deposit is located in the northern Laos and the northern segments of
the Luang Prabang–Loei metallogenic belt. The lode-gold orebodies consist of auriferous calcite
veins in the middle, and the surrounding siderite alteration and hematite alteration zones in
red color. This deposit is hosted in Lower Permian limestone and controlled by a NE-trending
ductile–brittle fault system, and it is characterized by the wallrock alteration of carbonatization and
lack of quartz and metal sulfides. The hydrothermal calcite from auriferous calcite veins and red
alteration zone, as well as the wall rocks of limestone and sandstone were selected for rare earth
elements (REE) and C–O isotope analyses. The two types of calcite and limestone have generally
consistent REE patterns and δEu and δCe values, which are completely different from those of
sandstone. Calcites from the auriferous vein show slight light rare earth elements (LREE)-depleted
patterns and higher Tb/La and Sm/Nd ratios than the ones from the red alteration zone with
slight LREE-enriched patterns. These values indicate that the calcites from the auriferous veins
and the red alteration zones are products of homologous fluids, but the former ones are generally
likely to form later than the latter ones. The hydrothermal calcites have C–O isotope compositions
within the range of marine carbonate, and markedly different from the magmatic or mantle reservoir
values. Taking the Y/Ho–La/Ho and Tb/Ca–Tb/La variations into consideration, we believe the
hydrothermal calcites could be formed from remobilization and recrystallization of the ore-hosted
limestone, and the fluid-wallrock interaction played a major role in the gold mineralization in Phapon.
In combination with the regional and local geology, the ore-forming process is suspected to be
primarily associated with dehydration and decarbonisation of the Lower Permian limestone and
Middle–Upper Triassic sandstones. The Phapon gold deposit could have been formed during the Late
Triassic–Jurassic regional dynamic metamorphism driven by Indochina–Sibumasu post-collisional
magmatism. A number of features in Phapon are similar to epizonal orogenic deposit, but it is still a
unique calcite vein type gold deposit in the Luang Prabang-Loei metallogenic belt.

Keywords: Rare-Earth Elements; C–O isotopes; hydrothermal calcite; ore-forming processes; Phapon
gold deposit

1. Introduction

The Phapon gold deposit is a calcite-vein type deposit located in the northern segments of the
Luang Prabang–Loei metallogenic belt (Figure 1). This is characterized by multiple generations
of arc-related magmatic events and associated copper, gold and other polymetallic deposits [1–5].
The Phapon gold deposit, hosted in the Lower Permian limestone and controlled by a NE-trending
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ductile–brittle fault system, has reached a large scale since it was found in northern Laos in the
1990s [6]. The deposit is characterized by lode-gold orebodies surrounded by carbonatization
zones, and absence of quartz and metal sulfides. It is unique compared to the porphyry-related
skarn and epithermal systems along the metallogenic belt. Previous studies on Phapon mainly
focused on deposit geology [6,7], nature of ore-forming fluids [8], and hydrothermal alteration [9].
Some researchers, based on individual hydrogen and oxygen isotopic data, suggested that the
ore-forming fluids derived from deep-seated magmatic water mixed with shallower meteoric water
during mineralization [10,11]. On the other hand, microstructural studies by Li et al. [12] and
Yang et al. [13] argued that the ore-forming fluids were sourced from pressure dissolution in shear
dynamic metamorphism. Comprehensive studies on deposit geology, ore-controlling structures,
and ore deposit geochemistry suggested the Phapon deposit is a shear zone-controlled low-temperature
hydrothermal deposit [14,15]. However, there is little detailed study on the genetic relations between
hydrothermal calcite and wall rocks, or the relationships between the origin of the Phapon gold deposit
and the regional geotectonic evolution and magmatic events. The ore-forming processes, as a result,
still remain controversial.
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Figure 1. Regional geological map. (a) Simplified tectonic map showing structural units of Laos and
adjacent regions [4,16]; (b) Simplified geological map of the Luang Prabang–Loei metallogenic belt
(modified from [5]). RRF, Red River fault; DBPF, Dien Bien Phu fault; MPF, Mae Ping fault; CMCS,
Changning-Menglian-Chieng Mai Suture; NUS, Nan-Uttaradit Suture; DLS, Dien Bien Phu-Loei Suture.

Rare earth elements (REE) generally migrate together during geological processes, but they
have slightly different geochemical behaviors due to nuances of ionic radius and electronic
configuration [17,18]; thus, REE usually contain important geochemical information [19] and have
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now become a powerful tool for geochemical research in hydrothermal deposits [20]. Previous studies
indicated that REE3+ can go into the mineral lattice by replacement of Ca2+ [21,22], so calcium-bearing
minerals usually have a strong holding capacity for REE [23]. The REE composition and distribution
patterns of hydrothermal Ca-bearing minerals are, at present, widely used to trace ore-forming
fluids and ore-forming process of hydrothermal deposits (e.g., Bau et al.; Zhang et al.; Wang et al.;
Wu et al.; Cao et al. [24–28]). In this study, we carried out detailed field work, and REE and C–O
isotope geochemistry analyses, to indicate genetic relationships of the hydrothermal calcites and
limestone wallrock, to define the source of ore-forming fluids, and to discuss the ore-forming processes
in the Phapon gold deposit.

2. Regional Geology

The Luang Prabang–Loei metallogenic belt, lies along the western periphery of the Indochina
Terrane, is one of the important copper–gold–silver polymetallic metallogenic belts in East Tethys
metallogenic region [29–31] (Figure 1a). The metallogenic belt is bounded to the west by the
Nan-Uttaradit Suture and to the east by the Dien Bien Phu–Loei Suture, with a length of ~800 km
from north to south and a width of ~200 km from east to west. The belt extends from northern Laos
to central-northern Thailand (Figure 1b), which can be divided into the eastern Loei volcanic arc and
Simao-Phitsanulok basin in the west (Figure 1a).

The Loei volcanic arc is distributed parallel with the Dien Bien Phu-Loei Suture on the east side
(Figure 1a). It developed a Late Carboniferous–Middle Triassic island arc calc–alkaline series, with volcanic
rocks ranging from basic to neutral to acidic [32]. It contains multiple generations of successive arc-related
magmatic events, which separated by periods of exhumation and erosion [33]. The Carboniferous
sedimentary sequence, consisting of clastic rocks, carbonate rocks and volcanic rocks, is overlain by thick
middle Permian limestone marked by basal conglomerate, siltstone and shale [34,35].

The Simao-Phitsanulok basin is located to the east of the Nan-Uttaradit Suture (Figure 1a). It is
an intracontinental basin formed during the basin-to-mountain transition from late Permian to early
Triassic, after the Nan-Uttaradit back-arc ocean basin closed, and showed foreland basin in nature in
middle–late Triassic. The basin is mainly composed of upper Triassic coal-bearing sandstone, shale,
marl, conglomerate, and tuff sandstone, belonging to continental molasse deposits of the foreland
basin, and Jurassic–Cretaceous continental clastic rock series, consist of siltstone, sandstone, shale,
and marl [16] (Figure 1b).

Three main periods of volcanism have been identified based on zircon U–Pb ages, which can
be divided into Carboniferous, late Permian to early Triassic, and middle–late Triassic (Figure 1b).
Previous studies showed that the Carboniferous volcanic rocks of the Loei volcanic arc are widespread
from Luang Prabang to Pak Lay in Laos [36,37]. The Late Permian to Early Triassic volcanic rocks are
exposure around Luang Prabang [38], and to the west of Phetchabun [33]. The Middle–Late Triassic
volcanic rocks are confined to the southwest of Luang Prabang [39], or around Luang Prabang [40].
The intrusive rocks, dominated by Triassic island arc I-type granitoids [32,41], are normally distributed
to the northeast of Luang Prabang and around Pak Lay in Laos, and in Loei Province of Thailand.

The Luang Prabang–Loei metallogenic belt is dominated by porphyry-related skarn type
copper-gold deposits, and epithermal gold-silver deposits (Table 1; Figure 1b). The former ones
are associated with the Early–Middle Triassic subalkalic to calc-alkaline quartz monzonite and
diorite–monzodiorite (granodiorite) porphyry [42,43], while the later ones are associated with Early
Permian to Late Triassic andesitic to rhyolitic volcanic/volcaniclastic units [44,45]. The Phapon
gold deposit, nevertheless, shows significant differences from the above skarn or epithermal-type
gold deposits (e.g., Qiu et al. [46,47]), including ore-forming environment, wall rock alteration,
mineralization style, and mineral assemblage (Table 1). Thus, it can be regarded as a unique type of
gold deposit in the Luang Prabang-Loei metallogenic belt, named calcite vein type gold deposit.
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3. Local Geology

3.1. Ore Deposit Geology

The Phapon gold deposit is located about 30 km northeast to the Luang Prabang (Figure 1b).
The exposed strata around the mining area are mainly Carboniferous, Lower–Middle Permian,
Middle–Upper Triassic and Quaternary (Figure 2). Carboniferous sedimentary formation consists
of mottled sandstone, siltstone, mudstone, gray-black claystone and limestone with banded chert.
Strong ductile shearing occurred during the Variscan orogeny, showing obvious plastic flow in the
carboniferous rock. The main lithology of the Lower Permian is thick layer microcrystalline limestone
and bioclastic limestone with marlstone and siltstone at the bottom. The limestone masses occur as
a lens which strikes 35–50◦ and dips 15–45◦ towards the NE, and show strong ductile–brittle shear
deformation in the ore-bearing section. The Upper Permian is composed of gray-green andesite,
andesitic tuff and basalt, and show unconformable or fault contact relationship with the underlying
strata. The Middle–Upper Triassic extends northeast in the mining area and it consists mainly of
purplish-red conglomerate, sandstone, siltstone and feldspar sandstone, representing dry and oxidizing
deposition in the foreland basin and intermountain basin. The Quaternary is mainly composed
of residual red clay, with discontinuous distribution. The area is lenticular in shape with locally
distributed epigenetic lateritic gold deposits. There is no large intrusive rock mass in the mining
area, except for effusive-facies volcanic rocks exposed in the northwestern part. Its lithology contains
mainly andesite and andesitic tuff, with locally diabase and dioritic porphyrite. The andesite is
cryptocrystalline with few phenocrysts, and is gray-green in color, showing weak propylitization.
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Figure 2. Sketch map of the Phapon gold deposit [13].
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The structures in the mining area are mainly characterized by NE-trending ductile–brittle shear
zones and brittle faults in different directions [13] (Figure 2). The NE-trending Luang Prabang
ductile–brittle shear zone runs through the whole area and has a width of several hundred meters with
multi-stage activities. The ductile–brittle shear zone developed during the early stage of Carboniferous
and was dominated by ductile deformation. It developed strong plastic deformation including strong
mylonitization, plasticity rheology, sheath fold, book slant tectonics and pyrite stress shadow during
the Variscan orogeny. In the late stage, the reactivation Luang Prabang ductile–brittle shear zone in
the Upper Permian limestone led to secondary faults with different orientations and controlled the
NE-zonal distributed gold mineralization.

The main brittle faults in the mining area can be divided into NE-trending and NNW-trending
groups, and the latter group is the main ore-controlling structure of the Phapon gold deposit.
The NE-trending faults are well developed with multi-period activities, including F1, F2, F3, F4,
and F5 fault (Figure 2). The F1 and F2 are compressive-torsional reverse faults and along the contact
zones of the Lower Permian limestone and the Middle–Upper Triassic sandstone on the southeast
and northwest sides, respectively. It is marked by crushing limestone with carbonatization and calcite
veins, showing a post-mineralization feature. The ore-hosting Lower Permian limestone overlay the
Middle–Upper Triassic sandstone, and the ore-hosting limestone show differences in lithofacies with
the local Lower Permian limestone. This infers a thrust nappe structure and the main thrust planes
is the F2 fault (Figure 2). The limestone along the thrust zone is generally broken. Compare to the
more ductile argillaceous limestone, the sandy limestone appears relatively brittle, and normally show
ductile deformation such as boudinage (Figure 3a). Schistosity zones and mylonitic lens also exist near
the thrust plane (Figure 3b).Minerals 2018, 8, x FOR PEER REVIEW  7 of 23 
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Figure 3. Typical outcrops of deformation, alteration and mineralization in Phapon gold deposit.
(a) Boudinage deformation found in limestone; (b) schistosity zones and mylonitic lens near the thrust
plane; (c) auriferous calcite vein and surrounding red alteration zone; (d) carbonation clumps locally
present in the red alteration zone; (e) calcite veins branched and intercalated into the red alteration
zone; (f) breccia of red altered rock.

There are five orebodies found in the Phapon gold deposit, which from east to west are No. V-1,
II-4, II-2, IV, and VI, respectively (Figure 2). These vein-shaped orebodies are subparallel with a spacing
of about ~300 m, and controlled from east to west by a series of NNW-trending faults. They generally
vary from 300 to 800 m in length, 1 to 10 m in width, and strike 330–350◦ and dip 45–65◦ towards
the SWW (Figure 2). The No. V-1 orebody, which comprises more than 90% of the proven reserves
in the Phapon deposit, shows typical vein-shaped and locally cystic or lenticular-shaped orebodies.
It is approximately 650 m long, generally strikes 330–355◦, and dips 40–50◦ SW with large variation
locally. It ranges in thickness from 0.3 to 10 m, averaging approximately 3.4 m, and extends down-dip
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approximately 350 m. The thickness of the orebody and the ore type change with its occurrence, and
the average gold grade is 6.28 g/t.

3.2. Alteration and Mineralization

The hydrothermal alteration at Phapon developed in the lower Permian limestone and is
controlled by the NNW-trending fault zones. It is characterized by medium–low temperature
alteration including carbonation, siderite alteration, magnetite alteration, hematite alteration,
and silicification, and shows macroscopic red-color alteration and light gray-color carbonation
(Figure 3c–e). The red-color alteration is mainly caused by siderite and hematite alteration that infiltrate
the surrounding limestone. It extends from centimeters to several meters along the ore-bearing faults
(Figure 3c). It has a close relationship with gold mineralization and it represents a special alteration in
the area. Siderite and hematite are normally distributed as disseminations, orlocally fill micro fractures
in limestone (Figure 4d,e). Carbonation occurred mainly as planar alteration, which is characterized
by the in situ dissolution and recrystallization of limestone and the formation of fine calcite grains,
showing pale in color from the surrounding limestone (Figure 3d). Carbonation spread outside of
the red-color alteration and is one of the main alteration of the deposit. The silicification is normally
weak and intergrown with carbonation, and the anhedral quartz is distributed as disseminations in the
wallrock. The alteration strength is weakened from the center and to the two sides of the fault zone.
It mainly consists of a narrow proximal zone of red alteration, and a wide outer zone of carbonation
(Figure 3d). In some cases, carbonation clumps locally existed in the red alteration zone (Figure 3d),
and the calcite veins branched and intercalated into the red alteration zone (Figure 3e).Minerals 2018, 8, x FOR PEER REVIEW  8 of 23 
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Figure 4. Hand samples and microscopic photographs of typical ores in Phapon gold deposit.
(a) Auriferous calcite veins filled with dark-colored carbon layers and red alteration veinlets; (b) red
alteration with calcite veinlets; (c) breccia type ore; (d) calcite veinlet in limestone; (e) visible siderite
disseminated in limestone; (f) native gold together with magnetite appears as fine disseminations in
calcite. Au, gold; Cal, calcite; Mag, magnetite; Sd, siderite.

There are three types of primary ore in the Phapon gold deposit: auriferous calcite vein type
(Figure 4a), the red altered rock type (Figure 4b), and breccia type (Figures 3f and 4c). The auriferous
calcite veins filled the NNW-trending tensile fractures and are dominated by grey-white calcite and
in place dark-colored carbon veinlets (Figure 4a). The red altered ores occurred in red alteration
zone (Figure 4c). The breccia type ore locally developed on one side of the calcite veins, and the
breccia includes red altered limestone (Figure 3f) and auriferous calcite veins (Figure 4c), whereas the
cements are carbonate minerals such as calcite and siderite. The breccia type gold ore has higher
gold grade, with gold minerals in both breccia and cements. The ores from the red alteration zone
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generally have high gold grade, and their gold grade has a positive correlation with the strength of the
alteration. The auriferous calcite vein type ore has a large variable range, but generally lower gold
grade. The coarser the grains of calcite are, the lower the gold grade. The auriferous calcite vein type
and red altered rock type ores are the two main ore types in Phapon.

Mineral paragenesis and mineralization stages are difficult to define and remain controversial.
It is generally believed the auriferous calcite vein type and red altered rock-type ores formed in the
same metallogenic event and through similar gold-deposition processes. The calcite veins normally
show crosscutting, variation of calcite sizes (including miarolitic calcite, Figure 3e), or filled with
dark-colored carbon veinlets (Figure 4a), indicating a characteristic of muti-stage mineralization.
The ore minerals are mainly siderite, magnetite, and hematite, with minor native gold. The gangue
minerals are mainly calcite with minor realgar, orpiment and quartz (Figure 4), and the realgar and
orpiment are only found in the calcite veins. Calcite is the main gold-bearing mineral. Native gold
appears as fine disseminations or in microfractures in calcite (Figure 4f).

4. Sampling and Analytical Methods

A total of seventeen typical samples were collected for this study. Calcite grains from auriferous
calcite vein type ores (4 samples) and red altered rock type ores (4 samples), and the ore-hosting
limestone (7 samples) and the surrounding sandstone (2 samples) were selected for trace element
analyses. Except the sandstone, the other 15 samples were also used for carbon and oxygen isotope
analyses. The ore hand samples were crushed to 40–60 mesh for mineral separation. Calcite grains were
handpicked under a binocular microscope to achieve >99% purity. All the analyses were performed at
the Analytical Laboratory of the Beijing Research Institute of Uranium Geology, Beijing, China.

4.1. Trace Element Analyses

The pure hydrothermal calcite grains and the limestone and sandstone samples were crushed to
200 meshes, and were dissolved in a Teflon bomb using a mixture of HF (1 mL) and HNO3 (1 mL).
Then the sealed Teflon bomb was heated at 190 ◦C for more than 12 h. The dried sample was refluxed
with 30% HNO3 (1 mL) and heated in the sealed Teflon bomb again at 190 ◦C for another 12 h with
mixture of HNO3 (1 mL), MQ water (1 mL) and internal standard In. The sample solution was then
diluted to 100 g with 2% HNO3 in a polyethylene bottle, and measured using an Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS) (Agilent 7700e). Detailed operating conditions of the ICP-MS
instrument and data reduction processes have been described by Liu et al. [48].

4.2. C–O Isotope Analyses

Both calcite grains from ores and ore-hosting limestone samples were crushed to 200 meshes,
and water was released from the carbonate sample by heating to 105 ◦C for 2 h in an oven. The dried
samples then reacted with phosphoric acid to produce CO2, and CO2 was then measured for C and O
isotopic composition by a MAT-253 mass spectrometer. The C and O isotope analysis results adopted
the Pee Dee Belemnite (PDB) and Standard Mean Ocean Water (SMOW) standards, respectively, with a
precision of ±0.1‰ for δ13C, and ±0.2‰ for δ18O [49].

5. Analytical Results

5.1. Rare Earth Elements

The concentrations of REE for calcites, limestone and sandstone are presented in Table 2,
and displayed in Figure 5. The calcites from the auriferous calcite vein type ores contain relatively
low total REE abundances (ΣREE = 1.50–4.98 ppm, average of 2.67 ppm), and show heavy rare
earth elements (HREE) flat patterns (Figure 5a). The LREE/HREE ratios vary from 0.88 to 1.89,
with an average of 1.25. Eu is slightly depleted with δEu ranges between 0.69 and 0.81 (average
of 0.77), and Ce is distinctively depleted with δCe ranges between 0.35 and 0.46 (average of 0.39).
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All calcite samples contain relatively low Y content (2.14–7.55 ppm), with identical Y/Ho ratios
(40.2–49.6). The calcites from red altered rock type ores have similar REE pattern with the vein-type
ones (Figure 5a). They contain relatively higher total REE abundances (ΣREE = 3.69–7.57 ppm, average
of 2.67 ppm), Y content (4.88–10 ppm) and Y/Ho ratios (52.3–61.0). They have constant LREE/HREE
ratios varying from 1.68 to 1.80 with an average of 1.75. The Eu and Ce anomalies are somewhat
stronger (δEu = 0.61–0.71 and δCe = 0.33–0.38).
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In contrast to hydrothermal calcites, the limestone have a relatively higher and wider range of the
ΣREE contents of 4.83–45.46 ppm (average of 18.33 ppm), and show slight REE fractionation with LREE
enrichments and HREE depletions (LREE/HREE = 2.04–6.68, average of 3.51; Figure 5b). They have
relatively higher Y contents of 4.62–16.3 ppm, but similar Y/Ho ratios of 33.9–85.6. The negative
anomalies of Eu and Ce are similar to the calcite from ores, with δEu = 0.60–0.84 and δCe = 0.15–0.56.
The two sandstone samples have significantly higher ΣREE contents of 82.9–105.2 ppm, and show LREE
enrichment pattern (Figure 5b), with nearly no Eu and Ce anomalies (δEu = 0.85 and δCe = 0.82–0.94).
These REE characteristics of sandstone are obviously different from the limestone, as well as the
hydrothermal calcites.

5.2. The Other Trace Elements

The contents of other trace elements (excluding REE) in calcites, limestone and sandstone are
given in Table 2, and displayed in Figure 6. The high field-strength elements (HFSEs) such as Nb,
Ta, Zr and Hf are extremely depleted in both types of hydrothermal calcites (Figure 6a), while the
limestone has only a slight depletion of Nb, Zr and Hf (Figure 6b). The large ion lithophile elements
(LILEs), such as Rb, U and Th are enriched in limestone, but Rb is depleted in the hydrothermal calcites.
Even though the contents of multi-trace elements decrease from limestone, to calcite from red alteration
zone, and to calcite from auriferous calcite vein, the characteristics of trace elements are similar in all
these three kinds of samples (Figure 6c). The sandstone shows obviously higher trace element contents
and different characteristics compared to the limestone and hydrothermal calcites (Figure 6b).
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Figure 6. Trace elements distribution patterns of hydrothermal calcite and country rocks in Phapon.
All samples are normalized to primitive mantle [50]. (a) Calcites from auriferous calcite vein and red
alteration zone, respectively; (b) limestone and sandstone; (c) average value of two types of calcite
and limestone.

5.3. C–O Isotopic Compositions

The carbon and oxygen isotopic composition of all the hydrothermal calcite and limestone are
listed in Table 3.

Table 3. Carbon and oxygen isotope compositions of calcite and limestone from the Phapon deposit.

Ore Type Sample No. δ13CV-PDB (‰) δ18OV-SMOW (‰)

Auriferous calcite vein

PB-PDB04-1 1.5 29.6
PB-PDB04-2 1.6 28.5
PB-PDB04-3 1.6 28.7
PB-ZKB04 1.7 23.8

Red alteration zone

PB-ZKB05-1 1.2 27.5
PB-ZKB05-2 1.2 28.2
PB-ZKB05-3 0.7 28.7
PB-ZKB05-4 1.5 28.8

Limestone

PB-PDB03 3 25.6
PB-PDB05-1 3.3 25.5
PB-PDB05-2 3.3 27.4

PB-B01-1 2.7 18.8
PB-B01-2 2.6 20.3

PB-ZKB02-1 3.6 26.1
PB-ZKB02-2 3.3 26.2

The hydrothermal calcites have a narrow δ13CV-PDB range of 0.7–1.7‰, with an average value of
1.4‰. The limestone differs from calcites by slightly increased δ13CV-PDB (2.6–3.6‰, average of 3.1‰).
For two types of the calcite, the vein-type calcite (1.5‰ to 1.7‰) is slightly higher than the calcite from
red alteration zone (0.7‰ to 1.5‰).

The hydrothermal calcites generally have a narrow δ18OV-SMOW values of 27.5–29.6‰, except for
one lighter vein-type calcite (23.8‰). The limestone has a wider range of oxygen isotopic compositions,
and δ18OV-SMOW varies between 18.8‰ and 27.4‰ (average 24.3‰).
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6. Discussion

6.1. Genetic Relationships of the Two Types of Hydrothermal Calcite

The geochemistry of REE is useful in investigating hydrothermal mineralization, as well
as understanding the genesis of calcite in different geological environments [51]. Two types of
hydrothermal calcite, from the calcite vein and red alteration zones respectively, have similar REE
distribution patterns (Figure 5a), and previous studies also show a consistent REE characteristic of
the hydrothermal calcites [11]. The calcites, moreover, show constant Y/Ho values and are roughly
horizontally distributed on the Y/Ho–La/Ho diagram (Figure 7a), indicating that both types of the
calcite are probably contemporaneous crystallization and originating from the same fluid system [52,53].
The REE patterns of limestone are generally consistent with that of calcite, but the sandstones show a
completely different REE pattern (Figure 5b), indicating that the calcite may have a genetic relationship
with the limestone, rather than the sandstone.Minerals 2018, 8, x FOR PEER REVIEW  15 of 23 
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Figure 7. Plots of (a) Y/Ho versus La/Ho ratios and (b) Tb/Ca versus Tb/La ratios for the Phapon
calcite and limestone. (Base maps respectively after [52,54], the grey × symbols show hydrothermal
calcite from Phapon referenced from [11]).

The two types of hydrothermal calcite, in fact, have a slight difference on LREE/HREE
fractionation, except for the Eu and Ce anomalies. The calcites from red altered rock type ores
have constant LREE/HREE ratios varying from 1.68 to 1.80, showing a LREE-enriched pattern.
And the calcites from the auriferous calcite vein type ores have a relatively variable LREE/HREE
fractionation (with minimum LREE/HREE ratio of 0.88), showing a slight LREE-depleted pattern
(Figure 5a). Morgan and Wandless [55] believed that the REE pattern in hydrothermal minerals is
governed by the ionic radius of the major cation and that the LREE are more easily incorporated
into the calcite crystal lattice than the HREE, because the differences in ionic radii between LREE3+

and Ca2+ are smaller than these between HREE3+ and Ca2+. Therefore, the calcite should have
an LREE-enriched pattern as usual, but evidently, this is not so. The LREE/HREE fractionation of
hydrothermal calcite is primarily controlled by physico-chemical conditions governing the fluid during
leaching of REE from source rocks, as well as fluid migration [56]. Bau and Möller [57] suggested that
leaching of REE and fluid migration may occur under two different states: sorption and complexation,
and specifically, complexation is more prevalent than sorption, along with an increasing pH and a
decreasing temperature. The LREE-enriched patterns are produced in fluid under conditions favored
by sorption (i.e., low pH and high T), alternatively, the LREE-depleted pattern should be controlled
by complexation processes, due to the ligand-enriched fluid [58,59]. The complexation mechanism is
considered to be responsible for the fractionation in Phapon, owing to REE complexation with ligands
such as CO3

2– and OH− which form more stable complexes with HREE. Therefore, the early stage
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fluid should be LREE-enriched, and HREE preferentially precipitated in the late stage. Thus, the calcite
from red altered rock type ores with a LREE-enriched pattern likely formed earlier than the auriferous
calcite vein, which shows a slightly LREE-depleted pattern. During the fluids evolution and calcite
precipitation, there are differences on not only LREE/HREE fractionation, but also Tb/La and Sm/Nd
ratios. Constantopoulos [60] and Chesley [61] indicate that the early stage calcite has lower Tb/La and
Sm/Nd ratios than the late stage ones. The Tb/La ratio of vein-type calcite ranges from 0.08 to 0.22,
with an average value of 0.16, which is higher than the calcite from the red alteration zone (0.06–0.08).
The vein-type calcites have also higher Sm/Nd ratios (0.27–0.40) than the calcite from red alteration
zone (0.22–0.28), which also support the contention that the auriferous calcite vein may have formed
later than the red alteration in Phapon.

Both types of calcite display a weak Eu negative anomaly and moderate Ce negative anomaly,
suggesting low oxygen fugacities and low temperature during calcite deposition [51,62] The REE
signatures of the two types of calcite are similar to the limestone, and the ΣREE of calcite from red
alteration zone contains falls in between limestone and vein-type calcite. Given that the two types
of the calcites have only a little difference on REE patterns, Tb/La and Sm/Nd ratios and δEu and
δCe values, we suspect that the two types of calcite are products of different stages in the evolution of
homologous fluids. The calcite from the red alteration zone formed earlier and was more affected from
the limestone wallrock, whereas the auriferous calcite vein formed later and shows more characteristics
from the ore fluids.

6.2. Nature and Sources of Ore-Forming Fluids

The Y and Ho generally show similar geochemical behavior and therefore the Y/Ho ratio is
widely used for tracing fluid processes as a significant parameter (e.g., Xu et al.; Pei et al. [63,64]).
For both types of the calcite, their Y/Ho ratios vary over narrow ranges in 40.2–49.6 and 52.3–61.0,
respectively, indicating a hydrothermal origin (ca. 20–110, [52]). Considering the nearly constant Y/Ho
ratios of hydrothermal calcite and the limestone wallrock, the La/Ho ratios decrease from limestone,
to red alteration zone, and to auriferous calcite vein (Figure 7a), indicating the hydrothermal calcite
successively formed from recrystallization of the limestone. On the other hand, the Tb/Ca–Tb/La
variation established by Möller et al., [54], in the form of a discriminating diagram, represents
different occurrences of fluorite, calcite and other Ca-bearing minerals, according to their sedimentary,
hydrothermal, and pegmatitic affinities (Figure 7b). The Tb/Ca and Tb/La ratios are, respectively,
criterions of the environment in which calcite forms and the crystallization proceeds degree of calcite
differentiation [65]. The limestone falls across the hydrothermal and sedimentary field (Figure 7b),
the calcite fall into the field of sedimentary, and no data plot in the pegmatitic field. Even though
previous studies have indicated a deep-seated magmatic source based on H-O isotopic data, the data
generally fall outside the magmatic area (δD range from −92‰ to −75‰ and δ18O range from
9‰ to 14‰) [11]. Thus, the magmatic fluid can be excluded. As expected, the limestone and calcite
distribute along remobilization trends in Figure 7b, which may imply a succession from the sedimentary
limestone to hydrothermal calcite.

The limestone and hydrothermal calcite respectively have narrow δ13CV-PDB ranges of 2.6–3.6‰
(average 3.1‰) and 0.7–1.7‰ (average 1.4‰), which are higher than organic material in sedimentary
rocks (−30 to −10‰; [66]), generally higher than mantle reservoir values [67], and basically within
the range of marine carbonate [68] (Figure 8). The δ18OV-SMOW of limestone and hydrothermal calcite
ranges from 18.8 to 29.6‰, which are significantly higher than igneous carbonate and mantle xenoliths,
and can be preclude from the process of crystallization differentiation.

The two types of hydrothermal calcite and limestone have similar trace elements (exclude REE)
characteristics (Figure 6), and the HFSEs such as Nb, Ta, Zr and Hf are extremely depleted, which may
indicate the mixing of crustal-source fluid. Thus, the ore-forming fluids should be a single fluid
that was not associated with magmatic or mantle fluid. As stated above, the contents of multi-trace
elements decrease from limestone, to calcite from red alteration zone, and to calcite from auriferous
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calcite vein (Figure 6c), which is the same as those of the ΣREE signatures. The later vein-type calcite
contains lower trace element content than earlier calcite from the red alteration zone, which could be
explained as the lower total trace element concentrations in the fluids in late stage, which means the
ore-forming fluids have been diluted by meteoric waters during late stage [69]. Combined with the
Y/Ho–La/Ho and Tb/Ca–Tb/La diagram (Figure 7) that argue the hydrothermal calcite may formed
from remobilization and recrystallization of the limestone, and the similar REE patterns between
hydrothermal calcite and limestone, the ore-forming fluids are suspected to be primarily associated
with dehydration and decarbonization of the Lower Permian limestone and Middle–Upper Triassic
sandstones during a regional dynamic metamorphism, shown as a thrust nappe structure in the
shallow ground.
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6.3. Implications for Ore-Forming Processes

During the migration of hydrothermal solutions up in the fractured zone, gold is normally
dissolved and transported in the form of gold chloride complexes (AuCl2−) and gold bisulfide
complexes [Au(HS)2

−] [70,71]. Gold chloride complexes (AuCl2−) normally exist in near-neutral
to weakly alkaline ore fluids at >400 ◦C [72], whereas the Au(HS)2

− are important in near-neutral to
weakly acidic ore fluids with temperatures of <400 ◦C [73]. The calcite–quartz mineral assemblages
in the Phapon gold deposit indicate that the pH values of ore fluids were near-neutral to weakly
acidic. The ore-forming temperature should be lower than 400 ◦C, because of the negative anomaly
of Eu and Ce of hydrothermal calcite, as well as fluid inclusion microthermometry [10]. Thus gold
bisulfide complexes, mainly Au(HS)2

−, were the gold-transporting species (e.g., Pokrovski et al. [74]),
and gold-deposition may be the result of the breakdown of Au(HS)2

− [75,76].
Hydrothermal alteration, particularly the siderite alteration, is widely developed in the Phapon

gold deposit (Figure 3b). Interaction between Fe-bearing orefluids and carbonate minerals in wall-rocks,
to form siderite is in terms of the following equations [77]:

Fe2+ + (HCO3)− = FeCO3 + H+ (1)

H2S (g) = H+ + HS− (2)
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4Au(HS)2
− + 2H2O + 8H+ (aq.) = 4Au0 (s) + 8H2S (aq.) + O2 (3)

The processes would decrease the solubility of Au(HS)2
− and lead to gold deposition (e.g.,

Guo et al.; Yang et al. [78–80]), indicating that fluid-wallrock interaction played a major role in
gold mineralization.

As discussed above, the potential fluid reservoirs could be associated with dehydration and
decarbonization of Lower Permian–Middle Triassic sedimentary formations; the mineralization events
cannot be earlier than Early to Middle Triassic. The Loei belt mineralization systems are mainly linked
to one of the two subduction-related systems [36]: (1) Late Permian–Middle Triassic continental arcs,
and (2) Late Triassic–Jurassic post-collisional magmatism. As there was no geochronological data
reported in the Phapon deposit, the gold deposition in the Phapon deposit occurred, more likely, during
the regional dynamic metamorphism, driven by Late Triassic–Jurassic post-collisional magmatism.
Combined with the geological and geochemical studies, the process of geotectonic evolution and gold
mineralization in Phapon is presumed as follows:

The basin of Luang Prabang in Laos subsided deeper in Early Permian, and sedimented
thickly-bedded carbonate rocks. The Nan-Sra Kaeo back arc basins may have begun to form close to the
Late Permian to Early Triassic, through east-vergent subduction of Sibumasu underneath the Indochina
terrane, forming Nan-Uttaradit Suture [34], which created the Loei continental arc magmatism and
its associated porphyry-related skarn and epithermal deposits (Figure 1), as well as continental
clastic rocks and NE-trending brittle–ductile shear zones in the Phapon area (Figure 2). Continuous
subduction along the Loei fold belts finally brought about the Indochina–Sibumasu collision during
the Triassic–Jurassic, which represent a significant metallogenic epoch for many orogenic gold deposits
along the Sukhothai- and East Malaya-terrane/fold belts [36] (Figure 1).

In Phapon area, the Late Triassic–Jurassic collision and post-collision caused the southeastern
Permian limestone to be thrusted northward and superimposed on the Triassic sandstone. Strong
tectonic activities led to ductile–brittle shearing along the lithological difference surface (Figure 3a,b),
followed by dynamic metamorphism, and dehydration and decarbonation of Lower Permian limestone
which created metamorphic fluids. At the same time, the NE-trending faults, formed during Late
Permian–Early Triassic, reactivated with compression–torsion activities, forming deep faults and
regional magmatism (locally diabase and dioritic porphyrite). A series of NNW-trending extension
secondary faults, formed simultaneously, are identified as fluid channels and important ore-bearing
spaces. The metamorphic fluid began to enter the limestone along the extension secondary faults.
Even though the magmatic fluids may not have played a role in the gold mineralization, the regional
magmatic events were likely to provide a heat source for driving fluid circulation. The fluids reacted
with the surrounding sedimentary formation with relatively high gold concentration (4.56× 10−9, [13]),
and mixed with near-surface meteoric waters. Gold deposited primary in the red alteration zones,
as a result of the interaction between Fe-bearing orefluids and carbonate minerals in wall-rocks, and
subsequently deposited in massive calcite veins.

As mentioned above, the gold mineralization in the Phapon gold deposit is completely different
from the porphyry-related skarn and epithermal systems. It is also different from the sediment-hosted
carlin-type gold that has submicron gold in pyrite [81], and the orogenic gold deposits in the East
Malaya terrane that output ores with quartz–sulfide assemblage [82]. However, a number of features
in Phapon are similar to orogenic gold systems: (1) strong structural control on the deposits by
NNW-trending brittle faults (e.g., Deng et al. [83–85]); (2) lack of metal zonation; (3) occurrence of free
gold in calcite; (4) extremely high Au/Ag ratio (much higher than 10, with average silver grade of
0.05 g/t) of the ores [14]; and (5) relative low fluid salinity (average 7.64%, [10]). Combined with the
relatively shallower metallogenic depth (ca. 0.48–1.77 km, [8]), the appearance of low-temperature
minerals such as realgar and orpiment, and the predominantly brittle deformation textures in ores,
the Phapon gold deposit is compatible with an epizonal orogenic deposit (e.g., Gebre-Mariam et al.;
Groves et al.; Yang et al.; [86–89]).
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7. Conclusions

(1) The two types of hydrothermal calcite, respectively from auriferous calcite veins and red
alteration zone, show a nearly consistent REE characteristic, and could be formed from remobilization
and recrystallization of the ore-hosted limestone.

(2) The two types of calcite are products of homologous fluids. The calcite from red alteration
zone formed earlier and was more affected by the limestone wallrock, whereas the auriferous calcite
vein formed later and showed more characteristics from the ore fluids.

(3) The ore-forming fluids are suspected to be primarily associated with dehydration and
decarbonization of the Lower Permian limestone and Middle–Upper Triassic sandstones during a
regional dynamic metamorphism, and were probably mixed by meteoric waters during the formation
of the massive calcite veins.

(4) Gold mineralization in Phapon probably occurred during the Late Triassic–Jurassic regional
dynamic metamorphism driven by Indochina–Sibumasu post-collisional magmatism. A number of
features in Phapon are compatible with an epizonal orogenic deposit, but it is still a unique calcite vein
type gold deposit in the Luang Prabang-Loei metallogenic belt.
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Abstract: Six orogenic gold deposits constitute the Yangshan gold belt in the West Qinling Orogen.
Gold is mostly invisible in solid solution or in the sulfide lattice, with minor visible gold associated
with stibnite and in quartz-calcite veins. Detailed textural and trace-element analysis of sulfides in
terms of a newly-erected paragenetic sequence for these deposits, together with previously published
data, demonstrate that early magmatic-hydrothermal pyrite in granitic dike host-rocks has much
higher Au contents than diagenetic pyrite in metasedimentary host rocks, but lower contents of
As, Au, and Cu than ore-stage pyrite. Combined with sulfur isotope data, replacement textures
in the gold ores indicate that the auriferous ore-fluids post-dated the granitic dikes and were not
magmatic-hydrothermal in origin. There is a strong correlation between the relative activities of S
and As and their total abundances in the ore fluid and the siting of gold in the Yangshan gold ores.
Mass balance calculations indicate that there is no necessity to invoke remobilization processes to
explain the occurrence of gold in the ores. The only exception is the Py1-2 replacement of Py1m, where
fluid-mediated coupled dissolution-reprecipitation reactions may have occurred to exchange Au
between the two pyrite phases.

Keywords: invisible gold; visible gold; LA-ICP-MS; Yangshan gold belt; West Qinling

1. Introduction

Gold commonly has a complex distribution in gold deposits [1,2]. The gold that occurs in the
structure of common sulfide minerals, or as discrete inclusions smaller than 100 nm, is referred to as
‘invisible gold’ [3]. Worldwide, pyrite and arsenopyrite are the most common hosts for invisible gold
in gold deposits [4–6]. The other most common occurrence of gold is in the form of visible native gold,
normally as distinct inclusions or filling fractures within these sulfide minerals [7–12], but also less
commonly as nuggety gold in quartz veins. In orogenic gold systems, invisible gold within sulfides
is normally followed by later visible gold [13–16]. Some authors have suggested that the visible
native gold was remobilized from the invisible gold in sulfides [7,14,17–20], but it is unclear how gold
could be first precipitated in pyrite and then become soluble in that pyrite, without transformation to
pyrrhotite, and subsequently be re-precipitated from essentially the same ore fluid just a short distance
away in the same ore zone [20]. In addition to this uncertainty, factors controlling the distribution of
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invisible and visible gold are still unclear, with metamorphic grade; arsenic concentrations; and fluid
temperature, pH, and oxidation or sulfidation state all interpreted to play important roles [14,21,22].

LA-ICP-MS is now a preferred technique for trace-element analysis of sulfides and other ore
minerals, offering high sensitivities and an excellent spatial resolution [23–25]. Detailed interpretation
of pyrite textures is critical in terms of interpreting their trace-element compositions [26–32]. Moreover,
the correlation between the distribution of invisible/visible gold and the textures of sulfides and related
ore assemblages has implications for defining ore paragenesis and the mechanisms of incorporation
and/or release of invisible gold from the sulfides [24].

The West Qinling Orogen is the third largest gold province in China, with a total of >1100 t
gold resources and >50 gold deposits [33,34]. Yangshan is a world-class gold belt in the southern
part of the West Qinling Orogen and comprises six gold deposits, including the Anba (280 t gold),
Getiaowan, Guanyinba, Gaoloushan, Nishan, and Zhangjiashan deposits. These deposits share many
common features. They are all structurally-controlled, orogenic gold deposits [35] in metasedimentary
rocks and granitic dikes, and have similar alteration mineralogies of quartz, sericite, and calcite and
ore mineralogies of auriferous arsenian pyrite and arsenopyrite, with stibnite and visible gold. The
paragenesis and geochemistry of ore minerals in the gold deposits of the Yangshan gold belt have been
studied previously [36,37]. However, backscattered images (BSE) show that these previous studies
ignored: (1) partial dissolution textures in the early pyrite; (2) the euhedral pyrite rims associated with
the replacement of early pyrite cores by main ore-stage pyrite; and (3) the complex textures of two
different pyrite generations within the main ore-stage pyrite, which can constrain the mechanisms of
Au incorporation in, or release of Au from, the pyrite [17,24,32]. This study presents detailed textural
and trace-element analysis of sulfides in terms of a newly erected paragenetic sequence, designed
together with previously published data, to investigate the factors controlling the distribution of
invisible and visible gold in the Yangshan ores to further improve genetic understanding of the
deposits in the gold belt.

2. Geological Background

2.1. Regional Geology

The West Qinling Orogen is the western part of the Qinling Orogen Belt, which is viewed as the
product of long-lived accretion and collision between the North China Craton, North Qinling Block,
South Qinling Block, and South China Craton. The Kuanping, Shangdan, and Mianlue suture zones,
respectively, separate the above continental blocks [38–41] (Figure 1).

Proterozoic metavolcanic-sedimentary formations (846–776 Ma), the oldest strata in the region, are
located in the southeast of the West Qinling Orogen [42]. Cambrian, Silurian, Devonian, Carboniferous,
Permian, Triassic, and Cretaceous strata are widespread, with Devonian and Triassic strata being
important host rocks for gold mineralization (Figure 1) [43–45]. Mesozoic granitoids are widespread in
the West Qinling Orogen (Figure 1). They mainly occur between the Shangdan and Mianlue suture
zones or within the Mianlue suture zone and have zircon U-Pb ages of 245–185 Ma [46].

The Yangshan gold belt, along with other gold districts, is located in the Mianlue suture zone
within the West Qinling Orogen and formed during post-collisional tectonism between the North
and South China Craton (Figure 1) [37,47]. Large igneous intrusions are absent in the gold belt. The
~215 Ma Puziba dikes, comprising granite, aplite, and porphyry dikes, were sheared into lenses along
the E-W-trending Anchanghe-Guanyinba Fault, which is a secondary fault of the Mianlue suture
zone [46].
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Figure 1. Simplified geological map of the West Qinling Orogen, showing the distribution of major
crustal blocks, fault systems, and Mesozoic granitoids [47–49]. CCO, Central China Orogen; M, Mianlue;
NCB, North China Block; SCB, South China Block; SCS, South China Sea; TLF, Tancheng–Lujiang Fault.
(a): Tectonic overviews showing the position of West Qinling Orogen: (b): Schematic map showing the
tectonic setting and distribution of gold deposits in West Qinling.

2.2. Deposit Geology

The deposits of the Yangshan gold belt are mainly hosted by Devonian phyllite and Triassic
granitic dikes. Among the six gold deposits in the Yangshan gold belt, the Anba gold deposit hosts
more than 90% of the gold resources in the district. However, all the deposits in the gold belt have
similar geological and mineralogical characteristics [50,51].

Ore bodies in the gold belt are structurally controlled by the three splays (F1, F2, and F3) of the
Anchanghe-Guanyinba Fault (Figure 2). Some of the ore bodies are also controlled by competency
contrasts along contact zones between granitic dikes and phyllite (Figure 3a) [37].
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Figure 3. Ore styles and ore minerals from the Anba gold deposit. (a) The fault contact between granite
porphyry dike and phyllite. (b) Pyrite is developed along the fault contact between granite porphyry
and phyllilte. (c) Pyrite in phyllite and quartz vein. (d) Pyrite in granite porphyry. (e) Silicification,
sericitization, and pyrite mineralization in granite porphyry. (f) Arsenopyrite coexists with the outer
rim of pyrite. Apy, arsenopyrite; Cal, calcite; Py, pyrite; Qz, quartz; Ser, sericite.

Major ore minerals in the gold belt include pyrite, arsenopyrite, and stibnite. Disseminated
ores in phyllite or granitic dikes are the dominant ore type, with minor pyrite-arsenopyrite quartz
veins, stibnite-bearing quartz veinlets, and quartz-calcite veins (Figure 3b–f) [36,37,52]. The diagenetic
pyrite (Py0) has a framboidal or colloform texture and is disseminated in the metasedimentary host
rocks. Hydrothermal mineralization is divided into an early ore-stage (Py1–quartz), a main ore-stage
(Py2–Apy2–quartz–sericite), and a late ore-stage (Py3–Apy3–stibnite–native gold–calcite–quartz).
Pyrite is rare in the post-ore-stage quartz–calcite veins [37]. The alteration developed in the deposits
is dominated by silicification, carbonation, sulfidation, and sericitization (Figure 3e). Gold is mostly
invisible in solid solution or in the sulfide lattice, with minor visible gold associated with stibnite [36].

3. Analytical Techniques

Determination of mineral paragenesis was complemented by petrological work under transmitted
and reflected light, and SEM. Based on careful examination of the mineral paragenesis, a suite of eight
samples of pyrite from the granitic dikes (Table 1) was selected for LA-ICP-MS analyses at the U.S.
Geological Survey, Denver, USA. Six samples are from the Anba gold deposit, and one sample each
from the Guanyinba and Nishan gold deposits (Table 1), which are located to the east and west of
Anba, respectively (Figure 2). These three deposits are considered representative of the Yangshan
gold belt. Grey-green equigranular to porphyritic granitic dikes include granite, plagioclase granite,
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granite porphyry, and plagioclase granite porphyry, which are common to all three deposits. The
primary minerals in the dikes are plagioclase, quartz, and biotite, which are commonly altered to
sericite, chlorite, epidote, and clays.

Table 1. Descriptions of the samples analysed in this study. Samples listed in a hierarchical manner
under Deposit and then Sample Number.

Deposit Sample Number Lithology Pyrite Stage

Anba AB10PD4-102 Granite porphyry dike with quartz-calcite vein Py1m
Anba AB10PB4-108_2 Granite porphyry dike with quartz vein Py2a, Py2b
Anba SM1-3 Granite Py1m, Py1-2, Py2a, Py2b
Anba YS-AB-10-PD1-01 Plagioclase granite dike with quartz-calcite veins Py1m, Py2b
Anba YS-AB-10-PD1-03 Granite dike in fault zone with quartz vein Py1m, Py1-2, Py2a, Py2b
Anba YS-AB-10-PD1-04 Plagioclase granite porphyry dike with quartz vein Py1m, Py2b

Guanyinba ZK054-4 Granite Py2a, Py2b
Nishan YS-NS-10-05 Plagioclase granite porphyry dike Py2b

The LA-ICP-MS analyses on pyrite were conducted on a Photon Machines Analyte G2 193 nm
laser ablation system attached to a Perkin Elmer ELAN DRC-e ICP-MS. Laser ablation ICP-MS methods
for pyrite are based on [26,53]. Both 15- and 30-micron diameter laser spots were used for the analyses.
A laser fluence of 2 J/cm2 and frequency of 5 Hz were used for the analyzed spots. Helium was used
as a carrier gas. Calibration was conducted using the USGS MASS-1 sulfide reference material run
five to ten times at the beginning of each session, following the procedures of [54] and using Fe as
the internal standard element [26]. Concentration calculations were carried out using off-line data
processing following the equations of [54]. The MASS-1 reference material was run periodically to
monitor for drift. During these analytical sessions, drift was less than five percent for all elements.
A stoichiometric value of 46% Fe was used for the LA-ICP-MS concentration calculations. Detection
limits were calculated as three times the standard deviation of the blank [54] and are shown in Table
S1. Data were examined for the presence of mineral inclusions or zoning recorded in the time resolved
spectra as deviations from a stable signal (e.g., [26,53]). Because some data are below the detection
limits of the analytical techniques, corrections are necessary for the incorporation into the statistical
method. Data qualified with a “less than” value were replaced with 0.7 times the detection limit.

4. Textures of Pyrite and Mineral Paragenesis

Core-rim zonation is common in pyrite from deposits in the Yangshan gold belt, with the
earlier-formed Py0 and Py1 as the core, and the main ore-stage Py2 as the rim of the pyrite [36,37].
In this study, a more detailed analysis of pyrite textures improves paragenetic understanding of the
deposits from the Yangshan gold belt.

4.1. Partial Dissolution Textures of Py1m

To distinguish different Py1 cores, the Py1 hosted by the granitic dikes is named Py1m and Py1

from metasedimentary rocks is named Py1s. Besides the normal core-rim texture formed by Py1m and
Py2, the partial dissolution texture of Py1m is recognized in this study. The inner Py1m core has been
partially replaced and overgrown by a Py2 rim and formed a new pyrite generation (Py1-2), which
has a brighter response in BSE images than Py1m and is therefore distinguishable from Py1m and Py2

in such images. Furthermore, Py1-2 retains the shape of Py1m through pseudomorphic replacement
(Figure 4a–h).
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Figure 4. BSE images showing the pseudomorphous replacement textures of Py1 and Py2. (a, b): 

Sample number SM1-3-2; (c, d): Sample number SM1-3-3; (e, f): Sample number SM1-3-4; (g, h): 

Sample number SM4-2-25-2. 

Figure 4. BSE images showing the pseudomorphous replacement textures of Py1 and Py2. (a,b):
Sample number SM1-3-2; (c,d): Sample number SM1-3-3; (e,f): Sample number SM1-3-4; (g,h): Sample
number SM4-2-25-2.

4.2. Complex Textures within Py2

Within the traditional main ore-stage Py2, an irregular bright pyrite band (a few micrometres wide)
with As enrichment is recognized in BSE images. The pyrite within the bright band is named Py2a and
the pyrite exterior to it is named Py2b (Figure 4c,d; Figure 5a–h). Fine-grained arsenopyrite is located
around the bright band, whereas relatively coarse-grained prismatic arsenopyrite is paragenetically
associated with Py2b (Figure 5a–h).
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Figure 5. BSE images showing the bright band and replacement textures of Py2a and Py2b. (a,b):
Sample number AB10PD4-108(2)-5; (c,d): Sample number YS-AB-10-PD1-03-4; (e,f): Sample number
AB10PD4-108(2)-11; (g,h): Sample number AB10PD4-108(2)-12.

4.3. Mineral Paragenesis

Recognition of the pseudomorphic replacement texture between Py1 and Py2, and the bright
band with arsenopyrite enrichment within Py2, leads to the improvement of the paragenetic sequence
diagram of the Yangshan gold belt (Figure 6). The multiple generations of pyrite from early diagenesis
through the peak- to post- ore-stage, as well as trace-element evolution of the sulfides during the
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pre- to main- ore-stage described below, indicate more complicated ore-forming processes than were
previously supposed to exist in the Yangshan gold belt.Minerals 2019, 9, 92 7 of 16 
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Figure 6. Paragenetic sequence of gold mineralization and alteration of the gold deposits of the
Yangshan gold belt. The bold lines indicate high abundance, the thin lines represent the minor amounts,
and the discontinuous lines indicate uncertainty in the determination of the paragenetic sequence due
to the lack of a clear textural relationship [35].

5. Trace Element Compositions of Pyrite and Arsenopyrite

As there is only minor pyrite in the diagenetic, late-, and post-ore stages, and their geochemistry
is summarized by [36], the geochemistry of newly recognized Py1m, Py1-2, Py2a, and Py2b from the pre-
and main-ore stage mineralization is emphasized in this paper (Table 1). A total of 119 LA-ICP-MS
spot analyses were completed on various pyrite generations from Yangshan. A total of nine elements
were analysed and interpreted in this study: Ag, As, Au, Bi, Co, Cu, Ni, Pb, and Sb. The pyrite results,
together with Apy2b and stibnite data from [37], are given in Table S1 and elemental variation is
presented in Figure 7. Representative pyrite textures and geochemistry within single pyrite grains are
shown in Figures 8 and 9.
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Figure 7. Trace-element binary plots of Au against (a) As, (b) Ni, (c) Pb, and (d) Ag for Yangshan
pyrites. The line in (a) is the inferred solubility limit of gold in arsenian pyrite [21]. The trace-element
concentrations are from Table S1, or calculated using 0.7 times mdl (minimum detection limit) values
for all measurements <mdl.
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Figure 9. The core-rim texture of pyrite in sample YS-AB-10-PD1-03-7 and the trace-element contents
analysed by LA-ICP-MS within each zone.

The median As contents in Py1m, Py1-2, Py2a, and Py2b are 3221, 28672, 28583, and 30,868 ppm,
with ranges of 109-45803, 2454-32613, 2103-39768, and 10501-48107 ppm, respectively. The median Au
contents in Py1m, Py1-2, Py2a, and Py2b are 3.7, 71, 56, and 28.2 ppm, with ranges of <0.39–54, 9.88–207,
0.2–337, and <0.64–123 ppm, respectively (Table S1). Although there is considerable variation, the As
and Au contents in Py1-2, Py2a, and Py2b are higher than Py1m (Figures 7a and 10; Table S1), as also
shown by the As and Au contents of single pyrite grains (Figures 8 and 9). Py1-2 has the highest Au
content compared with Py1m, Py2a, and Py2b (Figures 9 and 10). There is a decreasing trend of Au
contents from Py1-2, through Py2a, to Py2b (Figure 10; Table S1). Py2b has the highest As, Cu (median
347 ppm), and Sb (median 67.5 ppm) contents compared to Py1m, Py1-2, and Py2a (Figure 10; Table S1).
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The median Cu contents in Py1m, Py1-2, Py2a, and Py2b are 55.2, 91.8, 103, and 347 ppm, with
ranges of <13.9–708, 15.2–159, 5.43–730, and 16.5–826 ppm, respectively (Table S1). Generally, Cu
contents increase from early Py1m, through Py1-2 and Py2a, to Py2b.

The median Pb contents in Py1m, Py1-2, Py2a, and Py2b are 401, 108, 48.4, and 53.4 ppm, with
ranges of 0.46–3089, 28–418, 0.5–825, <0.27–338 ppm, respectively (Table S1). The median Bi contents in
Py1m, Py1-2, Py2a, and Py2b are 28.6, 6.3, 4.3, and 3 ppm, with ranges of <0.98–4052, 2.41–12.4, 0.24–89.1,
and <0.11–23.4 ppm, respectively (Table S1). Lead and Bi contents decrease from Py1m, through Py1-2

and Py2a, to Py2b.
The median Co contents in Py1m, Py1-2, Py2a, and Py2b are 209, 44.3, 50.2, and 44 ppm, with ranges

of 7.32–2262, 15.8–354, 0.99–947, and 2.11–291 ppm, respectively. The median Ni contents in Py1m,
Py1-2, Py2a, and Py2b are 82.1, 14, 23.1, and 27.7 ppm, with ranges of <18.8–2582, <3.41–133, <3.41–606,
and <3.41–410 ppm, respectively (Table S1). Cobalt and Ni contents broadly parallel Pb and Bi, but
there is lower Co and Ni in Py1-2 (Figures 7 and 10; Table S1).

The Au-As correlation becomes weaker from early Py1m, through Py1-2 and Py2a, to Py2b (Table S2).
For Py1-2, there is a strong positive correlation between Au and Cu, which is unique among all pyrite
stages (Table S2). Cobalt and Ni contents show a positive correlation among all pyrite generations
(Figure 7b; Table S2). Lead and Bi in Py2a and Py2b have a strong positive correlation compared with
that of the same elements in Py1 and Py1-2 (Figure 7c; Table S2).

As summarized in [37], the Au content of Apy2b ranges from <0.046 to 1205 ppm (median
15.4 ppm, average 143 ppm), whereas the Au content of late ore-stage stibnite ranges from 0.02 to
0.42 ppm (median 0.08 ppm, average 0.12 ppm).

6. Discussion

6.1. Invisible and Visible Gold in the Gold Ores

Py1m within granitic dike host-rocks has a low Au content (<0.39~54 ppm, median 3.7 ppm),
which is lower than the Au values in later generations of pyrite, but is higher than the gold values
in diagenetic pyrite in phyllite (median 0.32 ppm; [37]). The δ34S values of pyrite cores (Py1m in
this study) in granitic dikes from the Yangshan gold belt have a very limited range from 0 to 1.3h,
consistent with a magmatic–hydrothermal origin [55]. Similar magmatic-hydrothermal pyrite from the
Wallaby gold deposit in Western Australia has median gold values of 0.35 ppm, with individual spot
data as high as 78 ppm [56]. LA-ICP-MS analysis also shows that gold contents range from <0.03 to
2.1 ppm in the magmatic-hydrothermal cores of pyrites in syenite from the Chang’an gold deposit,
China [57].

The magmatic-hydrothermal Py1m has lower contents of As, Au, and Cu than ore-stage pyrite,
but the values are higher than the As, Au, and Cu contents in other magmatic-hydrothermal pyrites
described by [56,57]. The contrast in element patterns between Py1m and ore-stage pyrites, combined
with their erratic, more negative δ34S values [50,58], indicate that the auriferous ore-fluids were not
magmatic-hydrothermal in origin. Considering the sharp contact between Py1m and Py1-2, and the low
metamorphic grade in the region, the replacement textures clearly shown by Py1-2 raise the possibility
that the enhanced Au values of Py1m resulted from fluid-mediated coupled dissolution-reprecipitation
reactions [17,20,24,32,59,60].

According to the flotation test report, the contents of pyrite, arsenopyrite, and stibnite in the
primary ores are 2.02%, 0.93%, and 0.18%, respectively [61]. Based on observations under the
microscope, the contents of Py0, Py1s, Py1m, Py1-2, Py2a, Py2b, Apy2b, and stibnite in the ores are
estimated to be 0.005%, 0.005%, 0.005%, 0.005%, 1.5%, 0.5%, 0.93%, and 0.18%, respectively. Using the
average gold contents of pyrite, arsenopyrite, and stibnite from each ore stage (0.26 ppm, 0.82 ppm,
11.81 ppm, 105.98 ppm, 70.05 ppm, 36.91 ppm, 143 ppm, 0.12 ppm, for Py0, Py1s, Py1m, Py1-2, Py2a,
Py2b, Apy2b, and stibnite, respectively; Table S1) [37], the invisible gold contained in sulfide in one
tonne of ore is calculated to be 1.3 × 10−5 g, 5.9 × 10−4 g, 4.1 × 10−5 g, 5.3 × 10−3 g, 1.05 g, 0.18 g,
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1.33 g, and 2.2 × 10−4 g for Py0, Py1s, Py1m, Py1-2, Py2a, Py2b, Apy2b, and stibnite, respectively. Clearly,
Py2a, Py2b, and Apy2b are the only significant contributors to the gold budget. The total invisible gold
locked in the structures of pyrite, arsenopyrite, and stibnite in one tonne of ore is 2.57 g. As 83.73% of
gold is located in sulfides with 16.27% as visible gold that is enclosed in other minerals [61], there is
0.50 g native gold in one tonne of ore. Therefore, there is a calculated 3.07 g gold in one tonne of ore.
The calculated gold grade is lower than the reported average gold grade (4.76 g/t) [62], which may be
caused by the limited number of arsenopyrite samples in this study. In previous studies of Yangshan
gold deposits, arsenopyrite has been shown to have Au contents as high as 4719 ppm (average 2073
ppm) [63]. This average is about 15 times greater than that of this study. Using the average Au content
in [63] would add 18 g Au to the total gold budget, which would clearly exceed the known gold
grade. The true Au content of arsenopyrite must lie between that of [63] and this study, but closer to
this study.

6.2. Controls on the Distribution of Invisible and Visible Gold

The replacement of Au-As-poor Py1 by Au-As-rich Py2 and the formation of As-Au-rich Py1-2

indicate that the pre-ore magmatic-hydrothermal Py1m became unstable and was partially replaced
during ingress of the auriferous ore fluid, with Py1-2 rimming the Py1m cores and tending to form
crystal shapes. No arsenopyrite was developed in this stage to compete with pyrite for Au distribution,
leading to the high Au concentrations in Py1-2, which was then overgrown by Py2a, b.

The bright pyrite band between Py2a and Py2b in BSE images, which is the reaction front of
replacement [17], has a high As content (Figure 8), indicating that the ore fluid evolved to be As-rich
during the late main-ore stage. Py2b has the highest As content, but the lowest Au content, of all main
ore-stage pyrites, consistent with its very low Au-As correlation coefficient (Table S2). This is due to the
fact that Au preferentially entered the lattice of arsenopyrite that was intimately intergrown with Py2b,
as also shown by [51]. Py2b contains more Sb than Py1m, Py1-2, and Py2a, which indicates Sb enrichment
during the late main ore-stage. Once stibnite formed in the absence of pyrite or arsenopyrite, there
was no suitable host for invisible gold and free gold was deposited in cracks or on grain surfaces of the
earlier-formed sulfides, as also described by [36,37].

The physicochemical parameters of ore formation in the Yangshan gold belt are estimated as
follows. Based on the micro-thermometry of primary fluid inclusion, the mineralization temperatures
of the main ore-stage and late ore-stage were 288~300 ◦C, and 271~288 ◦C, respectively [51,52]. The
sulfur fugacity during the main ore-stage at the Yangshan gold belt can be estimated to have been
10−10.3~10−11.1, which is similar to the calculated sulfur fugacity (10−10.4) based on the As contents in
arsenopyrite [51]. The sulfur fugacity during the late ore-stage is estimated to have been 10−13.5~10−11.1

(Figure 11). Temperature and sulfur fugacity are two important factors controlling the stability of
stibnite [64,65]. During the main ore-stage, pyrite and arsenopyrite precipitated at temperatures
between 288 and 300 ◦C, and the majority of gold occurred within the lattices of pyrite and arsenopyrite.
The precipitation of pyrite and arsenopyrite reduced the concentration of available reduced sulfur
in the ore fluid. During the late ore-stage, the temperature decreased to 271~288 ◦C and the sulfur
fugacity to 10−13.5~10−11.1, leading to the decrease of antimony solubility and precipitation of stibnite
and native gold [64,66].
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Process and Mechanism of Gold Mineralization at the
Zhengchong Gold Deposit, Jiangnan Orogenic Belt:
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Abstract: The Zhengchong gold deposit, with a proven gold reserve of 19 t, is located in the central part
of Jiangnan Orogenic Belt (JOB), South China. The orebodies are dominated by NNE- and NW- trending
auriferous pyrite-arsenopyrite-quartz veins and disseminated pyrite-arsenopyrite-sericite-quartz
alteration zone, structurally hosted in the Neoproterozoic epimetamorphic terranes. Three stages
of hydrothermal alteration and mineralization have been defined at the Zhengchong deposit:
(i) Quartz–auriferous arsenopyrite and pyrite; (ii) Quartz–polymetallic sulfides–native gold–minor
chlorite; (iii) Barren quartz–calcite vein. Both invisible and native gold occurred at the deposit.
Disseminated arsenopyrite and pyrite with invisible gold in them formed at an early stage in the
alteration zones have generally undergone syn-mineralization plastic-brittle deformation. This resulted
in the generation of hydrothermal quartz, chlorite and sulfides in pressure shadows around the
arsenopyrite and the formation of fractures of the arsenopyrite. Meanwhile, the infiltration of the
ore-forming fluid carrying Sb, Cu, Zn, As and Au resulted in the precipitation of polymetallic
sulfides and free gold. The X-ray elements mapping of arsenopyrite and spot composition analysis of
arsenopyrite and chlorite were carried out to constrain the ore-forming physicochemical conditions.
The results show that the early arsenopyrite and invisible gold formed at 322–397 ◦C with lgf (S2)
ranging from −10.5 to −6.7. The crack-seal structure of the ores indicates cyclic pressure fluctuations
controlled by fault-valve behavior. The dramatic drop of pressure resulted in the phase separation of
ore-forming fluids. During the phase separation, the escape of H2S gas caused the decomposition of
the gold-hydrosulfide complex, which further resulted in the deposition of the native gold. With the
weakening of the gold mineralization, the chlorite formed at 258–274 ◦C with lgf (O2) of −50.9 to −40.1,
as constrained by the results from mineral thermometer.

Keywords: orogenic-gold deposit; mineral geo-thermometry; physicochemical condition of
mineralization; Zhengchong gold deposit; Jiangnan orogenic belt
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1. Introduction

The process and mechanism of gold mineralization are essential for understanding the genesis
of the deposit [1–4]. The evolution of P-T-X conditions of the ore-forming fluids provides unique
insights into the process and mechanism of the mineralization [5–8]. The major and trace elements
of hydrothermal minerals formed during mineralization contain important information on the
ore-forming physicochemical conditions [9,10]. Many lode-gold deposits have been investigated
in order to obtain the distribution of elements in the gold-bear fluids by in-situ analysis [11–13].
The principal elements, Fe, S and As, in the hydrothermal arsenopyrite can be used to constrain its
temperature and sulfur fugacity combined with mineral assemblages [11,14]. Compared with the
microthermometry of fluid inclusions commonly used in research on ore-forming P-T conditions of
the orogenic gold deposit [15–22], the mineral thermometers can constrain a more accurate forming
temperature of gold-bearing sulfides, such as arsenopyrite, resulting in more detailed analysis of the
gold mineralization.

Jiangnan Orogenic Belt (JOB) is situated in the collisional and subduction zone between the
Yangtze and Cathaysian Blocks (Figure 1a) [23], which have undergone long-term and multiple
deformations and magmatism [24]. The belt is defined as a significant Neoproterozoic to Late Mesozoic
polymetallic metallogenic zone in China, which hosts more than 250 deposits with ~970 t gold in
total [25,26].
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Figure 1. (a) Location of Jiangnan Orogenic Belt (JOB); (b) Geological map of the Changsha-Pingjiang
metallogenic belt showing the distributions of gold deposits. Abbreviations for granites: BSP,
Banshanpu; CSB, Changsanbei; DWS, Daweishan; GTL, Getengling; HXQ, Hongxiaqiao; JJ, Jinjing; JXL,
Jiaoxiling; LYS, Lianyunshan; MFS, Mufushan; QBS, Qibaoshan; WS, Weishan; WX, Wangxiang; XM,
Xiema; ZF, Zhangfang. Modified from references [26,27].

The Zhengchong gold deposit, with a proven gold reserve of 19 t and an average grade of
3.21 g/t [28], is located in the central part of JOB, South China. The gold deposit is defined as an
orogenic gold deposit based upon mineral paragenesis, in-situ geochemistry of pyrites [29] and the
characteristics of ore-forming fluids [28]. The lower limit of the ore-forming temperatures of the deposit
were previously constrained by fluid inclusion microthermometer to 312–406 ◦C, 252–324 ◦C and
193–296 ◦C for a three-stage hydrothermal alteration and mineralization [28]. The deposition of gold
was believed to result from the fluid-rock reaction [28]. However, the observations on the relationship
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of hydrothermal minerals with gold and constraints on the ore-forming chemical conditions are still
lacking. Thus, the process and individual mechanism of the invisible and free gold are still unclear.

In this study, detailed field and laboratory works, including petrography and microstructural
studies and electro probe micro-analyses (EPMA) on arsenopyrite and chlorite, spatially and
temporally associated with gold have been carried out to constrain the evolution of the ore-forming
physicochemical conditions. Finally, the process and individual mechanism of the invisible and free
gold are summarized based on the ore-forming physicochemical data.

2. Regional and Local Geology

2.1. Regional Geology

The NE-NNE-trending Changsha-Pingjiang metallogenic belt, bounded by the Xinning-Huitang
and Liling-Hengdong faults, is located in the central part of JOB, with 125 Au and polymetallic
occurrences and deposits, and an estimated ~300 t of gold resources [26] (Figure 1b). Sedimentary
rock successions mainly consist of Neoarchean-Paleoproterozoic schist, phyllite, gneiss, amphibolite
and migmatite of Lianyunshan Group and Cangxi Group; Neoproterozoic slate of Lengjiaxi Group;
Neoproterozoic conglomerate sandstone, tuff and slate of Banxi Group; Silurian-Sinian sandy shale
conglomerate and slate; Devonian-Triassic limestones, dolomites, sandstones, mudstones and siltstones
and Cretaceous-Paleogene sandstones and siltstones [27].

Three goldfields including Huangjindong, Liling and Wangu are aligned along the first-order
NNE- to NE- trending long-live Chang-Ping Fault. The orebodies in these goldfields are mostly
directly controlled by EW- to NW- trending faults [26,30], while a few thin orebodies are controlled by
NNE-trending faults in the Liling gold field. Multiple intrusions are exposed in this belt, including the
Neoproterozoic, Late Silurian, Triassic and Late Jurassic-Early Cretaceous granitoids.

2.2. Deposit Geology

The Zhengchong gold deposit, which is located in the Liling goldfield, is hosted by Neoproterozoic
low-metamorphic sedimentary rock of Lengjiaxi Group (Figure 1b). The Lengjiaxi Group, whose
protolith is mainly turbidite, is composed of greywacke and silty slate of Lower Huanghudong
Formation, sandstone, siltstone and slate of Upper Huanghudong Formation and sandstone and silty
slate of Lower Xiaomuping Formation. All these strata strike NE and dip to NW with dip angles of
26◦~65◦ [31] (Figure 2a). Only small granitoid intrusion has been revealed by both geological mapping
and drilling at the deposit [31] (Figure 2).

The dominated thick and less important thin orebodies are controlled by NW- and
NE-NNE-trending faults, respectively. The NNE-trending orebodies have strike lengths of 1400 m
and dip lengths of ~200 m with thicknesses of 0.38–5.4 m [28]. In plane graph, the orebodies
and related hydrothermal alteration are lens-shaped with thickness changing greatly in a short
distance. The alterations are mainly composed of the significant muscovite alteration, silicification
and arsenopyrite, pyrite and other sulfide alterations with minor chloritization. The main orebodies
can be divided into two types: (1) auriferous arsenopyrite-pyrite-quartz vein; (2) altered slates with
disseminated pyrite, arsenopyrite, muscovite and quartz (Figure 3). Crack-seal, a typical structure at
this deposit, developed in the laminated quartz vein (Figure 3d). This structural vein formed during
the cyclic episodes of co-seismic extension fractures [32,33]. These cyclic processes typically result in
high-grade ores with gold in the fractures of the veins [34].

2.3. Mineral Association and Paragenesis

Ore minerals are mainly composed of native gold, arsenopyrite and pyrite with minor galena,
sphalerite, chalcopyrite, tetrahedrite and pyrrhotite. Based on detailed field mapping and observation
under microscope, three mineralization stages were recognized at the Zhengchong deposit (Figure 4):
(i) Quartz–auriferous arsenopyrite–pyrite; (ii) Quartz–polymetallic sulfides–native gold–minor chlorite;
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and (iii) Barren quartz–calcite vein. Compared with a previous description [26], early quartz vein
is barren including no sulfides. The gold content of ore-bearing quartz vein is more than 10 g/t.
We observed both invisible gold evenly dispersed in arsenopyrite and pyrite in this type of deposit in
NEHP [10,35,36], and native gold in fractures and curved dissolution edges of arsenopyrite and pyrite.
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Figure 3. Photographs of representative ore styles at the Zhengchong gold deposit. (a) Auriferous
arsenopyrite-pyrite-quartz vein folded in disseminated mineralized slate adjacent to the fault;
(b) Auriferous arsenopyrite-pyrite-quartz vein cut by the post-fault; (c) Altered slate with disseminated
arsenopyrite and pyrite; (d) A typical crack-seal structure showing white barren quartz vein with
fractures infilled by the sulfides with fine-grained quartz and muscovite. Py-pyrite; Apy-arsenopyrite.
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In the altered slate with ~2 g/t gold, pressure shadows with gangue and metallic minerals around
rigid arsenopyrite and pyrite in relatively weak matrix composed of fine-grained sericite and quartz
are well developed (Figure 5b–e). The quartz fibers and chlorite are the major gangue minerals in
the pressure shadow around the rigid sulfide grains (Figure 5b,d). Besides, polymetallic sulfides,
such as sphalerite, chalcopyrite and tetrahedrite, which mainly occur in fractures of the pyrite and
arsenopyrite, are also observed in these pressure shadows (Figure 5c,e). This indicates that the base
metal sulfides formed contemporarily with the adjacent quartz fibers. In some cases, fractures of
arsenopyrite were also filled with the fiber-shaped quartz (Figure 5d).

2.3.1. Arsenopyrite

Arsenopyrite is a significant and ubiquitous gold-bearing sulfide both in veins and altered rocks
at the Zhengchong gold deposit. Disseminated euhedral arsenopyrite in an altered slate, generally, has
acicular and granulous shapes, grain size of 100–600 µm, and straight boundaries (Figure 5a). Generally,
the arsenopyrites disseminated in the altered rocks have been ductile-brittlely deformed, forming
many cracks and a pressure shadow microstructure in low-stress areas (Figure 5a,b). The fractures
of arsenopyrites have been filled by polymetallic sulfides (Figure 5c) and native gold (Figure 5h).
The euhedral arsenopyrite in the veins is totally minor without deformation.

2.3.2. Polymetallic Sulfides

Polymetallic sulfides, such as galena, sphalerite, chalcopyrite, tetrahedrite and pyrrhotite, are
the most relevant minerals associated with the native gold (Figure 5h). These sulfides formed at the
second stage could be divided into several sub-stages. Chalcopyrite formed simultaneously with
sphalerite on account of their exsolution-texture (Figure 5f). In places, the chalcopyrite was replaced by
tetrahedrite in the fractures of the arsenopyrite (Figure 5c) and pressure shadows of arsenopyrite and
pyrite (Figure 5e), or included by the late pyrrhotite. Galena predated the other polymetallic sulfides
because of being cut by sphalerite (Figure 5i).
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Figure 5. Photomicrographs showing the mineral assemblage. (a) Arsenopyrite and pyrite
disseminated in the altered slates with pressure shadows infilling by the chlorite; (b) Typical pressure
shadows filled by quartz and chlorite around the generation of arsenopyrite; (c) The fractures of
arsenopyrite disseminated in the host-rock filled with the chalcopyrite, sphalerite and tetrahedrite, and
later chlorite in the pressure shadows of the arsenopyrite; (d) Pyrite with the bulky pressure shadows
filled by late quartz, sulfides, and chlorite; (e) Chalcopyrite, sphalerite and tetrahedrite in the pressure
shadows; the tetrahedrite replaced the chalcopyrite; (f) Chalcopyrite and sphalerite exsolution-texture;
(g) Gold along the grain edge between the pyrite and arsenopyrite; (h) Electrum, chalcopyrite,
sphalerite and pyrrhotite in the healed and unhealed cracks of pyrite; chalcopyrite is included by the
pyrrhotite; (i) The occurrence of polymetallic sulfides, where galena is cut by the sphalerite. Py—pyrite;
Apy—arsenopyrite; Ccp—chalcopyrite; Gn—galena; Sp—sphalerite; Po—pyrrhotite; Tet—tetrahedrite;
Au—native gold; Qtz—quartz; Chl—chlorite.

2.3.3. Chlorite

Late-stage chlorite is typically observed in the pressure shadows of early gold-bearing
arsenopyrite and pyrite. Different from the fiber-shaped quartz in the pressure shadows, the chlorite is
anhedral without specified shape.

3. Analytical Methods and Results

3.1. Sample Selection and Analytical Methods

Six gold-bearing sulfide-quartz veins and five altered slate samples were collected from the
underground tunnel at 290 m level at the Zhengchong deposit. Elements-mapping for a deformed
gold-bearing arsenopyrite, and spot element analysis on arsenopyrite, and chlorite in the pressure
shadows were carried out by an Electron Probe Micro-Analyzer (EPMA).

Electron Probe Micro-Analyzer test was performed at the Laboratory of Isotope Geology, Tianjin
Institute of Geology and Mineral Resources, Tian-jin, China. The operating conditions for the sulfide
analysis were 15 kV acceleration voltages and 20 nA beam currents with 5 µm beam diameter.

169



Minerals 2019, 9, 133

The chemical compositions of chlorite were measured under the same operating condition but with a
different beam diameter of 1–5 µm.

Content of major elements and its mineral association can indicate the forming environment
of arsenopyrite. Its forming temperature and lgf (S2) would be defined owing to the As content
distribution in the diagram of sulfide symbiosis.

Chlorite is an important gangue mineral in the gold deposit, whose chemical formula is
(R2+

X R3+
y �6−x−y)

VI
6 (SizR3+

4−z)
IV
4 O10(OH)8, where R2+ and R3+ represent the divalent and trivalent

cations, respectively, such as Fe2+, Mg2+ and Al3+, Fe3+. The octahedral vacancy is expressed by
�. The chemical compositions of chlorite are controlled by the substitution between Fe2+ and Mg2+,
the Tschermark substitution between AlIV-AlVI and Si-(Mg, Fe2+), as well as 3(Mg, Fe2+) replacing
�2 AlVI, which is due to the complexity of the formation environments. Analysis of the chemical
compositions assists in deducing the temperature and oxygen fugacity of chlorites.

3.2. Results

The major and trace elements are not conformably distributed in the arsenopyrite deformed as
shown in the elements map (Figure 6). Sulfur is a major element of the arsenopyrite with slightly
higher content in the internal zone (Figure 6b), but this trending of value difference of other major
and trace elements has not been observed. Cobalt, nickel, antimony and gold contents are uniformly
distributed in the arsenopyrite with low values (Figure 6c,d,h,i). Similarly, copper and zinc also have
uniform distribution in the arsenopyrite, but the contents of both elements are slightly high in the
fractures and cracks (Figure 6e,f). Arsenic, a major element with high content, is homogeneously
distributed in this kind of arsenopyrite (Figure 6g).
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Arsenic is the principal element in reflecting the forming temperature of different generations of
arsenopyrite [37]. Twenty pieces of data of the core of ore-bearing arsenopyrite from the Zhengchong
gold deposit yielded arsenic atomic percentages of 29.71%–31.66%, showing wide systematic variation
within the same generation (Table 1). The yielded sulfur atomic percentages were 35.35%–37.44%.
Moreover, the sulfur content has a negative correlation with arsenic values, with a regression coefficient
of −0.97 and R2 of 0.89 (Figure 7).
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Arsenic is the principal element in reflecting the forming temperature of different generations 
of arsenopyrite [37]. Twenty pieces of data of the core of ore-bearing arsenopyrite from the 
Zhengchong gold deposit yielded arsenic atomic percentages of 29.71%–31.66%, showing wide 
systematic variation within the same generation (Table 1). The yielded sulfur atomic percentages 
were 35.35%–37.44%. Moreover, the sulfur content has a negative correlation with arsenic values, 
with a regression coefficient of −0.97 and R2 of 0.89 (Figure 7).  

 
Figure 7. Distributions and relationship of As and S atomic percentages in the arsenopyrite [10]. 

Chlorite is widely distributed in the pressure shadows around rigid arsenopyrite and pyrite in 
ores at the Zhengchong deposit. Chlorite samples from different sites of the pressure shadows have 

Figure 7. Distributions and relationship of As and S atomic percentages in the arsenopyrite [10].

Chlorite is widely distributed in the pressure shadows around rigid arsenopyrite and pyrite in
ores at the Zhengchong deposit. Chlorite samples from different sites of the pressure shadows have
similar compositions, such as SiO2 (21.51–23.16 wt %), MgO (11.56–13.26 wt %), FeO (25.90–28.37 wt %)
and Al2O3 (21.84–23.13 wt %) (Table 2). The contents of Cr2O3, CaO, K2O and Na2O are low. The total
values of the Fe/(Fe + Mg) ratios range from 0.52 to 0.58. Owing to the extremely small amount of
MnO in the chlorite, Fe/(Fe + Mg + Mn) is approximately equal to Fe/(Fe + Mg). Silicon values vary
from 2.43 to 2.55 a.p.f.u. Hence, the chlorites in the pressure shadows were defined as ripidolite type
(Figure 8), a kind of chlorite with relatively high Fe irons according to the classification of chlorites [38].

Minerals 2019, 9, x FOR PEER REVIEW  8 of 17 

similar compositions, such as SiO2 (21.51–23.16 wt %), MgO (11.56–13.26 wt %), FeO (25.90–28.37 wt 
%) and Al2O3 (21.84–23.13 wt %) (Table 2). The contents of Cr2O3, CaO, K2O and Na2O are low. The 
total values of the Fe/(Fe + Mg) ratios range from 0.52 to 0.58. Owing to the extremely small amount 
of MnO in the chlorite, Fe/(Fe + Mg + Mn) is approximately equal to Fe/(Fe + Mg). Silicon values 
vary from 2.43 to 2.55 a.p.f.u. Hence, the chlorites in the pressure shadows were defined as 
ripidolite type (Figure 8), a kind of chlorite with relatively high Fe irons according to the 
classification of chlorites [38].  

 
Figure 8. Chemical compositions of chlorite in the pressure shadows of arsenopyrite and pyrite at 
the Zhengchong gold deposit. Nomenclature and classification of chlorite [38]. 
Figure 8. Chemical compositions of chlorite in the pressure shadows of arsenopyrite and pyrite at the
Zhengchong gold deposit. Nomenclature and classification of chlorite [38].

4. Discussion

4.1. The Physicochemical Environment of Mineral Precipitations

Precipitation of minerals from the gold-bearing fluids is controlled by physicochemical conditions,
including temperature and redox conditions. These conditions change with the evolution of the
ore-forming fluids. Previous studies show that the major and trace elements of minerals provide
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important information of their forming physicochemical conditions which in turn could be used to
constrain the P-T-X evolution of the fluids [9,10].

4.1.1. Physicochemical Conditions of Arsenopyrite

As shown above, arsenopyrites formed earlier than the polymetallic sulfides in the fractures
or pressure shadows of arsenopyrite and pyrite (Figure 5a,b,d). Thus, the sulfide associated with
arsenopyrites is only pyrite (Figure 4). Hence, the arsenic values from both internal and external
zones of arsenopyrite fall in the “pyrite + arsenopyrite” zone of the buffered assemblages involving
arsenopyrite in the Fe-S-As system [14,39]. The temperatures and lgf (S2) of arsenopyrite are almost
successive due to their similar arsenic contents (Figure 7). The temperature is constrained from 322 ◦C
to 397 ◦C, and the yielded lgf (S2) of the disseminated arsenopyrites is from −10.5 to −6.7 (Figure 9).

Minerals 2019, 9, x FOR PEER REVIEW  12 of 17 

 
Figure 9. Activity of lgf(S2) and temperature (T) projection of the stability field of arsenopyrite [14,39]. 

4.1.2. Physicochemical Conditions of Chlorite 

Chlorite thermometer was used in gold deposits to assist the constraints on the metallogenic 
temperature [9,10,41]. Typically, basal spacing d001 of chlorite shows a positive correlation with its 
crystallographic temperature [42]. The value of d001 can be calculated through chemical compositions of 
chlorite using EPMA. After that, calculation for the temperature was proceeded by empirical equation 
having a positive r-squared (r = 0.95) [43,44]. The results show that the forming temperatures of chlorite 
ranged from 258 °C to 274 °C, with an average of 265 °C. 

Oxygen fugacity of chlorite was also calculated through its chemical compositions, in which six 
groups of chlorite solid solution models were divided into six thermodynamic end-members. Reactions of 
various end-members were established to deduce not only the temperature but also the lgf(O2) through 
the calculation of activity quotient ai and equilibrium coefficient of chemical equation Kj according to the 
paragenesis with chlorite [40]. 

The lgf(O2) of chlorite can be calculated by the chemical reaction between C3 and C6 thermodynamic 
end-members [40], 

Fe2+ 
5 Al2Si3O10(OH)8 (C3) + 

1
4O2 (g) = Fe2+ 

4 Fe3+Al2Si3O11(OH)7 (C6) + 
1
2H2O(l), (1)

and the lgf(O2) is also inferred [45], 

lgf(O2) = 4(lga6 − lga3 − lgK1). (2)

The K1 in Equation (2) represents the equilibrium coefficient of Equation (1), the correlation between 
equilibrium and temperature was refitted after all lgK1 under the different temperatures were calculated 
by mathematical induction [46]. 

lgK1 = 21.77e −0.003t (3)

The t and e represent the temperature and natural logarithm. Therefore, the temperature obtained is 
258–274 °C using Equation (3). The yielded lgf(O2) is −50.9–−40.1. 

Figure 9. Activity of lgf (S2) and temperature (T) projection of the stability field of arsenopyrite [14,39].

173



Minerals 2019, 9, 133

Ta
bl

e
2.

C
he

m
ic

al
co

m
po

si
ti

on
s

of
ch

lo
ri

te
in

pr
es

su
re

sh
ad

ow
s

at
th

e
Z

he
ng

ch
on

g
go

ld
de

po
si

t.

Sa
m

pl
es

N
o.

zc
17

d0
1b

1-
1

zc
17

d0
1b

1-
2

zc
17

d0
1b

1-
3

zc
17

d0
1b

1-
4

zc
17

d0
1b

1-
5

zc
17

d0
1b

1-
6

zc
17

d0
1b

1-
7

zc
17

d0
1b

1-
8

zc
17

d0
1b

1-
9

zc
17

d0
1b

1-
10

zc
17

d0
1b

1-
11

W
(B

)/
%

N
a 2

O
0.

08
0.

05
0.

09
0.

06
0.

00
0.

05
0.

07
0.

03
0.

03
0.

02
0.

04
M

gO
12

.1
1

12
.4

7
12

.5
7

12
.3

0
12

.6
1

11
.5

6
11

.8
5

13
.2

6
11

.8
4

12
.0

6
12

.5
8

A
l 2

O
3

22
.6

1
23

.0
9

23
.1

3
22

.9
2

22
.1

6
21

.9
7

22
.5

0
22

.3
7

22
.7

4
22

.9
6

21
.8

4
Si

O
2

22
.2

2
22

.0
7

22
.3

9
22

.1
5

23
.1

6
22

.5
7

23
.0

2
22

.7
9

21
.7

4
21

.5
1

21
.9

6
K

2O
0.

03
0.

02
0.

03
0.

02
0.

02
0.

03
0.

04
0.

02
0.

01
0.

00
0.

02
C

aO
0.

00
0.

01
0.

01
0.

02
0.

01
0.

01
0.

02
0.

00
0.

02
0.

01
0.

01
P 2

O
5

0.
00

0.
00

0.
00

0.
00

0.
01

0.
03

0.
01

0.
00

0.
01

0.
00

0.
01

Fe
O

27
.5

9
26

.6
5

26
.7

0
25

.9
0

27
.1

9
28

.3
7

28
.1

8
26

.0
6

28
.1

4
26

.8
6

27
.2

9
V

2O
3

0.
00

0.
02

0.
04

0.
03

0.
00

0.
01

0.
02

0.
01

0.
04

0.
03

0.
00

M
nO

0.
00

0.
00

0.
01

0.
02

0.
02

0.
00

0.
03

0.
02

0.
00

0.
00

0.
01

C
r 2

O
3

0.
00

0.
00

0.
00

0.
01

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

C
at

io
ns

Si
2.

48
2.

45
2.

47
2.

48
2.

55
2.

53
2.

53
2.

52
2.

43
2.

43
2.

48
A

lIV
1.

52
1.

55
1.

53
1.

52
1.

45
1.

47
1.

47
1.

48
1.

57
1.

57
1.

52
∑

R
t

4.
00

4.
00

4.
00

4.
00

4.
00

4.
00

4.
00

4.
00

4.
00

4.
00

Fe
3+

0.
02

0.
01

0.
02

0.
02

0.
01

0.
03

0.
03

0.
01

0.
01

0.
00

0.
01

Fe
2+

2.
55

2.
46

2.
44

2.
41

2.
50

2.
63

2.
57

2.
40

2.
62

2.
53

2.
56

A
lV

I
1.

45
1.

48
1.

48
1.

51
1.

43
1.

42
1.

45
1.

43
1.

44
1.

48
1.

38
M

g
2.

01
2.

07
2.

07
2.

05
2.

07
1.

93
1.

94
2.

18
1.

98
2.

03
2.

11
∑

R
o

6.
03

6.
03

6.
01

5.
99

6.
01

6.
02

6.
01

6.
03

6.
06

6.
05

6.
08

C
om

po
ne

nt
A

ct
iv

it
y

Fe
/(

Fe
+

M
g)

0.
56

0.
55

0.
54

0.
54

0.
55

0.
58

0.
57

0.
52

0.
57

0.
56

0.
55

Fe
/(

Fe
+

M
g

+
M

n)
0.

56
0.

55
0.

54
0.

54
0.

55
0.

58
0.

57
0.

52
0.

57
0.

56
0.

55

d 0
01

14
.1

11
8

14
.1

10
9

14
.1

13
2

14
.1

15
2

14
.1

21
5

14
.1

15
9

14
.1

18
0

14
.1

19
5

14
.1

05
5

14
.1

06
3

14
.1

11
5

t/
°C

26
7.

23
26

8.
13

26
5.

79
26

3.
84

25
7.

54
26

3.
10

26
1.

04
25

9.
48

27
3.

52
27

2.
65

26
7.

54
lg

a 3
−

1.
34

−
1.

40
−

1.
42

−
1.

43
−

1.
39

−
1.

29
−

1.
32

−
1.

48
−

1.
29

−
1.

35
−

1.
37

lg
a 6

−
2.

32
−

2.
58

−
2.

34
−

2.
49

−
2.

83
−

2.
14

−
2.

24
−

2.
82

−
2.

52
−

2.
98

−
2.

54
lg

K
1

9.
77

9.
74

9.
81

9.
87

10
.0

5
9.

89
9.

95
10

.0
0

9.
58

9.
61

9.
76

Lg
f(

O
2)

−
43

.0
0

−
43

.6
6

−
42

.9
3

−
43

.7
1

−
45

.9
5

−
42

.9
8

−
43

.4
5

−
45

.3
2

−
43

.2
5

−
44

.9
7

−
43

.7
0

C
al

cu
la

tio
ns

of
Si

,A
lIV

,A
lV

I
an

d
M

g
w

er
e

ba
se

d
on

th
e

fo
ur

te
en

ox
yg

en
at

om
s

an
d

on
th

e
as

su
m

pt
io

n
th

at
ir

on
w

as
to

ta
lly

Fe
2+

. ∑
R

t
an

d
an

d
∑

R
o

ar
e

ap
pl

ie
d

to
th

e
to

ta
ln

um
be

r
of

th
e

te
tr

ah
ed

ra
la

nd
oc

ta
he

dr
al

co
or

di
na

ti
on

,r
es

pe
ct

iv
el

y.
Th

e
a 3

an
d

a 6
in

th
e

ta
bl

e
ar

e
th

e
ac

ti
vi

ty
co

ef
fic

ie
nt

of
th

e
re

ac
ti

on
be

tw
ee

n
th

e
C

3
an

d
C

6
en

d
m

em
be

rs
[4

0]
.T

he
K

1
an

d
K

2
ar

e
th

e
eq

ui
lib

ri
um

co
ef

fic
ie

nt
s

of
th

e
re

ac
tio

n
eq

ua
tio

n.
a 3

=
59

.7
2(

X
Fe

2+
,o

)5 (X
A

l,o
)(

X
Si

,t
)(

X
A

l,t
),

a 6
=

72
9(

X
Fe

2+
,o

)(
X

Fe
3+

,o
)(

X
A

l,o
)(

X
Si

,t
)(

X
A

l,t
).

X
i,j

st
an

ds
fo

r
th

e
m

ol
e

fr
ac

tio
n

of
th

e
“i

”
io

n
in

th
e

“j
”

co
or

di
na

ti
on

.

174



Minerals 2019, 9, 133

4.1.2. Physicochemical Conditions of Chlorite

Chlorite thermometer was used in gold deposits to assist the constraints on the metallogenic
temperature [9,10,41]. Typically, basal spacing d001 of chlorite shows a positive correlation with its
crystallographic temperature [42]. The value of d001 can be calculated through chemical compositions
of chlorite using EPMA. After that, calculation for the temperature was proceeded by empirical
equation having a positive r-squared (r = 0.95) [43,44]. The results show that the forming temperatures
of chlorite ranged from 258 ◦C to 274 ◦C, with an average of 265 ◦C.

Oxygen fugacity of chlorite was also calculated through its chemical compositions, in which
six groups of chlorite solid solution models were divided into six thermodynamic end-members.
Reactions of various end-members were established to deduce not only the temperature but also the
lgf (O2) through the calculation of activity quotient ai and equilibrium coefficient of chemical equation
Kj according to the paragenesis with chlorite [40].

The lgf (O2) of chlorite can be calculated by the chemical reaction between C3 and C6

thermodynamic end-members [40],

Fe2+
5 Al2Si3O10(OH)8(C3) +

1
4

O2(g) = Fe2+
4 Fe3+Al2Si3O11(OH)7(C6) +

1
2

H2O(l), (1)

and the lgf (O2) is also inferred [45],

lgf (O2) = 4(lga6 − lga3 − lgK1). (2)

The K1 in Equation (2) represents the equilibrium coefficient of Equation (1), the correlation
between equilibrium and temperature was refitted after all lgK1 under the different temperatures were
calculated by mathematical induction [46].

lgK1 = 21.77e −0.003t (3)

The t and e represent the temperature and natural logarithm. Therefore, the temperature obtained
is 258–274 ◦C using Equation (3). The yielded lgf (O2) is −50.9–−40.1.

4.2. Process and Mechanism of the Gold Precipitation

At the Zhengchong gold deposit, uniform invisible gold distributions in the arsenopyrite and
visible gold related to the polymetallic sulfides locating in the fractures of early sulfides were observed
by microscope and elements mapping. The process and physicochemical conditions of the two-stage
gold mineralization are constrained by geological evidences and results from mineral geothermometer.

At the early stage, free elements sulfur, arsenic and gold precipitated from the gold-bearing
fluids when fluid-rock reaction occurred [28], which promoted the deposition of arsenopyrite and
pyrite with the invisible gold, disseminated in the altered slates at a temperature of 322–397 ◦C and
the lgf (S2) from −8.5 to −6.7 (Figure 10a). Arsenic of the arsenopyrite has negative correlation with
sulfur (Figure 7), indicating that S could be substituted by As [47]; therefore, Au could enter into the
arsenopyrite by substituting Fe to maintain the electric balance [10,48,49]. Subsequently, because of
shortening event, the euhedral arsenopyrite underwent minor crystal plastic deformation (Figure 10b).
As the compressional deformation grew, the microfractures propagated in the arsenopyrite (Figure 10c).
Then, the cracks generated due to the significant brittle deformation of the arsenopyrite [50–53]. This
indicates that the hydrothermal alteration and mineralization occurred during the brittle-ductile
transition [54]. The pressure shadow microstructures and quartz fibers in the fractures and adjacent
extensional zones of arsenopyrite and pyrite (Figure 5b,d) indicate an ongoing shortening event [51].

With or following the brittle deformation of the arsenopyrite and pyrite, gold-, copper-, zinc- and
antimony-bearing fluids filled the fractures forming gold, chalcopyrite, sphalerite and tetrahedrite
(Figure 10d). The absence of late arsenopyrite and pyrite in the cracks of early arsenopyrite and
pyrite reveal that fluid-rock reaction was not the major mechanism which induced the deposition of
gold at this stage. Although gold precipitation associated with some low temperature polymetallic
sulfides, temperature reduction is typically not the main factor for orogenic-gold deposits [3].
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The low-pressure extensional fractures and pressure shadows of early sulfides (Figure 3d) indicate
that the dilational site is an important control on gold precipitation [55]. Crack-seal structure
formed by fault-valve behavior [33] also indicates a cyclic pressure drop which could result in phase
separation of the ore-forming fluids [18,56]. Early fractures of the early veins and other dilational
sites from arsenopyrite deformation will be sealed by the successive deposition of hydrothermal
minerals [34,57,58]. A renewed period of incremental fluid pressure built up the new fractures with
favorable orientation. Minor native gold deposited with the chlorite precipitated, following the
quartz, in the pressure shadow microstructure (Figure 10e) at 258–274 ◦C and −50.9~−40.1 for lgf (O2).
The presence of quartz-calcite veins marked the termination of the gold mineralization.
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Figure 10. Simplified model interpreting the process and mechanism of deposition of minerals
including gold. (a) Euhedral arsenopyrite with invisible gold disseminated in the altered slates;
(b) Arsenopyrite underwent initial crystal plastic deformation; (c) Fractures development in
arsenopyrite; (d) Fluids containing Sb, Cu, Zn, As and Au filled in the fractures and other dilational
sites of arsenopyrite leading to gold and polymetallic sulfides precipitation. (e) Chlorite precipitated in
the pressure shadow microstructure with minor gold.

5. Conclusions

Field and microscopic observations define three stages of hydrothermal alteration and
mineralization at the Zhengchong gold deposit: (i) Quartz–auriferous arsenopyrite–pyrite;
(ii) Quartz-polymetallic sulfides–native gold–minor chlorite; (iii) Barren quartz-calcite vein. Invisible
and native gold both occurred in the deposit.

The invisible gold was distributed of the arsenopyrite generated from the fluid-rock reaction
at about 322–397 ◦C and the lgf (S2) from −8.5 to −6.7. Successively after crystal plastic and brittle
deformations, the later fluid carrying gold, copper, zinc, antimony and sulfide was injected into
the fractures and extensional zones. The fault-valve behavior of the ore-controlling fault resulted
in cyclic pressure fluctuation. The dramatic drop in pressure induced the fluid phase separation,
decomposition of gold-hydrosulfide complex and deposition of native gold. With the weakening
of the gold mineralization, chlorite deposited in the pressure shadow microstructure following the
quartz around arsenopyrite and pyrite at 258–274 ◦C and −50.9–−40.1 for lgf (O2). The formation of
quartz-calcite veins indicates the end of the gold mineralization.
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Abstract: The gold deposits that are hosted in the Archean metamorphic rock, have yet to be explored
beyond Pinglidian gold deposit in the northwestern Jiaodong Peninsula, eastern China. This kind
of gold deposit differs from those that are hosted in Mesozoic granitoids, showing good potential
for the prospecting of auriferous quartz-vein gold deposits controlled by the structures in greenfield
Archean metamorphic rock. Pinglidian gold deposit is located in the hanging wall of the Jiaojia
fault and consists of eight separated orebodies that are enveloped by altered rock in Archean biotite
plagiogneiss. These orebodies and wall-rock alterations are strongly controlled by local structures
that formed during the Mesozoic rotation and kink folding of the foliated and fissile Archean
basement host. The major wall-rock alterations comprise sericitization, silicification, pyritization,
and carbonation, which is up to 18 m in width and progressively increases in intensity towards
the auriferous quartz vein. The visible gold is present as discrete native gold and electrum grains,
which have basically filled in all manner of fractures or are adjacent to galena. We recognize two
types of gold bearing quartz veins that are associated with mineral paragenetic sequences during
hydrothermal alteration in the Pinglidian gold deposit. The petrological features and geochemical
compositions in the reaction fronts of the alteration zone suggest variations in the physicochemical
conditions during ore formation. These minerals in the wall rock, such as plagioclase, biotite, zircon,
titanite, and magnetite, have been broken down to hydrothermal albite, sericite, and quartz in a
K–Na–Al–Si–O–H system, and sulfides in a Fe–S–O–H system. The major and trace elements were
calculated by the mass-balance method, showing gains during early alteration and losses during late
alteration. The contents of K2O, Na2O, CaO, and LOI varied within the K–Na–Al–Si–O–H system
during alteration, while Fe2O3 and MgO were relatively stable. Rare-earth elements (REE) changed
from gains to losses alongside the breakdown of accessory minerals, such as large ion lithophile
elements (LILE). The Sr and Ba contents exhibited high mobility during sericite-quartz alteration.
Most of the low-mobility high-field strength elements (HFSE) were moderately depleted, except for
Pb, which was extremely high in anomalous samples. The behavior of trans-transition elements
(TRTE) was related to complicated sulfides in the Fe–S–O–H system and was constrained by the
parameters of the mineral assemblages and geochemical compositions, temperature, pressure, pH,
and f O2. These factors during ore formation that were associated with the extents and intensity of
sulfide alteration and gold precipitation can be utilized to evaluate the potential size and scale of
an ore-forming hydrothermal system, and is an effective exploration tool for widespread auriferous
quartz veins in Archean metamorphic basements.
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1. Introduction

The Precambrian terrane over the globe are important repositories of major gold deposits [1].
However, many of the world-class gold deposits in the North China Craton (NCC) are spatially
associated with Mesozoic magmatic intrusions and related processes in Jiaodong [2–4], and their
formation has been correlated with massive hydrothermal alterations [5–7]. Hydrothermal alterations
are traditionally prevalent in the upper crust, especially in regional-scale fault zones, including
K-feldspathization, albitization, silicification, sericitization, carbonatization, chloritization, and
sulfidation [8–13]. Mesothermal gold deposits typically form during compressional or transpressional
tectonic events [14,15], wherein regional-scale alteration requires abundant fluid and mass transport
through channels by the reactivation of previous faults or hydrofractures [16,17]. However, the
occurrence of large auriferous quartz veins and hydrothermal halos in low-permeability Archean
metamorphic rocks results from the diffusive metasomatism of wall rock, invoking extremely large
fluid fluxes and dense brittle microfracture pathways [18,19]. When the fluid contacts mineral
assemblages in wall rock, the system is immediately no longer in equilibrium, and re-equilibration
reactions in the presence of a fluid phase drive large-scale processes, such as dissolution and
precipitation [20]. Thus, the formation and development of products, such as alteration halos and
quartz veins, are related to fluid-rock interactions and mass transport, which strongly affect the
petrology and geochemical composition of the original rock [21]. Numerous field evidence and
experimental observations indicated that fluid-induced reaction fronts migrate from veins to fresh
wall rock through pores or microfractures [12,20,22]. Metamorphism that is accompanied by a change
in the rock composition is referred to as metasomatism and is normally assumed to be the response to
fluid-controlled mass transfer rather than purely to changes in P–T conditions [23,24]. Accordingly,
large-scale hydrothermal alteration zones depend on the development and maintenance of an efficient
porosity-permeability system during fluid-rock interactions in natural rocks [25], emphasizing the
importance of mineral-assemblage replacement reactions during ore formation.

Jiaodong Peninsula is the most important gold province in the NCC [13,26,27]. The majority of
the gold resources (>95%) are hosted in Mesozoic granitoids and are currently recognized as one of the
largest granitoid-hosted gold provinces in the world [9]. These gold deposits are generally classified as
disseminated-/stockwork-type (Jiaojia-type) and auriferous quartz-vein-type (Linglong-type) deposits,
and both are hosted in Mesozoic granitoids and prominently controlled by regional-scale NE- to
NNE-trending fault zones (Figure 1) [13,28–32]. Li et al. detailed the significant alteration halos
that envelop the low-grade disseminated-/stockwork-type ore [12], however, high-grade auriferous
quartz vein-type ores have traditionally been conceptualized to have negligible wall-rock alteration.
Recognizing such alteration zones increases the target mineralized zone and the volume of potential
ore during exploration [10,33]. Actually, the original mineral assemblages and structure-controlled
fluid flow are obscured by alteration reactions in centimeter- to decameter-scale alteration zones
in Mesozoic granitoids. Meanwhile, the detailed hydrothermal alteration of host rocks, especially
Precambrian metamorphic rock instead of Mesozoic rock in auriferous quartz-vein gold deposits, has
rarely been described.

In this paper, we begin with observations at the underground-outcrop scale and then carefully
examine changing mineral assemblages and textural relationships in thin sections, and conduct
whole-rock geochemistry analysis and electron microprobe analysis on sulfides to interpret the ore
formation in the hydrothermal alteration halos in the Pinglidian gold deposit in Archean metamorphic
rock, instead of the well-known Mesozoic granitoids in Jiaodong.
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rocks, and Paleoproterozoic Fenzishan and Jingshan Group metamorphic rocks, which occupy 
approximately half of the northwestern Jiaodong Peninsula (Figures 1 and 2) [39,40]. The Jiaodong 
Group metamorphic rocks consist of biotite plagiogneiss, biotite granulite, amphibolite, and biotite-
hornblende-plagioclase gneiss [41]. The Fenzishan Group is a Proterozoic high-grade metasedimentary 
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Figure 1. (A) Simplified tectonic map of the Jiaodong Peninsula. (B) Geological map of the Jiaodong
gold province, showing the distribution of major fault zones, Precambrian metamorphic rocks,
Mesozoic granitoid intrusions, sedimentary rocks, and gold deposits [26]. The different circle sizes
represent five tonnage ranges for the gold deposits (>100 t, 100–50 t, 50–20 t, 20–5 t, and 5–1 t). The
Jiaojia goldfield is situated in the northwestern Jiaodong Peninsula. HQF, Haiyang-Qingdao Fault;
HSF, Haiyang-Shidao Fault; JJF, Jiaojia Fault; MJF, Muping-Jimo Fault; MRF, Muping-Rushan Fault;
QXF, Qixia Fault; RCF, Rongcheng Fault; SSDF, Sanshandao Fault; TCF, Taocun Fault; WHF, Weihai
Fault; WQYF, Wulian-Qingdao-Yantai Fault; ZPF, Zhaoping Fault.

2. Regional Geology

The Jiaodong Peninsula occupies the southeastern corner of the North China Block (NCB) and
the northeastern corner of the South China block (SCB) [7,9,12,34]. These two blocks are separated
by the Wulian-Qingdao-Yantai Fault (WQYF), associated with the Triassic collisional event [26]. The
northwestern area of Jiaodong is called the Jiaobei Terrane, and the southeastern area is called the Sulu
Terrane. The Jiaobei Terrane was divided into the Jiaobei uplift to the north and the Jiaolai Basin to
the south by an E-W-trending normal fault during Early Cretaceous [35]. The Jiaobei uplift consists of
Precambrian metamorphic basement and Mesozoic intrusions. More than 95% of the gold resources in
the Jiaodong Peninsula are hosted by Late Jurassic and Early Cretaceous granitoids (Figure 1) [5,12].
Most of the gold deposits are controlled by NE- to NNE-trending fault systems, with a spacing of
approximately 15–30 km from west to east (Figure 1) [36].

The Precambrian metamorphic basement is dominated by Mesoarchean to Neoarchean
trondhjemite-tonalite-granodiorite (TTG) gneisses [37,38], Neoarchean Jiaodong Group metamorphic
rocks, and Paleoproterozoic Fenzishan and Jingshan Group metamorphic rocks, which occupy
approximately half of the northwestern Jiaodong Peninsula (Figures 1 and 2) [39,40]. The Jiaodong
Group metamorphic rocks consist of biotite plagiogneiss, biotite granulite, amphibolite, and
biotite-hornblende-plagioclase gneiss [41]. The Fenzishan Group is a Proterozoic high-grade
metasedimentary sequence of calc-silicate rocks, marble, and minor amphibolite [42]. The Mesozoic
intrusions can be clearly pinpointed to the Late Jurassic and middle Early Cretaceous, and these
intrusions are associated with gold mineralization in close spatial and temporal relationships and are

182



Minerals 2019, 9, 62

widely exposed in the Jiaobei uplift [34,43–45]. The Late Jurassic Linglong granitoids, emplaced in
165–150 Ma, host most of the gold deposits [46,47] and comprise biotite granite, quartz-diorite, and
granodiorite. The middle Early Cretaceous Guojialing granitoids intruded the Linglong granitoids
(Figures 1 and 2) [43,46] and consist of porphyritic quartz monzonite, granodiorite, and monzogranite,
with large K-feldspar megacrysts. These granitoids contain Neoarchean, Paleoproterozoic, and
Neoproterozoic xenocrystic zircons [34,43,44,47].
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Figure 2. Sketch geological map of the northwestern Jiaodong gold province. (A) The Pinglidian gold
deposit is situated within the Archean Jiaodong Group’s metamorphic rocks in the hanging wall of
Jiaojia Fault. (B) Inferred cross section of AA’ in (A) to reveal the regional structure pattern (modified
from unpublished internal material owned by Sanshandao Gold Company).

EW- to ENE-trending regional folding is well developed in the Precambrian metamorphic
basement, such as Qixia anticlinorium and Laiyang anticlinoria [28,30]. NNE- to NE-trending fault
systems rigidly controlled most of the gold mineralization that is hosted in the Mesozoic granitoids in
the Jiaobei uplift [9,26]. From west to east, these fault systems are the Sanshandao Fault, Jiaojia Fault,
and Zhaoping Fault, which are considered to be second-order faults of the lithospheric-scale Tan-Lu
Fault [48–50]. These NNE- to NE-trending fault systems mainly follow the contact boundary between
Mesozoic granitoid rocks in the footwall and Precambrian metamorphic rocks in the hanging wall, and
partially cut through the Mesozoic granitoids and Precambrian metamorphic rocks. The lithological
contacts along these faults, alongside fault jogs, exhibited the most control on the occurrence and
distribution of the gold deposits (Figures 1 and 2). The gold deposits preferentially occurred in these
jogs because of heterogeneous strain and increased fracture permeability, which focused ore fluid
flow into their areas of influence [51–53], and fluid thus reacted with the wall rock. Second-order N-
to NNE-trending faults, such as the Wang’ershan Fault in the footwall and Pinglidian Fault in the
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hanging wall, overprinted the Qixia anticlinorium in the Precambrian metamorphic basement [30], are
broadly parallel to the Jiaojia Fault, and converge with the Jiaojia Fault at depth [13] (Figure 2).

3. Geology of the Pinglidian Gold Deposit

3.1. Ore Geology

The Pinglidian gold deposit is located approximately 13 km to the northeast of Laizhou City in
Pinglidian, Shandong Province. The Pinglidian gold deposit, occupying an area of 1.2 km2, is one of
the few auriferous quartz-vein gold deposits that are hosted in Archean metamorphic rock instead of
Mesozoic granite in the northwestern area of the Jiaobei uplift, with a proven reserve of >5 t of gold
(Figure 3). This deposit has been exploited since 1996 by the 10th team of the Chinese Army, with the
gold grade varying from 1.7 to 47.02 g/t.
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The host rock of the Pinglidian gold deposit is the Archean Jiaodong Group metamorphic rock 
(Figure 4), which comprises biotite plagiogneiss and amphibolite gneiss (Figure 4A,B). The biotite 
plagiogneiss is gray to dark-gray in color and medium- to fine-grained lepidoblastic texture. The 
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Figure 3. Simplified geological map and sketch map of the hydrothermal alteration zone and orebody in
the Pinglidian gold deposit, showing the Archean basement fault’s structural control on mineralization
and hydrothermal alteration. (A) Plan view of an outcrop of the Pinglidian gold deposit. (B) Idealized
regional scale ore-controlling structures of section bb’ in Figure 3A. (C) The No. 1 orebodies controlled
by local scale fault of section bb’ in Figure 3A (modified from unpublished internal material owned by
Sanshandao Gold Company).

Outcrops are rare in the ore district, covered by Paleogene sedimentary that is 1 m to 20 m
thick. The host rock of the Pinglidian gold deposit is the Archean Jiaodong Group metamorphic
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rock (Figure 4), which comprises biotite plagiogneiss and amphibolite gneiss (Figure 4A,B). The
biotite plagiogneiss is gray to dark-gray in color and medium- to fine-grained lepidoblastic texture.
The major minerals are plagioclase (55–70%), biotite (15–25%), and quartz (10–15%), and accessory
minerals include magnetite, apatite, and zircon. The plagioclase amphibolite is grayish in color and
shows medium- to fine-grained crystalloblastic textures (Figure 4C). The major minerals are plagioclase
(45–60%), amphibole (30–40%), and biotite (10–15%), and accessory minerals include magnetite, apatite,
and zircon (Figure 4D,E,F).
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Figure 4. Field photographs (A,B), hand specimen (C), and transmitted-light photomicrographs
(D–F) of mineral assemblages in biotite plagiogneiss. (A,B) The biotite plagiogneiss also experienced
processes such as regional metamorphism and migmatization, resulting in schistosity and boudinage.
(C) The main mineral assemblages of the biotite plagiogneiss is plagioclase and biotite, and accessory
minerals include magnetite, apatite, and zircon. (D) Subhedral to anhedral plagioclase and biotite form
the preferred orientation distribution in the protolith. (E,F) The deformation of biotite and plagioclase
is apparent, with local recrystallization along the margins of the plagioclase.

Auriferous quartz veins are predominantly enveloped by a hydrothermal alteration halo in
cataclastic zones, structurally controlled by the NE-trending and SE-dipping Pinglidian Fault and
subsidiary faults. The Pinglidian Fault, generally striking 50◦ and dipping 30◦ SE, is approximately
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15 km in length and 5–20 m in width. These faults controlled the occurrence of the No. 1 to No. 8
orebodies, which are tabular or lenticular in shape. The Pinglidian Fault is filled with cataclastic and
brecciated rocks and fault gouges, which are a few centimeters to tens of centimeters thick. Locally,
the occurrence of the Pinglidian Fault has rapidly varied to accommodate the wavy foliation in the
metamorphic wall rock. The auriferous quartz veins predominantly occur along these faults and are
parallel to the foliation in the wall rock, indicating that the fault was deformed and overprinted the
Archean metamorphic rock.

3.2. Characteristic of the Orebodies

Eight auriferous quartz vein orebodies are present in the Pinglidian gold deposit (Figure 3). The
No. 1 and No. 2 orebodies comprise more than 80% of the proven reserves in the Pinglidian gold
deposit and are believed to be controlled by secondary faults in the hanging wall of the Jiaojia Fault
(Figures 2 and 3), as described below.

The No. 1 orebody is the largest orebody in the Pinglidian gold deposit and is characterized by
massive auriferous quartz vein ores in hydrothermal breccias and cataclastic rocks, including 1.8-m-
to 18-m-thick zones of reddish alteration and sericite and quartz, with both disseminated pyrite and
pyrite-quartz stockworks. The major orebody is tabular in shape and approximately 550 m long, with
a strike of 15–42◦ and dip of 5–25◦ SE. The orebody extends gently dips down for up to 250 m, limited
between the −70 m and −130 m levels and ranging from 0.2 m to 1.2 m (average of 0.62 m) in thickness.
The gold grade varies from 1.7 to 47.02 g/t, with an average of 6.03 g/t.

The No. 2 orebody is much smaller than the No. 1 orebody and also exhibits massive auriferous
quartz veins. This orebody generally strikes 33◦ and dips 7–10◦ SE, with a length of approximately
130 m. The No. 2 orebody gently dips down from the −28 m to −45 m levels, ranging from 0.4 m to
0.6 m (average of 0.36 m) in thickness. The gold grade varies from 12.8 to 24.7 g/t, with an average of
21.51 g/t.

3.3. Wall-Rock Alteration and Gold Mineralization

Gold mineralization that is associated with intense wall-rock alteration is controlled by the fault
zone in Jiaodong. Auriferous quartz-vein orebodies, enveloped by hydrothermal alteration halos that
are up to 18 m in width, symmetrically occur along the Pinglidian Fault. The spatial zonation of the
four major types of mineral assemblages reveal the alteration zone from protolith (biotite plagiogneiss)
to orebody (auriferous quartz vein) in the Pinglidian gold deposit. The wall-rock alteration includes
sericitization, silicification, and pyritization. All these alterations are related to quartz veins that occur
in two main alteration halos (reddish alteration zones and sericite-quartz alteration zones) between
the protolith rock and auriferous quartz veins (Figure 5).

3.3.1. Protolith Rock and Reddish Alteration

The fresh protolith rock originated from Archean biotite plagiogneiss (Figure 4A), which has
experienced the regional metamorphism of amphibolite facies under medium-pressure deformation.
According to field observations, the biotite plagiogneiss also experienced regional metamorphism
to migmatization, as evidenced by the formation of schistosity and boudinage (Figure 4A,B). These
schistosities strike 50–53◦ and dip 15–42◦ SE in Pinglidian. Mineral lineation and foliation are well
developed in the biotite plagiogneiss, according to hand species and thin sections (Figure 4C,D). The
biotites are euhedral to subhedral plate crystals and are distributed with preferential orientation
(Figure 4D,F). The plagioclase is subhedral to anhedral tabular crystals and usually occurs as
polysynthetic twins (Figure 4D–F). Accessory minerals include magnetite, zircon, monazite, apatite,
and titanite.
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Figure 5. Field photographs (A,B), hand specimen (C), and transmitted-light photomicrographs (D–F)
of mineral assemblages that are related to reddish alteration. (A) Biotite plagiogneiss was replaced by
iron stained alteration, displaying a pinkish color. (B) Reddish alteration occurred in the outermost
alteration halo, changing the quartz-vein orebody to biotite plagioclase gneiss. (C) The main mineral
assemblages of the altered K-feldspar rock are secondary K-feldspar, albite, and quartz, with minor
amounts of muscovite and relict plagioclase. (D) Relict plagioclase is surrounded by quartz, muscovite,
and secondary K-feldspar. Albite is present in the altered rock. (E,F) In the heavily altered area,
K-feldspar and muscovite completely replaced plagioclase, while some remnant plagioclase is very
dirty with massive sericite. Brittle fractures cut through the secondary K-feldspar, some of which were
filled with sericite.

Reddish alteration in the outermost area of the alteration veins (Figures 3E,I and 5A,B) envelops
the gold mineralization, which is related to earlier quartz veins and is characterized by scarce K-feldspar
and albite that transformed from plagioclase or biotite in Archean metamorphic rock (Figure 5C–F).
The thickness of this reddish alteration zone varies from tens of centimeters to meters because of
diffusion and the intensity of fluid-rock reactions. The main mineral assemblages of this reddish
alteration rock include secondary K-feldspar, albite, and quartz, with minor amounts of K-feldspar,
muscovite, and relict plagioclase (Figure 5C). Biotite is completely absent, and relict plagioclase is
surrounded by subhedral or anhedral quartz, muscovite, and secondary K-feldspar and albite in the
altered rock (Figure 5D). In some local areas, plagioclase was almost completely replaced by albite
and muscovite, while some remnant plagioclase is turbid with massive sericite (Figure 5E,F). Brittle
fractures cut through the new secondary K-feldspar, some of which were filled with sericite. Accessory
minerals in the biotite plagiogneiss, such as pyrite, magnetite, apatite, and zircon, were also replaced
by albite and quartz in the weak alteration zone. Preferentially oriented foliation and lineation are
present in the protolith instead of massive structures.

3.3.2. Sericite-Quartz Alteration

Adjacent to the auriferous quartz veins, relatively narrow sericite-quartz alteration zones vary
from tens of centimeters to meters in thickness and are associated with broad or narrowing quartz
veins. A sericite-quartz alteration zone closely envelops the quartz-vein orebody, pinched within
the broad cataclastic sericite-quartz alteration zone (Figure 6A). Intensive sericitization, silicification,
and pyritization overprinted previous reddish alteration along brittle cracks or open spaces in the
cataclastic zone. Dense sericite-quartz alteration partially filled in brittle fractures in the quartz veins
and enclosed earlier quartz-vein breccia (Figure 6B). The sericite-quartz alteration that is adjacent to
earlier quartz vein consists of dense sericite, quartz, and minor pyrite (Figure 6C). The quartz and
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muscovite are distributed with preferential orientation in the dense sericite-quartz alteration zone
(Figure 6D). Subhedral and anhedral quartz and muscovite are surrounded by a sericite matrix, and
porphyroclasts show irregular shapes and various sizes (Figure 6E,F). Quartz is irregularly distributed
in the sericite matrix in the sericite-quartz alteration zone (Figure 6G). Euhedral pyrite occurs in the
sericite-quartz alteration zone, and anhedral galena filled in brittle fractures in pyrite (Figure 6H,I).
A small amount of pyrite is disseminated within the sericite-quartz alteration rock. In addition,
minor galena, which typically filled in cracks in pyrite, precipitated contemporaneously with the
disseminated pyrite.Minerals 2019, 9, x FOR PEER REVIEW 9 of 34 
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could be identified from the cutting relationships and mineral assemblages. Type-I early quartz veins 
are milky in color and relatively broad and mainly consist of quartz (>90%) and minor muscovite and 
plagioclase (Figure 7A). These type-I quartz veins contain almost no gold, even if small pyrite veins 
or phenocrysts are present. Cataclastic texture is well developed in these early type-I quartz veins. 
Younger brittle fractures overprinted the older broad quartz veins (Figure 7B). Type-II late quartz 
veins are gray to dark gray in color, have varying thickness, and commonly cut through the type-I 
quartz veins (Figure 7C). The type-II quartz veins predominantly consist of quartz (>80%), galena, 
and pyrite, with minor chalcopyrite and sphalerite (Figure 7D), and are closely associated with gold 
mineralization in the Pinglidian gold deposit. These type-II quartz veins have partially or completely 
replaced any type-I quartz veins. 

Figure 6. Field photographs (A,B), hand specimen (C), transmitted-light photomicrographs (D–H), and
reflected-light photomicrographs of mineral assemblages that are associated with the sericite-quartz
alteration zone. (A) The sericite-quartz alteration zone closely envelops the quartz vein orebody,
which is pinched within the broad cataclastic sericite-quartz alteration zone. (B) Dense sericite-quartz
alteration partially filled in brittle fractures in quartz veins and encloses the earlier quartz-vein breccia.
(C) The sericite-quartz alteration that is adjacent to earlier quartz veins consists of dense sericite, quartz,
and minor pyrite. (D) Quartz and muscovite are distributed along preferred orientations in the dense
sericite-quartz alteration zone. (E,F) Subhedral and anhedral quartz and muscovite are surrounded by
a sericite matrix, and porphyroclasts show irregular shapes and various sizes. (G) Quartz is irregularly
distributed in the sericite matrix in the sericite-quartz alteration zone. (H,I) Euhedral pyrite occurred
in the sericite-quartz alteration zone, and anhedral galena filled in brittle fractures in pyrite.

3.3.3. Quartz Veins and Gold Mineralization

Quartz veins occur in the center of the hydrothermal alteration halo. Two types of quartz veins
could be identified from the cutting relationships and mineral assemblages. Type-I early quartz veins
are milky in color and relatively broad and mainly consist of quartz (>90%) and minor muscovite and
plagioclase (Figure 7A). These type-I quartz veins contain almost no gold, even if small pyrite veins
or phenocrysts are present. Cataclastic texture is well developed in these early type-I quartz veins.
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Younger brittle fractures overprinted the older broad quartz veins (Figure 7B). Type-II late quartz
veins are gray to dark gray in color, have varying thickness, and commonly cut through the type-I
quartz veins (Figure 7C). The type-II quartz veins predominantly consist of quartz (>80%), galena,
and pyrite, with minor chalcopyrite and sphalerite (Figure 7D), and are closely associated with gold
mineralization in the Pinglidian gold deposit. These type-II quartz veins have partially or completely
replaced any type-I quartz veins.
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anhedral galena, which is the predominant mineral in the stage-III ores (Figure 8G). Euhedral pyrite 
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Figure 7. Field photographs that show two types of quartz veins in the Pinglidian gold deposit. (A) This
type-I broad milky quartz vein that contains almost no gold, with a few tiny pyrite veins or phenocrysts.
(B) Late brittle fractures overprinted the early broad quartz vein. (C) This type-II quartz sulfide vein
cut through the type-I quartz vein. (D) The type-II quartz sulfide vein predominantly consists of quartz,
galena, pyrite, chalcopyrite, and sphalerite, which have partially or completely replaced the type-I
quartz vein ore.

Based on the mineral assemblages and distributions, the ores could be divided into disseminated-
(Figure 8A) and massive sulfide ores (Figure 8B,C). The former comprises sericite-quartz or milky
quartz veins with disseminated or veinlet mineral assemblages in the center of alteration halos
and represents early gold mineralization (stage I), associated with cataclasites and breccias. The
quartz-pyrite veinlets (stage II) and massive quartz-sulfide (stage III) ores (Figure 8B,C) represent the
main period of gold mineralization, and are associated with changing physicochemical conditions
during ore formation in the hydrothermal alteration zones. Anhedral pyrite (stage II) experienced
brittle deformation, with some fracture networks filled with younger material (Figure 8D). Some
intergranular gold and galena filled in brittle fractures in the stage II pyrite (Figure 8E). The stage-III
massive sulfide ore is associated with complex assemblages, including pyrite, galena, pyrrhotite,
chalcopyrite, sphalerite, freibergite, and tetrahedrite (Figure 8F–I). Anhedral pyrite was replaced
and enclosed by anhedral galena, which is the predominant mineral in the stage-III ores (Figure 8G).
Euhedral pyrite coexists with pyrrhotite and galena (Figure 8H). Anhedral pyrite, chalcopyrite, and
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sphalerite are commonly present in the stage-III ore (Figure 8I). Quartz-carbonate ore is rare, and used
to be considered as stage-IV ore and filled in any brittle fractures.
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accumulations (Stage III). (D) Fracture network that was filled with anhedral pyrite (Stage III). (E) 
Intergranular gold and galena that were associated with brittle fractures in pyrite. (F) Pyrite, chalcopyrite, 
freibergite, and tetrahedrite. (G) Anhedral pyrite that was replaced and enclosed by anhedral galena. 
(H) Euhedral pyrite, pyrrhotite, and galena. (I) Anhedral pyrite, chalcopyrite, and sphalerite. Au, 
gold; Ccp, chalcopyrite; Fr, freibergite,; Gn, galena; Py, pyrite; Po, pyrrhotite; Q, quartz; Ser, sericite; 
Sp, sphalerite. 

Visible gold occurs as native gold and electrum; the latter comprises more than 90% of the 
observed visible gold. Visible gold is generally intergrown with anhedral pyrite and galena, and 
sometimes occurs in brittle fractures in the subhedral to anhedral pyrite or the matrix of the quartz 
veins (Figure 9A). Meanwhile, brittle cataclastic textures of pyrite are commonly filled with galena 
(Figure 9A). Electrum is elongated along anhedral galena-deformation fabrics (Figures 9A,B), and 
native gold shows exsolution texture within the electrum (Figure 9B). Visible gold mainly occurs as 
irregularly shaped electrum in pyrite and galena in the quartz veins (Figure 9C,D). 

Figure 8. Ore and mineral assemblages in the Pinglidian gold deposit. (A) Quartz, pyrite, and
sericite (Stage I). (B) Quartz, pyrite, galena, and chalcopyrite (Stages II and III). (C) Quartz and
galena accumulations (Stage III). (D) Fracture network that was filled with anhedral pyrite (Stage
III). (E) Intergranular gold and galena that were associated with brittle fractures in pyrite. (F) Pyrite,
chalcopyrite, freibergite, and tetrahedrite. (G) Anhedral pyrite that was replaced and enclosed by
anhedral galena. (H) Euhedral pyrite, pyrrhotite, and galena. (I) Anhedral pyrite, chalcopyrite, and
sphalerite. Au, gold; Ccp, chalcopyrite; Fr, freibergite; Gn, galena; Py, pyrite; Po, pyrrhotite; Q, quartz;
Ser, sericite; Sp, sphalerite.

Visible gold occurs as native gold and electrum; the latter comprises more than 90% of the
observed visible gold. Visible gold is generally intergrown with anhedral pyrite and galena, and
sometimes occurs in brittle fractures in the subhedral to anhedral pyrite or the matrix of the quartz
veins (Figure 9A). Meanwhile, brittle cataclastic textures of pyrite are commonly filled with galena
(Figure 9A). Electrum is elongated along anhedral galena-deformation fabrics (Figure 9A,B), and native
gold shows exsolution texture within the electrum (Figure 9B). Visible gold mainly occurs as irregularly
shaped electrum in pyrite and galena in the quartz veins (Figure 9C,D).

3.3.4. Paragenetic Sequences

Four paragenetic sequences have been identified based on the presence of alteration halos
(Figure 10), cross-cutting relationships of the mineralized quartz veins or sulfide veinlets, and
mineralogical and textural characteristics of the ores to interpret the gold mineralization of the
Pinglidian gold deposit (Figures 4–9). As mentioned above, these sequences include quartz-sericite
alteration (stage I), quartz-pyrite veinlets (stage II), massive quartz-sulfide veins (stage III), and
carbonate (stage IV). The detailed paragenetic sequence of the Pinglidian gold deposit is summarized
in Figure 10. Biotite, plagioclase, K-feldspar, and albite occurred before gold mineralization. Pyrite and
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quartz are the principal visible gold-hosting minerals throughout the entire gold mineralization, from
stage I to IV. Native gold and electrum are rare in stages I and IV but are developed in stages II and III.
In terms of sulfides, stage III consists of galena, followed by pyrite, chalcopyrite, sphalerite, pyrrhotite,
freibergite, and tetrahedrite. In addition, sericite predominantly occurs in stage I, and calcite normally
appears in late stage IV material.
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Figure 10. Paragenetic sequence of the Pinglidian gold deposit as interpreted from the field-cutting
relationships, ore textures, and mineral assemblages that were associated with gold mineralization. The
line thickness shows the relative abundance of minerals in the paragenetic sequence, as summarized
from the above evidence.

4. Analysis Methods and Results

4.1. Electron Probe Microanalyses (EPMA)

Five samples (7 analyses on electrum, 4 analyses on pyrite, 4 analyses on galena, and 3 analyses
on chalcopyrite) were analyzed. Quantitative chemical analyses of these 5 samples were conducted
by using a JXA-8230 electron microprobe with an accelerating voltage of 15 kV and beam current of
20 nA at the Institute of Mineral Resources, Chinese Academy of Geological Sciences (CAGS), Beijing.
Natural minerals and synthetic oxides were used as standards.
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The EPMA results are shown in Table 1. Seven spot analyses of visible gold showed electrum
contents (in wt %) of 55.92–72.15 for Au, 25.8–43.67 for Ag, 0.14–0.67 for Bi, and 0.03–0.07 for Te. Four
spot analyses of pyrite showed elemental contents (in wt %) of 53.42–53.67 for S, 45.8–43.67 for Fe,
0.11–0.21 for Pb, and 0.04–0.06 for Au. Four spot analyses of galena showed elemental contents (in wt
%) of 13.34–13.74 for S, 86.28–86.39 for Pb, 0.07–0.15 for Cd, and 0.21–0.3 for Bi. Three spot analyses of
chalcopyrite showed elemental contents (in wt %) of 33.94–34.58 for S, 30.24–32.22 for Fe, 31.61–33.72
for Cu, 0.09–0.2 for Pb, 0.06–0.11 for Zn, and 0.11–0.15 for Bi.

Table 1. Representative electron probe microanalyses of metallic minerals from the Pinglidian
gold deposit.

Samples Au Ag S As Se Fe Zn Pb Cu Sb Cd Bi Te Total (%) Mineral

02B1-1 71.37 28.30 0.04 / / / / / / / 0.06 0.15 / 99.92 Electrum
02B1-2 62.19 36.89 0.05 / / / / / / / 0.07 0.67 0.05 99.92 Electrum
02B1-3 59.03 39.64 0.11 / / 0.63 / / / / / 0.48 0.03 99.92 Electrum
02B1-4 72.86 25.80 0.03 / / 0.62 / / / / / 0.61 / 99.92 Electrum
02B1-5 71.65 27.51 0.02 0.06 / 0.42 / / / 0.05 / 0.23 0.04 99.98 Electrum
02B1-6 55.92 43.67 / / 0.06 0.14 / / / / / 0.14 0.05 99.98 Electrum
02B1-7 72.15 26.86 / / / 0.19 / / / / / 0.57 0.07 99.84 Electrum
14B2-1 / / 34.42 / / 30.44 0.06 0.14 34.23 / / / / 99.29 Chalcopyrite
20B1-2 / / 34.58 0.07 / 30.24 / 0.09 33.72 / / 0.15 0.03 98.88 Chalcopyrite
28B1-2 0.08 0.72 33.94 / / 32.22 0.11 0.20 31.61 / 0.06 0.11 / 99.05 Chalcopyrite
16B1-1 / / 13.46 / / / / 86.3 / / 0.07 0.29 0.07 100.19 Galena
16B1-2 / / 13.74 / / 0.06 / 86.28 / / 0.15 0.21 0.03 100.47 Galena
20B1-1 / / 13.34 / / / / 86.39 / 0.04 0.11 0.30 / 100.18 Galena
28B1-1 / / 13.55 / / 0.12 / 85.34 / / 0.10 0.29 / 99.40 Galena
14B2-2 / / 53.67 0.04 / 46.22 / 0.14 / / / 0.11 / 100.18 Pyrite
16B1-3 0.04 / 53.52 / / 46.40 / 0.11 / / / / 0.03 100.10 Pyrite
20B1-3 / 0.09 53.42 / / 46.05 / 0.16 0.11 / 0.03 / / 99.86 Pyrite
28B1-3 0.06 / 53.57 0.05 0.03 45.80 / 0.21 / / 0.04 / / 99.76 Pyrite

Note: “/” means the abundance is below the determination limits, 320 ppm for Au, 173 ppm for Ag, 99 ppm for S,
250 ppm for As, 227 ppm for Se, 199 ppm for Fe, 197 ppm for Zn, 421 ppm for Pb, 169 ppm for Cu, 350 ppm for Sb,
266 ppm for Cd, 460 ppm for Bi, and 297 ppm for Te.

4.2. Bulk Geochemistry

4.2.1. Major and Trace Elements

Thirteen samples (3 for biotite plagiogneiss, 4 for reddish alteration, and 6 for sericite-pyrite
alteration) were collected to analyze the whole-rock major- and trace-element concentrations.
Quantitative analysis was performed by using a Philips PW2404 X-ray Fluorescence Spectrometer
(XRF) and an ELEMENT-1 plasma mass spectrometer (Finnigan-MAT Ltd.) at the Research Institute of
Uranium Geology, Beijing, China. The analytical uncertainties were less than ±1% and ±5% for major
and trace elements, respectively. The detailed analytical procedures are described in Li et al. [54].

4.2.2. Geochemical Characteristics of the Original and Altered Rock

Thirteen samples were classified into two groups according to their major-element concentrations,
except for two abnormal samples (e.g., 17B1 is short for PLD15D017B1, and 24B2 is short for
PLD15D024B2), as listed in Table 2 and Figure 11. The concentrations of SiO2 (67.62–75.77%) and
Al2O3 (12.8–18.8%) remained high and relatively stable (Table 2; Figure 11E). K2O (1.02–5.94%) and
LOI (1.01–4.37%) exhibited increasing concentrations from biotite plagiogneiss and albitized rock to
sericite-quartz altered rock (Figure 11A,F), while Na2O (0.213–5.49%) and CaO (0.154–3.02%) showed
decreasing concentrations (Figure 11B,C). Fe2O3 (0.65–5.23%) showed a negative correlation with SiO2

(Figure 11D).
The original and altered rock also exhibited variable chondrite-normalized rare-earth-element

(REE) patterns and primitive mantle-normalized trace-element patterns [55] (Figure 12), including
LILEs, HFSEs, and TRTEs. The whole-rock REE and trace-element patterns could be classified into
four groups in accordance with biotite plagiogneiss, reddish alteration, sericite-quartz alteration, and
quartz veins (Tables 2 and 3, Figures 12 and 13).
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Table 2. Major oxides (wt %) and trace elements (ppm) for wall-rock samples from the Pinglidian
gold deposit.

Samples
Biotite Plagioclase Gneiss Reddish Alterated Rock Sericite-Quartz Alterated Rock

07B3 13B1 18B5 04B1 17B1 18B4 27B1 02B2 03B2 07B2 14B1 19B2 24B2

SiO2 70.96 67.62 74.34 75.77 58.24 72.84 72.09 72.47 75.02 67.57 68.18 69.16 58.67
Al2O3 15.24 16.11 14.34 13.64 16.46 13.82 13.55 12.80 15.30 15.42 18.80 14.49 19.60
Fe2O3 2.22 2.78 0.76 0.65 7.91 3.19 1.80 5.23 1.66 4.14 2.32 2.98 3.05
MgO 1.30 1.92 0.43 0.28 3.22 0.78 0.73 2.23 0.56 2.14 0.79 0.85 1.14
CaO 2.31 3.02 2.61 1.26 6.57 1.45 2.53 0.38 0.15 0.98 0.41 2.85 1.33

Na2O 5.08 4.86 5.27 5.49 4.64 5.07 4.5 0.25 0.21 3.76 0.28 0.34 0.18
K2O 1.35 1.54 1.02 1.29 0.84 1.29 1.65 3.30 4.57 2.55 5.94 4.40 6.11
MnO 0.03 0.04 0.02 0.03 0.21 0.04 0.04 0.08 0.02 0.03 0.01 0.09 0.08
TiO2 0.27 0.39 0.06 0.06 0.80 0.21 0.19 0.25 0.12 0.44 0.12 0.29 0.20
P2O5 0.09 0.11 0.03 0.03 0.14 0.06 0.06 0.12 0.04 0.15 0.03 0.09 0.05
LOI* 1.04 1.48 1.01 1.49 0.86 1.12 2.81 2.81 2.24 2.75 3.02 4.37 4.55

TOTAL 99.91 99.89 99.90 100.00 99.90 99.89 99.96 99.94 99.91 99.94 99.93 99.93 94.99

B 9.42 10.50 10.80 10.90 7.69 8.59 10.30 27.20 34.60 11.40 32.50 14.20 24.10
Li 20.40 25.40 5.31 4.73 20.60 19.50 6.11 15.50 3.51 16.30 3.15 11.40 4.30
Be 0.84 1.27 0.99 0.63 1.21 0.97 0.61 1.30 1.45 0.86 1.69 1.14 1.61
Sc 3.96 5.09 1.35 1.29 16.80 3.35 2.70 3.43 1.63 5.18 2.03 4.23 2.67
V 28.00 46.60 10.50 10.80 127.00 28.10 14.30 28.80 12.80 41.80 30.30 25.90 28.50
Cr 5.03 8.19 2.72 3.03 23.10 7.46 2.96 4.86 2.98 8.87 2.25 4.93 2.24
Co 5.50 8.83 1.06 0.97 16.20 3.16 3.27 5.87 2.13 8.08 3.08 3.51 2.28
Ni 3.98 12.80 1.39 1.56 24.30 3.50 1.84 5.19 1.62 6.44 3.82 3.34 2.53
Cu 4.01 25.60 5.51 44.20 35.90 6.74 14.90 12.60 112.00 5.34 9.95 18.80 49.10
Zn 49.60 54.10 19.20 18.80 142.00 81.00 33.80 316.00 43.20 70.50 36.80 59.00 56.50
Ga 19.10 18.20 17.20 14.60 22.80 19.60 15.80 17.60 18.90 20.60 23.20 18.00 24.40
Rb 45.40 53.30 19.60 39.90 14.00 34.10 49.40 97.60 129.00 98.10 154.00 130.00 174.00
Sr 286 382 248 226 303 209 138 25.20 9.97 84.70 10.70 46.40 40.20
Y 5.49 5.60 3.09 2.23 19.80 6.91 4.32 6.78 5.24 8.44 1.52 6.69 3.93

Mo 0.14 0.13 0.14 0.11 0.49 0.15 0.18 0.20 0.15 0.21 1.09 0.13 0.05
Cd 0.15 0.13 0.16 0.15 0.44 0.34 0.14 4.16 0.44 0.25 0.29 0.16 8.51
In 0.02 0.02 0.01 0.01 0.07 0.02 0.01 0.02 0.02 0.03 0.05 0.03 0.11
Sb 0.08 0.11 0.07 0.18 0.08 0.16 0.20 0.41 0.46 0.26 0.27 0.45 4.73
Cs 1.93 1.44 1.30 1.17 0.41 1.66 1.88 1.42 1.90 2.10 2.04 2.94 2.54
Ba 252 374 133 220 102 171 228 207 270 779 723 387 571
La 19.70 17.00 9.59 4.69 14.70 23.30 7.14 16.10 24.40 28.50 9.39 22.50 18.70
Ce 34.70 32.10 17.80 8.40 31.10 43.60 12.60 30.30 45.50 53.20 17.20 39.10 31.70
Pr 3.81 3.78 2.03 0.94 3.89 4.90 1.40 3.46 5.12 5.94 1.90 4.23 3.27
Nd 13.70 14.90 7.53 3.38 15.70 17.90 5.49 13.20 19.50 21.40 7.07 15.20 11.40
Sm 2.22 2.36 1.37 0.66 3.29 3.23 1.04 2.28 3.46 3.37 1.06 2.66 1.67
Eu 0.78 0.78 0.57 0.42 1.41 0.68 0.44 0.51 0.46 0.85 0.26 0.77 0.47
Gd 1.92 2.01 1.16 0.55 2.92 2.67 0.95 1.89 2.82 2.96 0.91 2.29 1.48
Tb 0.27 0.28 0.16 0.09 0.61 0.40 0.17 0.29 0.37 0.41 0.11 0.33 0.18
Dy 1.22 1.28 0.66 0.43 3.26 1.61 0.79 1.40 1.47 1.87 0.39 1.49 0.78
Ho 0.21 0.21 0.12 0.08 0.67 0.27 0.15 0.25 0.20 0.31 0.06 0.24 0.14
Er 0.59 0.58 0.32 0.22 1.90 0.72 0.43 0.69 0.50 0.90 0.16 0.64 0.42
Tm 0.09 0.08 0.04 0.04 0.33 0.10 0.07 0.11 0.06 0.13 0.02 0.09 0.07
Yb 0.45 0.48 0.29 0.23 2.05 0.60 0.41 0.63 0.38 0.77 0.11 0.55 0.41
Lu 0.07 0.06 0.04 0.03 0.31 0.09 0.06 0.10 0.05 0.12 0.02 0.07 0.06
W 0.47 0.16 1.78 2.36 1.01 5.58 1.51 3.02 8.80 2.22 7.67 3.49 8.36
Re 0.005 0.004 0.003 <0.002 0.008 0.006 0.006 <0.002 0.002 0.002 0.007 <0.002 0.002
Tl 0.22 0.24 0.08 0.19 0.08 0.14 0.24 0.53 0.68 0.45 0.75 0.63 0.88
Pb 9.44 242 108 30.30 261 61.40 71.90 337 2081 10.70 165 85.90 35622
Bi 0.03 0.43 0.16 0.05 0.45 0.17 0.04 0.06 0.07 0.05 0.30 0.02 2.61
Th 2.39 1.88 1.87 0.76 2.03 4.94 1.41 2.07 4.37 3.43 2.03 2.88 2.44
U 0.41 1.96 0.36 0.49 1.24 0.42 0.41 1.17 1.07 0.96 1.26 0.29 0.37

Nb 4.49 6.40 1.94 2.62 10.50 5.07 3.39 5.53 4.40 8.22 1.54 7.73 3.75
Ta 0.29 0.78 0.23 0.18 0.81 0.28 0.23 0.44 0.38 0.50 0.11 0.37 0.35
Zr 23.50 27.70 31.50 27.00 11.80 49.10 42.60 53.40 31.00 54.00 21.30 46.10 51.70
Hf 0.70 0.69 0.97 0.94 0.63 1.49 1.25 1.44 1.12 1.24 0.61 1.15 1.43

Eu/Eu* 1.14 1.08 1.34 2.08 1.36 0.69 1.33 0.74 0.44 0.81 0.81 0.93 0.90
Ce/Ce* 0.92 0.94 0.94 0.92 0.99 0.95 0.92 0.95 0.95 0.95 0.94 0.92 0.91
ΣREE 79.77 75.94 41.71 20.2 82.16 100.09 31.17 71.23 104.32 120.75 38.67 90.2 70.78

LREE/HREE 15.45 14.17 13.79 10.88 5.81 14.46 9.19 12.26 16.75 15.13 20.65 14.73 18.85
(La/Yb)N 31.13 25.30 23.48 14.38 5.14 27.86 12.34 18.27 45.94 26.51 59.08 29.08 32.48
(Sm/Yb)N 5.43 5.44 5.20 3.15 1.78 5.98 2.78 4.01 10.09 4.86 10.33 5.33 4.49
(La/Sm)N 5.73 4.65 4.52 4.57 2.88 4.66 4.43 4.56 4.55 5.46 5.72 5.46 7.23
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Figure 11. Selected plots of the wall rock in the Pinglidian gold deposit. Thirteen samples can be 
generally classified into two groups according to the major-element concentrations, except for two 
abnormal samples (17B1 and 24B2). (A,F) K2O vs. SiO2 and LOI vs. SiO2 diagrams, which show 
increasing concentrations from the biotite plagioclase gneiss and albitized rock to sericite-quartz 
alteration rock. (B,C) Na2O vs. SiO2 and CaO vs. SiO2 diagrams, which show decreasing concentrations. 
(D,E) Fe2O3 vs. SiO2 and Al2O3 vs. SiO2 diagrams, which show relatively stable concentrations. 
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respectively. Medium rare earth elements (MREE) were obviously depleted in these types of rock 
(Figure 12). These rocks showed moderately positive to weakly negative Eu anomalies (Table 2, 
Figure 12A,C,E), with Eu/Eu* ratios of 1.08–1.34, 0.69–2.08 and 0.44–0.93 for biotite plagiogneiss and 
sericite-quartz alteration, respectively. The large ion lithophile element (LILE) contents in the biotite 
plagiogneiss showed moderate variations in Rb (19.6–53.3 ppm), Sr (248–382 ppm), and Ba (133–374 
ppm), that’s similar to the reddish alteration rock having Rb (14–49.4 ppm), Sr (138–303 ppm), Ba 
(102–228 ppm). Meanwhile, the sericite-quartz alteration rock had higher contents of Rb (97.6–174 
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0.764–4.94 and 2.03–4.37 ppm for Th, respectively. Nb, Ta, and Th were obviously depleted, whereas 
Y and Hf were slightly depleted (Figure 12B,D,F). The abundances of transition trace elements (TRTE) 
in these two rock types were 10.5–127 and 12.8–41.8 ppm for V, 2.72–23.1 and 2.24–8.87 ppm for Cr, 
0.976–16.6 and 2.13–8.08 ppm for Co, and 1.39–24.3 and 1.62–6.44 ppm for Ni. Overall, the chondrite-
normalized REE patterns showed negative Sm and positive Eu anomalies; however, primitive 
mantle-normalized spidergrams were characterized by negative anomalies of Cs, Ba, Th, Nb, Ta, Nd, 
and Ti, and positive K, Eu, and Gd peaks for these types of rock (Figure 12). 

Figure 11. Selected plots of the wall rock in the Pinglidian gold deposit. Thirteen samples can
be generally classified into two groups according to the major-element concentrations, except for
two abnormal samples (17B1 and 24B2). (A,F) K2O vs. SiO2 and LOI vs. SiO2 diagrams, which
show increasing concentrations from the biotite plagioclase gneiss and albitized rock to sericite-quartz
alteration rock. (B,C) Na2O vs. SiO2 and CaO vs. SiO2 diagrams, which show decreasing concentrations.
(D,E) Fe2O3 vs. SiO2 and Al2O3 vs. SiO2 diagrams, which show relatively stable concentrations.Minerals 2019, 9, x FOR PEER REVIEW 15 of 34 

 
 

 

Figure 12. Chondrite-normalized REE patterns and primitive mantle-normalized trace-element patterns 
for biotite plagiogneiss, reddish alterations, and sericite-quartz alterations in the Pinglidian gold deposit. 
The chondrite- and primitive mantle-normalization data are from [55]. 

 

Figure 12. Chondrite-normalized REE patterns and primitive mantle-normalized trace-element
patterns for biotite plagiogneiss, reddish alterations, and sericite-quartz alterations in the Pinglidian
gold deposit. The chondrite- and primitive mantle-normalization data are from [55].
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Table 3. Trace elements (ppm) for two types of quartz vein from the Pinglidian gold deposit.

Samples
Type I Quartz Veins Type II Quartz Vein

14B3 18B1 19B1 20B2 23B2 02B1 03B1 08B1 11B1 14B2 23B1 26B1 26B2 27B3

Li 11.70 11.70 2.65 6.07 6.76 1.85 2.63 1.08 0.776 1.34 0.26 0.25 2.11 0.90
Be 0.87 0.07 0.08 0.04 0.04 0.08 0.17 0.01 0.01 0.12 0.01 0.04 0.05 0.002
Sc 8.66 0.96 0.39 0.15 0.62 2.04 0.39 0.35 0.73 3.72 0.80 0.31 0.57 0.15
V 70.60 2.97 0.58 0.97 3.58 4.32 5.18 5.93 0.83 5.76 0.04 2.41 0.33 1.07
Cr 7.22 3.14 7.05 1.73 10.80 2.17 3.89 2.01 1.61 1.39 1.36 1.70 2.93 1.88
Co 8.74 1.13 1.29 1.22 3.29 21.00 8.25 28.10 0.59 7.97 0.05 2.95 0.04 6.77
Ni 6.72 2.65 2.95 0.93 8.03 26.00 10.20 40.20 1.38 11.00 0.67 4.46 0.52 12.90
Cu 15.10 293 10.20 825 4780 57.50 2154 4356 4131 10647 1.67 321 1.35 28
Zn 70.40 445 18.90 124 12.50 87.80 5059 13.40 56.70 140 1.49 20.90 8.05 6.70
Ga 21.80 2.75 0.82 0.52 1.15 1.61 1.43 0.23 0.53 1.38 0.07 0.71 0.31 0.32
Rb 143 2.46 2.40 1.27 1.53 0.39 9.87 0.55 0.12 1.86 0.07 0.14 0.11 0.18
Sr 140 24.90 25.60 5.95 17.10 36.60 11.30 5.51 16.70 311 2.82 1.04 3.18 10.90
Y 9.85 3.21 2.05 0.56 0.27 4.07 1.40 0.49 2.43 11.90 0.18 0.29 0.37 0.56
Zr 17.60 1.56 2.49 1.35 2.00 0.95 13.80 0.53 0.41 0.67 0.50 0.21 0.59 0.57
Nb 9.68 0.25 0.07 0.03 0.39 0.10 0.83 0.04 0.02 0.31 0.02 0.01 0.01 0.01
Cs 4.93 0.11 0.07 0.04 0.09 0.03 0.31 0.01 0.01 0.03 0.01 0.02 0.01 0.01
Ba 565 26.70 125 13.80 473 7.69 23.20 22.90 2.86 30.50 4.33 3.14 91.50 4.80
La 17.20 4.71 2.26 0.91 0.54 2.10 2.22 0.16 0.78 3.10 0.06 0.11 0.12 0.19
Ce 34.30 7.50 3.94 1.47 0.95 3.60 3.62 0.32 1.44 6.52 0.12 0.17 0.22 0.36
Pr 4.22 0.89 0.45 0.15 0.10 0.43 0.39 0.03 0.17 0.90 0.01 0.01 0.02 0.03
Nd 17.30 3.51 1.78 0.65 0.44 1.93 1.45 0.16 0.86 4.32 0.06 0.09 0.11 0.18
Sm 3.14 0.71 0.38 0.12 0.08 0.53 0.26 0.07 0.24 1.61 0.01 0.03 0.02 0.05
Eu 0.98 0.46 0.24 0.05 0.03 0.57 0.12 0.03 0.21 1.28 0.01 0.02 0.01 0.04
Gd 2.64 0.66 0.38 0.11 0.08 0.56 0.24 0.07 0.26 1.63 0.01 0.03 0.04 0.05
Tb 0.45 0.11 0.07 0.02 0.01 0.13 0.04 0.01 0.06 0.41 0.01 0.01 0.01 0.02
Dy 2.15 0.57 0.35 0.08 0.05 0.78 0.22 0.08 0.38 2.27 0.02 0.05 0.07 0.07
Ho 0.38 0.10 0.06 0.02 0.01 0.14 0.04 0.01 0.08 0.44 0.01 0.01 0.01 0.01
Er 1.06 0.27 0.16 0.04 0.03 0.34 0.14 0.05 0.22 1.18 0.01 0.03 0.04 0.04
Tm 0.16 0.03 0.02 0.01 0.01 0.06 0.02 0.01 0.04 0.20 0.002 0.008 0.007 0.006
Yb 0.91 0.23 0.12 0.04 0.02 0.33 0.13 0.05 0.22 1.08 0.01 0.03 0.04 0.04
Lu 0.12 0.03 0.01 0.01 0.002 0.05 0.02 0.01 0.03 0.15 0.002 0.006 0.005 0.004
Hf 0.47 0.04 0.05 0.03 0.03 0.03 0.33 0.02 0.02 0.03 0.01 0.01 0.01 0.01
Ta 0.78 0.02 0.01 0.01 0.03 0.01 0.05 0.01 0.01 0.03 0.01 0.003 0.008 0.006
Pb 18.60 6092 1052 4689 11,871 592 / / 165 579 251 / 544 /
Th 1.40 0.09 0.05 0.02 0.10 0.05 0.25 0.01 0.01 0.11 0.01 0.009 0.008 0.008
U 0.77 0.10 0.05 0.02 0.05 0.04 0.46 0.08 0.008 0.09 0.007 0.09 0.09 0.01

Eu/Eu* 1.02 2.05 1.94 1.51 1.05 3.14 1.53 1.58 2.61 2.90 2.19 1.60 2.26 2.39
Ce/Ce* 0.96 0.84 0.90 0.87 0.92 0.87 0.87 1.03 0.90 0.85 0.90 0.89 0.99 0.94
ΣREE 85.05 19.83 10.25 3.72 2.39 11.60 8.95 1.12 5.05 0.25 0.64 0.78 1.14 25.13
LREE 77.15 17.79 9.06 3.38 2.16 9.18 8.08 0.80 3.72 0.21 0.46 0.54 0.88 17.74
HREE 7.90 2.04 1.19 0.35 0.23 2.42 0.88 0.32 1.32 0.04 0.18 0.24 0.27 7.39

LREE/HREE 9.77 8.72 7.61 9.73 9.57 3.79 9.22 2.48 2.81 4.68 2.49 2.26 3.31 2.40
(La/Yb)N 13.47 14.32 13.51 13.95 14.35 4.44 11.54 2.26 2.49 3.67 2.24 2.01 2.96 2.06
(La/Sm)N 3.54 4.28 3.83 4.88 3.92 2.53 5.43 1.46 2.12 2.59 1.80 2.81 2.20 1.24
(Sm/Yb)N 3.81 3.35 3.53 2.86 3.66 1.76 2.12 1.55 1.17 0.93 1.24 0.72 1.35 1.66
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4.2.3. Geochemical Characteristics of the Two Types Quartz Veins 

Trace elements were not remarkable in the two types of quartz veins in the Pinglidian gold 
deposit, a huge difference from the enveloped alteration halos. The ΣREE contents of the early and 
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quartz veins were relatively enriched in LREEs, with LREE/HREE ratios of 7.61–9.77, (La/Yb)N ratios 
of 13.47–14.35, (La/Sm)N ratios of 3.54–4.88, and (Sm/Yb)N ratios of 2.86–3.81 (Table 3 ). The type-II 
quartz veins had low REE ratios, as mentioned above. Both types of quartz veins had similar MREE 
concentrations (i.e., Sm and Eu), although the chondrite-normalized REE patterns were quite different 
(Figure 13A,C), showing obvious depletion in all the rock types (Figure 13) and moderately positive 
to weakly negative Eu anomalies (Table 3, Figure 13A,C), with Eu/Eu* ratios of 1.02–2.05 and 1.53–3.14 
for the early and late quartz veins, respectively. The LILE contents were extremely high in the type-I 
samples 14B3 (short for PLD15D014B3) and 23B2 (short for PLD15D023B2) and the type-II sample 
14B2 (short for PLD15D014B2), including 143 ppm of Rb in 14B3, 311 ppm of Sr in 14B2, 140 ppm of 
Sr in 14B3, 565 ppm of Ba in 14B3, and 473 ppm of Ba in 23B2. Meanwhile, the other two types of 
samples had low contents of these elements (Table 3), and Cs and Rb were generally depleted in primitive 
mantle-normalized spidergrams (Figure 13B,D). The Zr content was relatively high in the type-I 
quartz veins, ranging from 1.35 to 17.6 ppm, while that in the type-II quartz veins ranged from 0.209 
to 0.956 ppm, except for sample 03B1 (13.8 ppm). The other HFSEs generally had low contents, but 
the Pb content was extremely high in both types of quartz vein. Nb, Th, Zr, and Hf were depleted in 
primitive mantle-normalized spidergrams, whereas U was enriched (Figure 13B,D). The variations in the 
TRTE concentrations were very unstable; the Zn and Cu contents peaked at 5059 ppm and 10,647 ppm, 
respectively, but also reached minimums of 1.49 ppm and 1.35 ppm (Table 3), respectively. The other 
TRTEs had similar trends to Zn and Cu, showing relatively low contents. 

 

Figure 13. Chondrite-normalized REE patterns and primitive mantle-normalized trace-element patterns 
for the type-I and type-II quartz veins in the Pinglidian gold deposit. The chondrite- and primitive 
mantle-normalization data are from [55]. 

Figure 13. Chondrite-normalized REE patterns and primitive mantle-normalized trace-element
patterns for the type-I and type-II quartz veins in the Pinglidian gold deposit. The chondrite- and
primitive mantle-normalization data are from [55].

The ΣREE contents of biotite plagiogneiss, reddish alteration and sericite-quartz alteration were
41.71–79.77 ppm, 20.2–100.09 ppm, and 38.67–104.32 ppm (Table 2), respectively. These two types
of rock were enriched in light rare earth elements (LREE), with LREE/HREE ratios of 13.79–15.45,
5.81–15.45 and 12.26–20.65, varying (La/Yb)N ratios of 23.48–31.13, 5.14–31.13 and 18.27–59.08 (Table 2),
(Sm/Yb)N ratios of 5.2–5.44, 5.2–5.98 and 2.78–10.33, and (La/Sm)N ratios of 4.52–5.73, 2.88–5.73 and
4.43–7.23, respectively. Medium rare earth elements (MREE) were obviously depleted in these types of
rock (Figure 12). These rocks showed moderately positive to weakly negative Eu anomalies (Table 2,
Figure 12A,C,E), with Eu/Eu* ratios of 1.08–1.34, 0.69–2.08 and 0.44–0.93 for biotite plagiogneiss
and sericite-quartz alteration, respectively. The large ion lithophile element (LILE) contents in the
biotite plagiogneiss showed moderate variations in Rb (19.6–53.3 ppm), Sr (248–382 ppm), and Ba
(133–374 ppm), that’s similar to the reddish alteration rock having Rb (14–49.4 ppm), Sr (138–303
ppm), Ba (102–228 ppm). Meanwhile, the sericite-quartz alteration rock had higher contents of Rb
(97.6–174 ppm), Sr (9.97–84.7 ppm), and Ba (207–779 ppm) (Table 2). The concentrations of high field
strength elements (HFSE) in the biotite plagiogneiss, reddish alteration and sericite-quartz alteration
were 3.09–5.6, 2.23–19.8 and 1.52–8.44 ppm for Y; 0.69–0.97, 0.63–1.49 and 0.51–1.47 ppm for Hf;
4.49–1.94, 1.94–10.5 and 1.54–7.73 ppm for Nb; 0.235–0.78, 0.184–0.81 and 0.106–0.502 ppm for Ta;
and 1.87–2.39, 0.764–4.94 and 2.03–4.37 ppm for Th, respectively. Nb, Ta, and Th were obviously
depleted, whereas Y and Hf were slightly depleted (Figure 12B,D,F). The abundances of transition
trace elements (TRTE) in these two rock types were 10.5–127 and 12.8–41.8 ppm for V, 2.72–23.1 and
2.24–8.87 ppm for Cr, 0.976–16.6 and 2.13–8.08 ppm for Co, and 1.39–24.3 and 1.62–6.44 ppm for Ni.
Overall, the chondrite-normalized REE patterns showed negative Sm and positive Eu anomalies;
however, primitive mantle-normalized spidergrams were characterized by negative anomalies of Cs,
Ba, Th, Nb, Ta, Nd, and Ti, and positive K, Eu, and Gd peaks for these types of rock (Figure 12).
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4.2.3. Geochemical Characteristics of the Two Types Quartz Veins

Trace elements were not remarkable in the two types of quartz veins in the Pinglidian gold deposit,
a huge difference from the enveloped alteration halos. The ΣREE contents of the early and late quartz
veins were very low: 2.39–85.05 ppm and 0.25–25.13 ppm, respectively (Table 3). The type-I quartz
veins were relatively enriched in LREEs, with LREE/HREE ratios of 7.61–9.77, (La/Yb)N ratios of
13.47–14.35, (La/Sm)N ratios of 3.54–4.88, and (Sm/Yb)N ratios of 2.86–3.81 (Table 3 ). The type-II
quartz veins had low REE ratios, as mentioned above. Both types of quartz veins had similar MREE
concentrations (i.e., Sm and Eu), although the chondrite-normalized REE patterns were quite different
(Figure 13A,C), showing obvious depletion in all the rock types (Figure 13) and moderately positive to
weakly negative Eu anomalies (Table 3, Figure 13A,C), with Eu/Eu* ratios of 1.02–2.05 and 1.53–3.14
for the early and late quartz veins, respectively. The LILE contents were extremely high in the type-I
samples 14B3 (short for PLD15D014B3) and 23B2 (short for PLD15D023B2) and the type-II sample
14B2 (short for PLD15D014B2), including 143 ppm of Rb in 14B3, 311 ppm of Sr in 14B2, 140 ppm
of Sr in 14B3, 565 ppm of Ba in 14B3, and 473 ppm of Ba in 23B2. Meanwhile, the other two types
of samples had low contents of these elements (Table 3), and Cs and Rb were generally depleted in
primitive mantle-normalized spidergrams (Figure 13B,D). The Zr content was relatively high in the
type-I quartz veins, ranging from 1.35 to 17.6 ppm, while that in the type-II quartz veins ranged from
0.209 to 0.956 ppm, except for sample 03B1 (13.8 ppm). The other HFSEs generally had low contents,
but the Pb content was extremely high in both types of quartz vein. Nb, Th, Zr, and Hf were depleted
in primitive mantle-normalized spidergrams, whereas U was enriched (Figure 13B,D). The variations
in the TRTE concentrations were very unstable; the Zn and Cu contents peaked at 5059 ppm and 10,647
ppm, respectively, but also reached minimums of 1.49 ppm and 1.35 ppm (Table 3), respectively. The
other TRTEs had similar trends to Zn and Cu, showing relatively low contents.

4.3. Mass-Balance Calculations

The quantitative calculation of the geochemical mass-balance in alteration zones and
metasomatically transformed rock is compatible with mineral assemblages in reaction fronts that
are associated with the main alteration [56]. The elemental gains and losses of the altered rock
were calculated by the isocon method [57] (Figure 14), which was used to reveal the relative
geochemical compositional changes that accompanied the alteration of the original rock (Figure 14A,B).
Relatively immobile components (e.g., Al2O3, TiO2, Sc, Zr) always showed coherent behavior during
alteration [58]. We applied Grant’s isocon method with Al2O3 as the immobile element to produce the
following isocon equation [57]:

∆Ci =
CO

Al2O3

CA
Al2O3

× CA
i − CO

i

Here, CO
i and CA

i are the concentrations of element component (i) in the original (O) and altered
(A) sample, respectively. Thus, the gain or loss in wt % for major elements or in ppm for trace elements
could be calculated from ∆C. The results are listed in Table 4.
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Figure 14. Isocon diagrams that show the elemental gains and losses of the altered rock (reddish
alteration vs. the protolith biotite plagiogneiss and sericite-quartz alteration vs. the latest reddish
alteration). The isocon lines are defined by the ratios of immobile elements (Al2O3), used to calculate
the elemental gains and losses in the rock [57]. Enriched elements are above the isocon lines, while
depleted elements are below the lines during alteration. Some elements are multiplied or divided by a
constant (5, 10, 100, or 1000) to fit the diagram, which does not affect the validity of the mass-balance
characteristics [57]. (A) Reddish alteration vs. biotite plagiogneiss. (B) Sericite-quartz alteration vs.
reddish alteration.

Table 4. Calculated gains and losses from the isocon method for the average elemental contents in the
two major alteration zones (except for abnormal samples 17B1 and 24B2).

4Ci
Reddish
Alteration

Sericite-Quartz
Alteration 4Ci

Reddish
Alteration

Sericite-Quartz
Alteration 4Ci

Reddish
Alteration

Sericite-Quartz
Alteration

SiO2 24.45 −21.94 Be 0.10 −0.04 Zr 26.34 −15.48
Fe2O3 6.86 −4.12 Rb 25.487 31.21 Hf 0.81 −0.51
MgO 0.97 −0.70 Sr −33.70 −169.51 Y 6.02 −4.33
CaO 0.98 −1.91 Cs 0.19 0.05 Pb 66.43 −36.99

Na2O 0.38 −3.34 Ba 31.48 106.51 U 0.53 −0.58
K2O 1.05 1.36 Sc 4.53 −3.73 Bi 0.005 0.21
MnO 1.28 −0.91 V 29.88 −25.59 Th 0.78 −0.31
TiO2 1.01 −0.73 Cr 5.77 −5.31 La −1.28 1.82
P2O5 0.02 −0.01 Co 3.09 −1.36 Ce −1.80 2.63
LOI * 1.94 −0.003 Ni 4.55 −2.66 Pr −0.16 0.18
FeO 35.31 −25.03 Cu 23.02 3.73 Nd −0.32 0.26

F 0.60 −0.41 Zn 89.49 −53.67 Sm 0.24 −0.15
Cl 6.49 −38.70 Mo 0.16 −0.02 Eu 0.27 −0.32
S 45.19 −32.29 Cd 1.08 0.36 Gd 0.29 −0.17

Au 0.009 −0.003 Sb 0.16 0.59 Tb 0.12 −0.08
Ag 0.01 1.40 In 0.02 0.05 Dy 0.81 −0.57
As −0.30 0.24 Ga 6.11 −5.34 Ho 0.18 −0.14
Hg −0.38 3.47 W 1.68 1.92 Er 0.54 −0.41
B 4.06 3.16 Re 0.004 −0.004 Tm 0.10 −0.08
Li −2.08 −6.15 Tl 0.14 0.14

* LOI, loss on ignition.

5. Discussion

5.1. Mineral Dissolution and Precipitation Processes

The details of ore formation are always preserved within alteration halos. Such systems are
geochemically open on a small spatial scale but closed on a larger scale [59]. Some evidences have been
found in the Pinglidian gold deposit based on observed changes in the mineralogy aggregation and the
bulk-rock geochemical compositions (Figures 5–10). The alteration and metasomatic transformation of
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rocks are crucial characteristics of hydrothermal ore deposits [60], recording the details of ore formation
through dissolution-precipitation mechanisms, with a sharp interface between the parent and product
compositions in reaction fronts [20]. Reaction fronts where hydrothermal alteration occurs normal to
fault cores in essentially unaltered wall rock can be easily recognized along regional-scale alteration
zones of Mesozoic granitoids and Precambrian metamorphic rocks in Jiaodong. The compositions and
textures in these reaction fronts before and after alteration represent the limits of ore-fluid infiltration
and indicate the ore-formation process.

5.1.1. Early Alteration Stage

In the field, reaction fronts of reddish alteration can be easily recognized by the reddening of the
rock from a hydrothermally altered granite because of the precipitation of hematite nano-platelets
in pores [12,13,20,61] (Figure 3A,C,E,G,I). At the thin-section scale, the plagioclase and biotite in the
Archean metamorphic rock were completely or partially replaced by K-feldspar, albite, muscovite,
and quartz in the Pinglidian gold deposit (Figures 4 and 5). The textural relationships of the mineral
assemblages intensively changed, as did their internal microstructures, with many brittle cracks
forming. The original feldspars, generally clear and glassy in biotite plagiogneiss (Figure 4E,F), were
replaced by turbid K-feldspar and albite, with massive porosity that was filled with nano-platelets
of hematite and fluid inclusions [23] (Figure 5D–F). One of these replacement products, albite, had
broader twinning striation than the original feldspar (Figures 4E and 5F). The presence of muscovite
inclusions within feldspar is a significant indication that the replaced mineral overprinted another
alteration (Figure 5D–F). The result of fluid interactions remained within the mineral assemblage, in
which minor recrystallization with no significant changes in bulk−geochemical composition was also
observed (Figure 5D–F).

The K2O, Na2O, and CaO contents were almost identical with the wall rock (Table 2, Figure 11A–C).
The equilibration between the original and product feldspars likely accompanied cation exchange
during fluid-induced phase separation, which strongly transformed the early feldspar’s composition.
The Fe2O3 and MgO contents decreased because of the consumption of biotite (Table 2, Figure 11D),
except for the abnormal sample 17B1, which was enriched in Fe-bearing minerals. The variable TiO2

and P2O5 contents were related to the breakdown or formation of accessory minerals, such as magnetite
and apatite (Table 2). The LOI contents’ increasing trend indicates that fluid flux increased. Thus, all
the calculated major-element contents indicated gains, suggesting that the fluid was saturated in Fe
and Si during the early alteration stage.

The ΣREE contents of reddish alteration were much lower than those of biotite plagiogneiss,
except for two abnormal samples (17B1 and 18B4) (Table 2), which was a response to the mineral
assemblage changing during the consumption of accessory titanite, monazite, zircon, and apatite.
The abnormal data sets probably resulted from residual accessory minerals that were inherited from
biotite plagiogneiss as inclusions in the feldspar. Most of the calculated REE contents indicated gains
as high as 200% from the original to the product rock, except for La, Nd, and Ce loss (Figure 12).
The biotite plagiogneiss was enriched in LREE (Table 2, Figure 12A), while the reddish alteration
rock was relatively enriched in heavy rare earth elements (HREE, Table 2, Figure 12C), with lower
LREE/HREE, (La/Yb)N, (Sm/Yb)N, and (La/Sm)N ratios than the biotite plagiogneiss. LREEs and
MREEs were obviously depleted from the consumption of titanite and monazite (Figure 12). As
mentioned above, LREEs and MREEs have higher mobility than HREEs during fluid−rock interaction,
and the REE−rich minerals apatite and zircon gradually broke down because of increasing alteration
intensity. The chondrite−normalized REE patterns showed obviously negative Sm and positive Eu
anomalies. Moderately positive Eu anomalies (Table 2, Figure 12) with relatively high Eu/Eu* ratios in
reddish alteration were associated with Eu−rich feldspar minerals.

LILEs, such as Rb, Sr, and Ba, are enriched in biotite, plagioclase, muscovite, albite, and K-feldspar
because of their preferential substitution of K+ and Na+ in the lattice of the original and alteration rock.
The LILE contents of muscovite, albite, and K-feldspar in the product rock influenced the consumption
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of biotite and plagioclase in the original rock, so the LILE contents exhibited gains and losses within
±25% of the original rock (Table 2, Figure 14A).

Y is found in apatite, while Hf, Ta, and Th are found in zircon and Nb in titanite. In the
reddish alterations, Nb, Ta, and Th were depleted, and Y and Hf were slightly depleted in primitive
mantle-normalized spidergrams (Figure 12). The consumption of these accessory minerals during
accelerating alteration caused the gains in HFSE contents to contrast the losses in reddish alterations in
the Mesozoic granite in the Sanshandao gold deposit [12] (Table 4, Figure 14A). Interpreting the exact
reason for this abnormal situation is difficult. We suggest that the fluid flux rapidly dropped and the
fluid dynamics became weak in the reaction fronts. Thus, these HFSEs remained in that area instead of
migrating with the leaching fluid.

All the TRTEs increased in the reddish alteration rock (Table 4, Figure 14A). TRTEs were commonly
concentrated in minerals such as biotite, magnetite, zircon, and hematite. Gains in Cu, Zn, and V
exceeded the 100% isocon line because of the occurrence of minor disseminated sulfide during the
early alteration stage (Table 4, Figure 14A). Cr, Co, and Ni preferentially appeared in nano-platelets of
hematite when minerals such as biotite, magnetite, and zircon reacted with the fluid.

As mentioned above, the geochemical signatures of reddish alteration are consistent with changes
in specific mineral assemblages as a response to various phase transitions from the relative roles of
solid-state diffusion precipitation. A comparison of the Archean biotite plagiogneiss and reddish
alteration rock compositions suggested that the bulk geochemistry was quite similar (Table 2, Figure 11),
except for the abnormal sample 17B1, which consists of plagioclase or hematite phenocrysts. Even in a
closed geochemical system, local mass transport must occur during the re-equilibration of rock [62].
Thus, the system may be chemically closed during reddish alteration, predominantly driven by
changing P-T conditions during regional metamorphism. Minor fluid from metamorphic biotite in the
parent gneiss accelerates the reaction.

5.1.2. Alteration that Was Related to Gold Mineralization

Representative sericite-quartz alterations were identified adjacent to auriferous quartz-vein
orebodies in the field (Figure 3A–C,F–G,J, Figure 6A,B), which resulted from fluid-rock reactions
overprinting the original reddish alteration rock. These alterations are characterized by reaction fronts
with gray to dark-green color, consisting of massive sericite, chlorite, and epidote. Based on thin-section
observations, the feldspar in the sericite-quartz alteration rock was definitely replaced by the sericite,
quartz, muscovite, and sulfides that were observed in the typical hand specimens (Figure 6C–I). As
evidence for the composition of the fluids during the reaction, the mineral assemblages and their
textural relationships showed such reaction fronts (Figure 6E,F), which contained abundant porosity
because of silica that was dissolved in the fluid. The reaction interface contains relict feldspars that are
surrounded by disordered muscovite and fine laths of sericite mica (Figure 6E,F). The major minerals
and their internal microstructures almost completely changed from the reddish alterations. Figure 6D
shows typical cases, in which the crystallographic orientation was consistent with the foliation of
the gneiss.

The bulk geochemistry significantly changed in the sericite-quartz alteration rock, related to the
completely different alteration-mineral assemblage. Compared to the reddish alteration rock, the gains
and losses are distinct compared to the original rock (Table 2, Figures 11, 12, and 14), including the
abnormal sample 24B2, which is probably dominated by muscovite and sulfide phenocrysts.

The K2O and LOI contents increased compared to those in the original rock (Table 2, Figure 11A,F),
forming massive sericite and muscovite during the most intensive alteration and reaching equilibration
with the fluid. However, the Na2O and CaO contents decreased because of the complete consumption
of feldspar, such as albite and K-feldspar (Table 2, Figure 6D,G, Figure 11B,C). Fe2O3 and Al2O3

had relatively stable contents compared to the Fe−bearing sulfide and Al-bearing clay (Table 2,
Figure 6G–I, Figure 11D,E), indicating that Fe and Al were oversaturated in the ore-bearing fluid. The
above accessory minerals were completely broken down, so the calculated TiO2 and P2O5 contents

200



Minerals 2019, 9, 62

indicated loss and transportation by the fluid (Table 4). Generally, most of the calculated contents of
the major elements indicated losses, especially SiO2 and FeO (Table 4), showing that the properties of
the fluid had completely changed.

On the contrary, the ΣREE contents slightly increased with the consumption of REE-rich accessory
minerals in the sericite-quartz alteration rock. In fact, the LREE contents, especially La and Ce, were
relatively high in the product rock (Table 2), forming new or preserving relict La- and Ce-rich monazite
in the alteration rock. Thus, the LREE/HREE and (La/Yb)N ratios were higher than those of the
reddish alteration rock (Table 2), and the (Sm/Yb)N and (La/Sm)N ratios were relatively low. The
chondrite-normalized REE patterns showed slightly negative Sm and positive Eu anomalies, except for
sample 03B2 (Table 2, Figure 12). The Eu/Eu* ratios decreased because of the complete breakdown of
feldspar in the sericite-quartz alterations. Most of the calculated REE contents indicated losses within
−75%, while the LREE values indicated gains within +25% (Table 4; Figure 14B).

The LILE concentrations became complex in the sericite-quartz alteration rock because they are
easily affected by the fluid behavior. The Sr content rapidly dropped because of the disappearance of
feldspar (Table 2, Figure 12F), and Rb and Ba had extremely high contents because of their substitution
of K, Na and Ca, exhibiting higher mobility during sericite-quartz alteration. Meanwhile, Cs, Ba and
Sr were depleted in the chondrite-normalized REE patterns (Figure 12F), with an approximately 50%
gain in Ba and over 75% loss in the calculated contents (Table 4; Figure 14B).

Most of the HFSEs were retained in the altered rock because of their low mobility. Nearly all
the HFSEs, such as Nb, Ta, Ti, Th, Y, and Hf, were slightly to moderately depleted in the primitive
mantle-normalized spidergrams (Table 2; Figure 12F). The Pb content of was closely associated with
the gold-hosting mineral galena, and Hf increased in the sericite-quartz alteration rock. Most of the
HFSEs’ calculated contents decreased, except for W, Bi, Tl, and In (Table 4; Figure 14B).

Some of the TRTEs (Cu, Cd, and Sb) were enriched, while others (Sc, Co, Ni, Zn, Mo, and
V) exhibited decreasing calculated contents (Table 4, Figure 14B) because of the dissolution and
precipitation of disseminated sulfides in the sericite-quartz alteration rock.

A sequential study of stable mineral assemblages, textural relationships, microstructures, bulk
geochemistry and mass balances indicated that the sericite-quartz alteration rock formed from
dissolution-precipitation reactions, which occurred at the reaction front as reddish alteration rock
reacted with SiO2

− and FeO−bearing fluid (Table 4, Figure 6). Quartz, muscovite and minor pyrite
precipitated with increasing metamorphic grades as fluid compositionally changed the affected system
(Table 4; Figures 6 and 15).

5.1.3. Auriferous Quartz Veins and Gold Precipitation

The type II gray quartz veins in the Pinglidian gold deposit are virtual orebodies, in contrast to
the type I milky quartz veins (Figure 7). As shown above, the type II auriferous veins precipitated
at the center of the alteration zone and overprinted the type I quartz veins. The ore minerals were
primarily pyrite and galena, followed by chalcopyrite and sphalerite, with minor pyrrhotite, freibergite,
electrum, and native gold (Figure 8A–I).

Gold-hosting pyrites lack zoning in Pinglidian and are commonly cut by numerous brittle
fractures (Figure 8D–F). Actually, these pyrites exhibited massive, ductile, single to interconnected,
and linear to curvilinear distortions as lattice defects, and gold nanoparticles could also be present in
the pyrite [13]. Pyrite and pyrrhotite corrosion textures are well developed because of replacement by
galena (Figure 8G,H), including irregularly corroded interiors and concave margins. Pyrite precipitated
slightly early, and then fluid-mineral reactions occurred, with galena changing the mineral textures
and their assemblages during dissolution and precipitation.

The thin-section observations and electron probe microanalyses showed that the visible gold
mainly occurred as inclusions in pyrite, microfracture fillings in pyrite, or inclusions along the margins
of the sulfide grains [63] (Figure 8E, Figure 9A–D). SEM maps showed no zonation in terms of Au or
Ag in electrum or gold, and other metals were not significantly present [13] (Table 1, Figure 9A,B). The
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fine native-gold intergrowths with electrum probably formed by sub-solid exsolution (Figure 9A,B)
during reactions with aqueous fluid. We did not consider the original source of gold during the above
fluid-mineral reactions, so supersaturated gold-bearing solution was transported by the increasing Fe-
and Pb-bearing fluid. The loss of H2S and the destabilization of gold-bearing complexes is normally the
most likely mechanism for gold precipitation [13,64–66]. Obviously, gold precipitation was associated
with significant hydrothermal alteration, especially sericite-quartz alteration in the Pinglidian gold
deposit (Figure 3A–C,F,G,J, Figure 6A,B). The dissolution-precipitation reactions between gold-bearing
fluids and wall rock gradually decreased the solubility of the gold complex [Au(HS)2−], causing
gold deposition [67]. Fluid-immiscibility processes are also used to interpret the mechanism of gold
precipitation [68].

5.2. Physicochemical Conditions

As mentioned above, principal physicochemical parameters, such as fluid compositions (H+,
Na+, and K+), temperature, pressure, pH, and f O2, essentially control the processes of hydrothermal
alteration and gold mineralization [12,69]. Although the details of these parameters are extremely
complex and beyond the scope of the geologic problem in this paper, these simplified diagrams
illustrate that this geochemical system corresponds to obvious changes in alteration mineralogy
during hydrothermal processes. Numerous previous fluid inclusions of quartz showed homogeneous
phase states at temperatures between 120 and 420 ◦C, particularly a range from 230 to 320 ◦C, with
pressures of 78–300 MPa [49,68,70,71]. Brittle deformation occurred as fractures in the feldspar, and
ductile deformation occurred as elongated quartz in the altered rocks (Figure 5B,C, Figure 6D–F),
indicating that these microstructure deformations occurred at 300–400 ◦C [72–74]. We assume that
local equilibrium was reached within the reaction front to precipitate the gangue−mineral assemblages
because the temperatures varied (Figures 5D–F and 6D–F). Plümper and Putnis [69] calculated
equilibrium constants to construct an activity diagram (H+, Na+ and K+) that related the fluid
composition to K-feldspar, albite, and sericite in K−Na−Al−Si−O−H systems at 200 MPa and
various temperatures (Figure 15). This situation is similar to that in the Pinglidian gold deposit, which
could be applied to the reaction of gangue−mineral assemblages from 200 to 300 ◦C. During the early
stage, plagioclases and biotite [K(Mg,Fe)3AlSi3O10(F,OH)2] were completely replaced by K-feldspar
(KAlSi3O8), decreased aK+, and increased aNa+ in aqueous solutions, and the fluid compositions
plotted in the stability field of K-feldspar and close to albite in the diagram (Figure 15). Then, both
aK+ and aNa+ continuously decreased after K-feldspathization and albitization, during the fluid
compositions entered the stability field of sericite (Figure 15). Textural observations, chemical analysis,
and the calculated phase-equilibrium diagram suggested that albite and sericite predominantly formed
intergrowths with each other, and occurred as contemporary alteration products during the early
stage (Figure 5D,E, arrows 1 and 2). Sericite [KAl2(AlSi3)O10(OH)2] began to precipitate in the
externally derived fluid as the temperature decreased, which shrunk the stability field of albite,
favoring sericitization [69] (Figure 15). Thus, all the feldspars had completely transformed into sericite
and quartz [75] (Figure 6D,E, arrows 1 and 2).
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× a(quartz) = 1, which shows the stability field of K−feldspar, albite, and sericite. The diagram
was produced by using equilibrium constants, and the thermodynamic data are from the slop98.dat
database, as calculated by the SUPCRT92 program [76]. The arrow represents a possible decrease in K+

and Na+, which caused the phase equilibrium of K−feldspar, albite, and sericite mineral assemblages.

Gold mineralization was closely related to sulfides and depended on the physicochemical
conditions of the Fe-S-O-H system, as constrained by the fluid compositions (H2S, HS−, HSO4

−, and
SO4

2−), temperature, pressure, pH, and f O2 (Figure 16). Faure and Mensing [78] used sulfide-mineral
pairs in equilibrium as a geothermometer, with fractionation errors of ±40–50 ◦C. The δ34S values
of mineral pairs (pyrite: +9.5h, galena: +6.2h) from sample PLD15D016B1 indicated isotopic
equilibrium at temperatures between 400 and 300 ◦C. Thus, the diagram was calculated for a
Fe-S-O-H system (Figure 16), assuming a closed system and equilibrium conditions of 350 ◦C, 300 MPa,
and ΣS = 0.1 mol/kg (the thermodynamic properties for Au(HS)2

− during the precipitation of ore
minerals, especially sulfides [12,66,76] (Figure 16). Sulfide minerals such as pyrite, galena, pyrrhotite,
chalcopyrite, and sphalerite were directly associated with gold precipitation in the Pinglidian gold
deposit (Figures 7–10). The coexistence of these sulfide minerals was further constrained by the
ore-forming fluid’s composition, f O2, and pH [79] (Figure 16). Pyrite was the predominant gold-bearing
mineral in the orebodies (Figure 8E, Figure 9C,D), and paragenetic pyrrhotite contacts pyrite and
galena (Figure 8H). Furthermore, f O2 was calculated to be between −23 and −35 in the stability field
of the fluid compositions for pyrite and pyrrhotite (Figure 16). Gold was most likely transported as a
gold−bisulfide complex below 350 ◦C rather than chloride [66]. Gold solubility contours [Au(HS)2

−]
were calculated in the diagram, which showed that the Au(HS)2

− concentrations occupied nearly the
entire field of HS− and H2S, predominantly overlapping the stability field of pyrite and pyrrhotite
(Figure 16). However, the solubility of Au(HS)2

− in the ore-forming fluid within the same area was
sensitive to f O2 along arrow 1 and the pH along arrow 2. This result suggests that an increase in
f O2 and a decrease in pH triggered gold precipitation in the assumed situation for the Pinglidian
gold deposit.
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prospecting target, revealing that the structural control of auriferous quartz veins was paralleling to 
the foliation of the Archean metamorphic basement rock.  

As mentioned above, the existence of an apparent positive correlation between the size of quartz 
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veins and alteration halos were controlled by foliations in fold belts that were overprinted by 
brittle−deformation structures (Figure 17A); (2) fluid circulation and fluid−flow movement along the 
quartz veins were prominently restricted to narrow conduits because of factors such as the porosity 
and permeability of the wall rock; (3) silica was supersaturated in the ore-forming fluids and interacted 
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Figure 16. Log f O2−pH diagram at 350◦C, 300 MPa, and ΣS = 0.1 mol/kg. The thermodynamic
properties for Au(HS)2

− are from [77], and other data are from the slop98.dat database [12]. The
narrow and bold lines represent the boundaries between aqueous sulfur species and Fe-bearing
minerals, respectively. The calculated solubility contours of Au(HS)2

− at 10, 100, and 1000 ppb (thin
continuous lines) are shown in the predominant fields of various aqueous sulfur species. The arrow
represents a possible decrease in f O2 and pH, which caused gold precipitation and the coexistence of
sulfide assemblages.

5.3. Implications for Exploration

Once hydrothermal alteration has been identified, it can be directly related to the potential
ore-forming fluid fluxes and scale of the host structures [8,10]. The detailed petrological features and
geochemical effects of the Pinglidian gold deposit were presented above, providing vast quantities
of information regarding the alteration-mineral assemblages and physicochemical conditions of the
mineralizing fluids, which revealed that these ore-forming fluids interacted with the surrounding
rocks in conjunction with gold mineralization [80]. These indicators of alteration zones increased the
prospecting target, revealing that the structural control of auriferous quartz veins was paralleling to
the foliation of the Archean metamorphic basement rock.

As mentioned above, the existence of an apparent positive correlation between the size of
quartz veins and width of the alteration envelope in the Pinglidian gold deposit indicates that (1)
quartz veins and alteration halos were controlled by foliations in fold belts that were overprinted by
brittle-deformation structures (Figure 17A); (2) fluid circulation and fluid-flow movement along the
quartz veins were prominently restricted to narrow conduits because of factors such as the porosity
and permeability of the wall rock; (3) silica was supersaturated in the ore-forming fluids and interacted
with large volumes of host rock by dissolution and precipitation, proven by gain and loss of major
elements (SiO2, K2O, Na2O, and LOI), LREEs (La and Ce), MREEs (Eu), HREEs (Tm), LILEs (Rb, Ba,
and Sr), HFSEs (Nb, Ta, Zr, and Hf) and TRTEs (Cu, Zn, Co, and Ni) (Figure 17B); and (4) equilibrium
conditions existed in reaction fronts between the fluids and sub-solid rocks, with a sharp interface
exchanging geochemical compositions (Figure 17B), as calculated above.
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on the permeability of the original wall rock. Fault cores or fault jogs are the pathways for fluid flow 
and the location for repeated deformation in fault zones [30], and these features have been proven to 
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In contrast, an intensive 200-m-wide alteration zone in the footwall of the regional fault
zone, including the Jiaojia Fault, Zhaoping Fault and Sanshandao Fault, is hosted in Mesozoic
granitoids [12,81]. Second- and third-order faults from these fault zones exhibit negligible wall−rock
alterations from the host structures, especially for the quartz-vein gold deposits (Linglong−type), but
the hydrothermal reactions and gold mineralization are identical to the core of the alteration halo.
Notable zonation is associated with the intensity of the alteration types from the fault core to wall rock,
which depends on the permeability of the original wall rock. Fault cores or fault jogs are the pathways
for fluid flow and the location for repeated deformation in fault zones [30], and these features have
been proven to exhibit great potential for disseminated ores [7].

In summary, the geochemical loads of these altered mineral assemblages, alteration intensity, and
range can be utilized to evaluate the potential size and scale of an ore-forming hydrothermal system
under investigation, and thus is an effective exploration tool for estimating the structural deformation
intensity decreased or increased in some degree in potential ore districts. These indicators reveal that
the Archean metamorphic basement rock hosted auriferous quartz veins are structurally controlled by
a local fault, which was parallel to the foliation of the biotite plagiogneiss.
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6. Conclusions

(1) The Pinglidian gold deposit is hosted in Archean biotite plagiogneiss instead of Mesozoic
granitoids. Gold mineralization was controlled by faults that are parallel to the foliations in the
Archean biotite plagiogneiss. The orebodies consist of two types of quartz veins that are enveloped by
intensive sericite-quartz alteration rock.

(2) Geological features and petrological observations showed clear spatial mineral-assemblage
zonation from the infiltration of an external fluid during hydrothermal alteration, which produced
auriferous quartz veins.

(3) The geochemical loads of these altered mineral assemblages displayed various concentrations
of major elements (SiO2, K2O, Na2O, and LOI), LREEs (La and Ce), MREEs (Eu), HREEs (Tm), LILEs
(Rb, Ba, and Sr), HFSEs (Nb, Ta, Zr, and Hf) and TRTEs (Cu, Zn, Co, and Ni), which were preferentially
enriched in specific minerals, especially sulfides and accessory minerals. The contents of these elements
decreased as metasomatism increased during hydrothermal alteration.

(4) The re-enriched fluids triggered ore formation through a dissolution-precipitation mechanism,
with a sharp interface between the parent and product compositions in the reaction fronts, causing the
eclogitization of areas of the blueschist host that interacted with the passing fluid. Most of the original
minerals were replaced, and the liberated Fe and Si were partitioned into the unsaturation fluid, thus
precipitating the observed quartz veins and sulfides. More than 80% of the LILEs, REEs, and HFSEs
were mobilized from the host rock as accessory minerals disappeared during intense alteration, with
LILEs and LREEs mobilized more efficiently than HFSEs and HREEs. TRTEs mainly originated from
the enriched fluid. The calculated sulfide-phase equilibrium showed that an increase in f O2 and a
decrease in pH caused gold precipitation in the assumed situation for the Pinglidian gold deposit.

(5) The petrological and geochemical indicators of the alteration zone increased the prospecting
target and revealed the features of the structures that controlled the wall rock. The alteration
intensity and range could be utilized to evaluate the potential size and scale of an ore-forming
hydrothermal system, and thus represent an effective exploration tool for biotite plagiogneiss-hosted
gold mineralization.
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Abstract: The Jiaodong Peninsula in eastern China is the third largest gold-mining area and one of
the most important orogenic gold provinces in the world. Ore shoots plunging in specific orientations
are a ubiquitous feature of the Jiaodong lode deposits. The Sizhuang gold deposit, located in
northwestern Jiaodong, is characterized by orebodies of different occurrences. The orientation of
ore shoots has remained unresolved for a long time. In this paper, geostatistical tools were used
to determine the plunge and structural control of ore shoots in the Sizhuang deposit. The ellipses
determined by variogram modeling reveal the anisotropy of mineralization, plus the shape, size,
and orientation of individual ore shoots. The long axes of the anisotropy ellipses trend NE or SEE
and plunge 48◦ NE down the dip. However, individual ore shoots plunge almost perpendicular to
the plunge of the ore deposit as a whole. This geometry is interpreted to have resulted from two
periods of fluid flow parallel to two sets of striations that we identified on ore-controlling faults.
Thrust-related lineations with a sinistral strike-slip component were associated with early-stage
mineralization. This was overprinted by dextral and normal movement of the ore-controlling fault
that controlled the late-stage mineralization. This kinematic switch caused a change in the upflow
direction of ore-forming fluid, which in turn controlled the orientation of the large-scale orebodies and
the subvertical plunge of individual ore shoots. Thus, a regional transition from NW-to-SE-trending
compression to NW-to-SE-trending extension is interpreted as the geodynamic background of the
ore-forming process. This research exemplifies an effective exploration strategy for studying the
structural control of the geometry, orientation, and grade distribution of orebodies via the integration
of geostatistical tools and structural analysis.

Keywords: ore shoots; structural control; geostatistics; Sizhuang gold deposit; Jiaodong Peninsula

1. Introduction

Ore shoots are discrete volumes of rock that contain high concentrations of mineralization
(particularly high-grade ore). They are commonly hosted within particular structures or related
to ore-controlling structures such as faults, shear zones, and folds [1]. The shape, orientation, and
distribution of high-grade ore shoots are vital for accurate predictions in the gold mining industry.
Ore shoots tend to be elongated in one direction (plunging direction) in lode gold deposits. In most
cases, the ore shoot plunge of orogenic gold deposits is the result of mineral deposition and fluid
flow direction controlled by structures. The possible structural controls on the localization of ore
shoots include (1) the intersection of a fault or shear zone with a particular lithological unit [1]; (2) the
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intersection of two syn-metallogenic faults [2]; (3) dilation jogs, divergent bends in faults or zones of
en echelon fault segmentation [3]; (4) fold hinge zones [4]; (5) flexures of lode or reef surface, with axes
oblique to, and commonly at a high angle to, the movement direction [5]; and (6) zones that plunge
subparallel to the striation [6].

More than one control can apply to an individual ore shoot and in which the specific controls
on their localization are unclear. The exact plunge and structure control of ore shoots in most mines
are hard to ascertain by geological methods alone, because ore shoots show little difference from
the surrounding mineralization space in the macro- to mesoscopic view. Some geochemical studies
have determined that high-grade ores may be developed with geochemical variations associated with
hydrothermal events and enrichment by specific elements, such as Ag, Au, As, Bi, S, Sb, Te, and
W. These geochemical indicators and their variations highlight hydrothermal alteration trends and
define the plunge of ore shoots [7]. However, these geochemical data cannot access the exact scale and
spatial distribution of ore shoots. Nowadays, a combination of structural geology and geostatistics is
directly applied in the mining industry. They are integrated to create a method to model structurally
controlled deposits numerically. By applying geostatistics, predictions of ore shoots and low-grade
zones have been improved and a better understanding of the mechanism of mineralized fluid focus in
deposit-scale structures and the results in different ore grades has also been obtained [8]. In this paper,
this method is adopted to reveal the plunge of individual ore shoots and the whole deposit.

Sizhuang is a world-class epizonal orogenic gold deposit located in the Jiaodong Peninsula,
Northeastern China. It is structurally controlled by the NE-to-NNE-trending and NW-dipping Jiaojia
Fault [9]. In Sizhuang, the plunge of orebodies and ore shoots remains unresolved because of the
complex architecture of auriferous lodes [10,11].

Thus, lineation measurement, geostatistical analysis, and ore grade data were used to investigate
plunge regularity and structural control of high-grade ore shoots in the Sizhaung gold deposit. Finally,
structural architecture, grade distribution, and an elaborate model for the formation of ore shoots
were summarized.

2. Regional and Local Geology

2.1. Jiaodong Province and Jiaojia Belt

The Jiaodong gold province is located at the southeastern margin of the North China Craton. It is
considered as perhaps the only world-class and giant gold accumulation on Earth, where relatively
young gold ores (ca. 126–120 Ma [11–14]) occur within rocks that are at least 2 billion years older
(ca. 2.9–1.9 Ga [15,16]) with proven gold resources over 4500 t. Although Jiaodong is commonly
considered an orogenic gold province, the mineralization took place later, after regional metamorphism.
During an anomalous lithospheric delamination event, the Archean-Paleoproterozoic metamorphic
basement of the North China Block was intruded by multiple pulses of Mesozoic granitic magmas [17,18].
The driving force for widespread Late Jurassic and Early Cretaceous granitic magmatism, the switchover
from a compressional to an extensional tectonic regime, and gold mineralization are considered to be
plate subduction with lithospheric delamination and consequent asthenospheric upwelling [19–21].
Hundreds of gold deposits are widely distributed, but are concentrated in several fault systems with
total resources of more than 4500 t gold. Three major NE- to NNE-trending gold belts in western
Jiaodong, Sanshandao, Jiaojia, and Zhaoping contain more than 80% of the gold resources of the
province and compose the broadly E-to-W-trending world-class gold corridor [22,23] (Figure 1).
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The gold deposits in the Jiaojia gold belt, with total resources of >1400 t gold, are mainly 
controlled by the NE- to NNE-trending and gently NW-dipping Jiaojia and Wang’ershan Faults in an 
area 50 km from north to south and 1~2 km from east to west [37,38] (Figure 2). These faults 
underwent different tectonic activities and were normal-sinistral systems during mineralization. 
Major orebodies of these deposits occur at the footwall of the fault in the SE, characterized by a wide 
alteration zone and disseminated ores [39–41]. The Jiaojia gold belt is dominated by disseminated or 
fine-vein ores in the quartz–sericite alteration zone. In addition, gold-bearing quartz–pyrite veins can 
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Figure 1. Geological map of Jiaodong gold province showing distribution of gold deposits. SSDF,
Sanshandao Fault; JJF, Jiaojia Fault; LDF, Linglong Detachment Fault; QXF, Qixia Fault; TCF, Taocun
Fault; MJF, Muping-Jimo Fault; WQYF, Wulian-Qingdao-Yantai Fault; HQF, Haiyang-Qingdao Fault;
MRF, Muping-Rushan Fault; WHF, Weihai Fault; RCF, Rongcheng Fault; HSF, Haiyang-Shidao Fault [18].

Gold deposits in Jiaodong province have been mainly divided into the extensional massive
quartz-vein type and the fracture-fill or disseminated type [24,25]. As the tectonic setting and origin of
gold mineralization are different from typical conventional orogenic gold, some studies term these
deposits “Jiaodong type” [26–28]. However, the Jiaodong-type gold deposits show no consistent spatial
relationship to granitic intrusions of the same age or evidence of metal zonation related to thermal
gradients surrounding anomalously hot intrusions in cooler host rocks [29–31]. They do show clear
structural control along regional faults [32]. However, the ore and wall rock alteration mineralogy,
fluid-inclusion composition, and stable-isotope chemistry are similar to the epizonal orogenic gold
deposits [33–36].

The gold deposits in the Jiaojia gold belt, with total resources of >1400 t gold, are mainly controlled
by the NE- to NNE-trending and gently NW-dipping Jiaojia and Wang’ershan Faults in an area 50 km
from north to south and 1~2 km from east to west [37,38] (Figure 2). These faults underwent different
tectonic activities and were normal-sinistral systems during mineralization. Major orebodies of these
deposits occur at the footwall of the fault in the SE, characterized by a wide alteration zone and
disseminated ores [39–41]. The Jiaojia gold belt is dominated by disseminated or fine-vein ores in
the quartz–sericite alteration zone. In addition, gold-bearing quartz–pyrite veins can be found in the
potassic alteration zone [42,43].
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2.2. Sizhuang Deposit Geology

The Sizhuang gold deposit (37◦20′13′′–37◦23′28′′ N, 120◦04′44′′–120◦08′07′′ E) is one of the
largest gold deposits in the Jiaodong Peninsula, with a proven resource of >100 t and predicted
resource of >200 t. The Sizhaung gold deposit is located about 28 km north of Laizhou City in western
Jiaodong and near the southern extremity of the Jiaojia gold field. The Jiaodong group metamorphic
rocks (Archean granite–greenstone belt, including TTG (Tonalite-Trondjemite-Granodiorite) gneiss,
amphibolites, biotite leptynite, etc.) on the hanging wall of the Jiaojia Fault underwent high-grade
metamorphism at about 2.5 Ga. The timing of gold mineralization at the Sizhuang gold deposit is
likely to be between 126 and 115 Ma, while the LA-ICPMS (Laser Ablation Inductively Coupled Plasma
Mass Spectrometry) zircon U-Pb age 132–123 Ma of the Guojialing granodiorites defines the earliest
possible age of hydrothermal activity in the Jiaojia belt. [44,45]. Jurassic Linglong biotite granite is
located on the footwall of the Jiaojia Fault to the east of the Sizhuang deposit [46].

The Linglong biotite granite was altered by hydrothermal activity, and altered rock in the footwall
of the Jiaojia Fault displays a zoning distribution. Sericite–quartz–pyrite alteration close to the main
fault in the footwall has an average width of 20 m. With increasing depth, the altered rocks become
thinner. Sericite–quartz alteration is west of the sericite–quartz–pyrite alteration. The outermost part
of the alteration zone is a potassic alteration zone, and in the west it is unaltered Linglong biotite
granite [27,30,39].

According to their location and geological characteristics, orebodies in the Sizhuang deposit can
be divided into three types. No. I orebodies are hosted by sericite–quartz–pyrite altered rock along a
fault and are characterized by disseminated ore; No. II orebodies are hosted by sericite–quartz altered
rock and are characterized by quartz–sulfide veinlets; and No. III orebodies are hosted by the potassic
altered rock and are characterized by quartz–pyrite veins (Figure 3).

The orebodies are discontinuous in the shallow and the deep levels, and can be further divided
into two enrichment zones accordingly. The first enrichment zone in the shallow levels is located
at a depth from the ground surface to −260 m level, and the second enrichment zone is located at a
depth from −310 m to −1000 m. The No. I orebodies strike 20–30◦, dip 30–40◦ to NW overall and
are the major components of the first enrichment zone. Ore in the No. I orebodies are characterized
by disseminated gold in altered rocks, and tectonic breccias. The No. II orebodies are small, make
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up less than 10% of total gold resources in Sizhaung and totally distribute in the first enrichment
zone. The second enrichment zone in the deep levels comprises the No. III orebodies and a small part
of the No. I orebodies, the No. III orebodies mainly strike NNW-NNE (345◦–30◦) and dip slightly
steeper than the No. I orebodies, with a mean dip angle of 35◦ [47]. The No. III orebodies are gold
bearing pyrite-quartz veins hosted in the secondary en echelon structures in the potassic altered rock.
The secondary en echelon fault system was the result of the slip movement of Jiaojia Fault during
mineralization [48].Minerals 2019, 9, 214 5 of 16 
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3. Gold Grade and Ore-Shoot

3.1. Geostatistics Dataset and Analytical Methods

In order to determine the plunge of high-grade ore shoots in the Sizhuang deposit, the geostatistics
method and semivariogram function were applied to gold grade distribution analysis.

Ore deposit structural analysis using a combination of structural geology and geostatistics has
been directly applied in the mining industry to hydrothermal deposits. The main goal is to integrate
structural measurements and assay data to reach the quantitative relation of mineralization and
ore-controlling structure. Combined with fault kinematics, metallogenic dynamics can be revealed.
Geostatistics is the study of phenomena that vary in space and/or time [49]. It is concerned with the
spatial distribution of values, and was originally developed for the purpose of ore deposit modeling
and ore reserve estimation [50].

However, the main goal of structural analysis in an ore deposit is to understand the behavior
of grade distribution and correlate this information with the structural features of the deposit.
The cornerstone of geostatistics is the semivariogram function, which geostatisticians generally refer
to as a variogram. Given two locations, x and (x + h), a variogram is one-half the mean square error
produced by assigning the value z(x + h) to the value z(x), or the variance of the increment.
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The semivariogram function is expressed by the following equation:

γ(h) =
1

2N(h)

i=N(h)∑

i=i

[z(xi) − z(xi + h)]2

where N(h) is the number of experimental pairs [z(xi), z(xi + h)] of data, separated by the vector h [51].
A total of 8906 samples from bore holes were collected for the study. Most of them were sequential

samples with approximately constant volume, taken in regularly spaced lines that cut through sections.
Mine levels exist at 45 m intervals. The whole database representing No. I orebodies enclosed a volume
of approximately 1000 m to the north, 150 m to the east, and 495 m in depth for −40 m to −535 m levels.
The mineralization style of ore in No. I orebodies is disseminated/stockwork, but they have the best
continuity as a whole. No. II orebodies are too small and No. III orebodies are too discrete to build up
the database, so No. I orebodies were chosen for this study.

The database was multiplied by a constant value to maintain the mining company’s confidentiality.
This technique does not change the sample variance–range vector relationship and it still allows
variographic structural analysis. The aim of variogram structural analysis is to partition the a priori
variance and extract the range vectors to determine the anisotropy of the mineralization [52].

Summary statistics and frequency distribution plots were calculated using the moving-window
technique to characterize the sample distribution and its general features through the deposit. This
procedure indicated that the sample distribution closely followed the lognormal distribution. Therefore,
a logarithmic transformation was applied to the dataset to avoid undesirable variations at the sills of
the variograms. Frequency distribution plots totally follow normal distribution laws (Figure 4). These
initial transformations confine directional variography dictated by the structural elements.
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of values). The gold grade presented here had been multiplied and log-normal transformed for
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can be used as the random variable to facilitate the analysis.
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3.2. Ore-Grade Distribution

Because of the anisotropy of mineralization, gold grades change not only with distance but also
direction. The semivariograms obtained by processing the semivariogram function demonstrate the
anisotropy [53]. In the interpretation and modeling of variograms, variations in gold grade must be
carefully evaluated in different directions, and the backbone of structural variographic analysis is to
determine the mechanism by which mineralization spreads in different directions. If the semivariogram
continues to climb steadily beyond the global variance value, this indicates a significant spatial trend
in the variable. Within the distance of range, the lag distance at which the semivariogram levels off,
all grades are autocorrelative. Mineralization anisotropy can be described as an ellipse with a preferred
direction of maximum similarity obtained by variograms. The shape of the ellipse is determined by the
range calculated from the semivariogram function in different directions. The ellipse that best fits the
dataset was determined during variogram modeling. The distance of range shows the distance where
gold grade is stable: where the direction range is the biggest, this indicates the best autocorrelation
and the gold grade is most stable and changes at the lowest rate. The longer axis of the best-fitting
ellipse indicates the orientation and distance where mineralization is stable, and the shorter axis of
the ellipse indicates the orientation and distance where mineralization is unstable. In total, the range
calculated by the semivariogram function will form an ellipse indicating the variation of gold grade
in different directions. This further indicates the orientation and size of high-grade ore shoots as ore
shoots plunge in the direction where mineralization is most stable and the range is the biggest [54].

Focusing on the structural geostatistical analysis of grade, general statistics and variograms were
carried out. Several tests were conducted to define the parameters to calculate stable planar variograms.
Several variographic directions (000◦, 020◦, 040◦, 060◦, 080◦, 090◦, 100◦, 120◦, 140◦, and 160◦) were tested.
As a result, the directional dependency of the range value (range vector) was obtained during the
modeling. The range was used to evaluate the shape of the ellipse that best describes the mineralization
anisotropy. An example of variograms calculated for the data from the −40 m level is presented in
Figure 5.
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Figure 5. Characteristic variogram longitudinal section for −40 m level. The horizontal axis is the
sample distance of grade sample. The sill is the value at which the variogram levels off. Range is the
lag distance where the semivariogram reaches the sill value and symbolizes the traditional concept of
zone of influence of a sample, and represents the distance where the variogram function reaches the
sill. The sill is the a priori variance of a random function, or simply the variance of the population.
The ellipse on the right describes the mineralization anisotropy with preferred direction.

In addition, different ellipses describing the mineralization anisotropy for the −100 m to −535 m
level are presented in Figure 6. In order to clarify the ore shape in three-dimensional space, a variogram
in longitudinal section was calculated as well (Figure 7). The parameters determined during variogram
modeling are presented in Table 1.
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Figure 7. Mineralization anisotropy and ore shape in longitudinal section for Sizhuang deposit:
(a) orebodies in longitudinal section; (b) mineralization anisotropy and best-fitting ellipse for ore shape
in longitudinal section (black arrow signify plunge of orebodies as a whole, white arrows signify plunge
of ore shoots); (c) schematic sketch of the geometry of orebodies and ore shoots.

Table 1. Parameters determined during variogram modeling.

Depth (m) Nugget
(g/t)

Maximum
Range (m)

Minimum
Range (m)

Partial
Sill (g/t) Step (m) Sill (g/t) Preferred

Direction (◦)
−40 0.59241 42.96557 14.38454 0.243249 4.941773 0.835659 105.6445
−100 0.777052 2.274927 1.241843 2.788349 0.189577 3.565401 56.07422
−140 2.021469 66.53855 31.10918 0.146952 5.544879 2.168421 129.5508
−180 1.111307 20.7399 6.931124 1.340726 1.728325 2.452033 103.3594
−250 0.005612 8.063627 4.352582 5.611534 0.061969 5.617146 22.14844
−310 0 5.251852 1.753606 95.27344 0.437654 95.27344 95.27344
−370 18.34196 5.702171 1.900767 15.11904 0.471809 33.461 112.8516
−400 0 56.14311 18.76465 16.14401 4.678593 16.14401 104.0625
−445 118.1267 12.01075 4.027388 15.78927 1.000896 133.916 130.0781
−490 3.8233 10.86118 4.2468 10.24774 0.905099 14.07104 107.2266
−535 7.714254 6.450409 2.151184 7.036681 0.537534 14.75094 33.7422

Longitudinal
section 0 87.94258 58.94817 6.038677 7.328548 7.328548 138.6914
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3.3. Plunge of Orebodies and Fault Kinematics

Orebodies in Sizhuang are generally considered as the products of ore-forming fluids, thus
different fluid flow directions would lead to orebodies plunge in different orientations. According
to the kinematic indicators of ore-controlling faults planes, the No. I orebodies are identified as the
products of early fluid flow and overprinted by late fluid flow, while the No. II and No. III orebodies
formed as the products of late fluid flow. In order to constrain the fluid flow that controlled the
formation of ore shoots in the No. I orebodies, it was checked whether the plunge of ore shoots in
the No. I orebodies matches that of the No. I, No. II and No. III orebodies. Individual orebodies of
No. I, No. II, and No. III orebody groups have different orientations, shapes, and sizes (Figure 3).
It used to be a problem to ascertain the plunge of individual orebodies. There is a simple and accurate
way to determine the maximum, intermediate, and minimum shape axes of an ellipsoidal orebody
by extracting and converting the eigenvectors and eigenvalues of the orientations of ellipsoids and
put them with the boundaries in three-dimensional space [55]. The plunge and strike of the orebody
can then be calculated using simple trigonometric functions and shape axes of ellipsoidal orebodies.
The orientation and plunge were plotted in stereoplots (Figure 8). The orebodies in Sizhuang tend to
strike to the NNE and plunge to the south on the whole. No. I orebodies strike N-to-NNE and plunge
to the SW, and No. II and No. III orebodies strike to the NNW and plunge to the SE.

The ellipses determined by variograms indicate spaces where gold grade distribution is
autocorrelative, and these elliptical spaces represent individual ore shoots [5]. The mineralization
anisotropy diagrams in Figures 5 and 6 indicate two preferred directions, NE (22–56◦) and SEE
(95–130◦), with an aspect ratio of about 2. This anisotropy reflects the preferential strike of high-grade
ore shoots.

However, Figure 7 and Table 1 show that the high-grade ore shoots are general ellipsoid bodies
that plunge 48◦ NE, almost perpendicular to the direction of the orebodies (SW) (Figure 7c). Combining
the ellipses determined by variograms in sections with ellipses for each level, a three-dimensional
ellipsoid can be determined to describe ore shoot plunge. Ore shoots can be regarded as ellipsoids
with almost 100 m maximum axes plunging 48◦ to the NE, while 60–10 m intermediate axes trend to
the NE or SEE and 30–5 m minimum axes vertical to them.
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The Sizhuang gold deposit is characterized by a NE- to NNE-trending major fault and secondary
en echelon fault system in the footwall (Figure 3). Three concentrations of linear elements were
recognized on these fault planes: one at 30◦/40◦ (plunge/trend), one at 20◦/190◦, and one at 20◦/157◦
(Figure 9c,f). The 30◦/40◦ and 20◦/190◦ planes are fairly close and defined by similar striations on the
same rock. They may have been affected by later differential rotations, and we consider them to be
one set, and the 20◦/157◦ concentration is different from them. These two sets of linear elements are
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defined by striations caused by two different movement activities. The early set is only observed on
the major fault and rocks within the sericite–quartz–pyrite alteration zone, which is dominated by
No. I orebodies. This set is usually moderately steep and cuts through by later pyrite veins. The late
set can be observed within No. I and No. III orebodies. Later lineations consistently trending 150◦
with shallow dips are usually found on quartz–pyrite veins and almost subparallel to the strike of
the ore-controlling fault plane (Figure 9). The two sets of striations indicate early sinistral reverse
movement on the ore-controlling faults of the No. I orebodies, followed by dextral normal fault
movement on the ore-controlling faults of both the No. I and No. III orebodies.
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Figure 9. (a,b) Photograph and sketch of slickenfibers related to mineralization in No. I orebodies.
(c) stereoplot of lineations and slickenfibers indicating movement directions on mineralization
controlling fault planes in No. I orebodies. (d,e) Photograph and sketch of lineations and steps
on fault plane. (f) Stereoplots of lineations and slickenfibers as movement vector on ore-controlling
structure of No. III orebodies. All stereoplots are low hemisphere, equal area.

4. Discussion

Although the geostatistics dataset only contains gold grades from No. I orebodies, linear elements
indicate that ore shoots of No. I orebodies, No. II and No. III orebodies were controlled by the same
fluid flow. The plunge of ore shoots of No. I orebodies imply structural control on No. II and No. III
orebodies. Structural control in gold mineralization (Figures 6 and 7) is the result of structurally
controlled mineralizing fluid flow [56,57]. At the regional scale of western Jiaodong, the location of
gold deposits is commonly controlled by jogs induced by deviations in the regional equivalent stresses.
At these places, with resultant heterogeneous strain, rock permeability increased and ore-fluid ingress
was focused [58,59]. At the scale of a single orebody, significant gold was deposited in dilational zones
in faults. Such fault segments typically result in episodic pressure drop and provide favorable targets
for large-tonnage gold ores in giant orogenic gold provinces [60,61].

In Sizhuang, significant gold was deposited in dilational zones in fault zones. Individual ore
shoots plunge to the NE while the ore bodies plunge to the SW as a whole. The two main sets of linear
elements on faults indicate the upflow of hydrothermal fluids migrating in different directions during
two principal mineralization episodes. The directions of fluid flow were same as that of mineralization,
and the sequence of episodes caused high-grade mineralization overprinting early wide-ranging
mineralization. This led to the formation of SW-plunging orebodies and NE-plunging high-grade ore
shoots, in a similar way as has been described for many hydrothermal environments [62,63].
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Although hydrothermal flow is complex and poorly constrained, the fault kinematic data suggest
a link between high-grade ore shoots and fluid flow controlled by these faults [64]. In addition, the fault
movement matches the regional tectonic stress field during mineralization [33,65]. These faults are
characterized by multistage events and extensive evolution from compression through transpression
to transtension and finally extension, with the transitional phases of transpression and particularly
transtension most closely related to gold mineralization.

We propose the following model for ore shoot formation: (1) an early mineralization episode with
ore-forming fluids flowing up from SW to NE during sinistral thrusting due to NW-to-SE-trending
regional compression that produced SW-plunging orebodies; and (2) a second mineralization episode
with ore-forming fluids flowing up from NE to SW along a dextral normal ore-controlling fault as a
result of a NW- to SE-trending extensional event that produced NE- plunging orebodies overprinting
the early mineralization episode (Figure 10).Minerals 2019, 9, 214 12 of 16 
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gold deposit: (a) early mineralization, (b) late mineralization.

5. Conclusions

The world-class Sizhuang epizonal orogenic gold deposit is strictly fault-controlled. Ellipses of
mineralization anisotropy were determined by conducting a spatial analysis of gold grade distribution.
Variographic structural analysis shows that high-grade ore shoots tend to plunge to the NE while
orebodies plunge to the SW. The geometry and fault kinematics of No. I and No. III orebodies are quite
different. No. I orebodies plunging to the SW underwent sinistral thrust and dextral normal movements
during the mineralization epoch. No. III orebodies are more likely to plunge to the NE, the same as the
plunge direction of high-grade ore shoots. No. III orebodies were controlled by syn-mineralization
dextral normal movement. The late ore-forming fluid flow during the late mineralization episode
overprinted upon previous alterations and mineralizations. It led to the phenomenon that high-grade
ore shoots plunge nearly vertical to the major orebodies.
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This study proves that structural analysis combined with geostatistical work is a useful way to
determine the architecture of ore-controlling structures at deposit scale. The method could help to
design more effective and economic exploration strategies for unknown ore shoots with an emphasis
on structural control of the geometry, orientation, and grade distribution of the orebodies.
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Abstract: The Zaozigou Au-Sb deposit has been controversial in its genesis and remains one of
the most difficult ore systems to fully understand in West Qinling. The mineralization shows
a broad spatial association with Triassic dikes and sills, which were previously thought to be
genetically related to mineralization. Our U-Pb zircon dating in this contribution indicates
that the ore-hosting porphyritic dacites were formed at 246.1 ± 5.2 Ma and 248.1 ± 3.8 Ma.
The magmatic zircons yield εHf(t) values ranging from −12.5 to −8.9, with corresponding two-stage
model ages of 2.08 to 1.83 Ga. The magma therefore could be derived from partial melting of
Paleoproterozoic crustal materials. The ore-hosting porphyritic dacites have low oxygen fugacity, with
∆FMQ ranging from−4.61 to−2.56, indicating that magmas could have been sulfide-saturated during
evolution in deep chambers and precluding the possibility that metals were released from the melt.
Zaozigou exhibits characteristics widespread volcanics, massive sulfide mineralization, rare reduced
mineral assemblage and discrete alteration zones which are not typical of reduced intrusion-related
or porphyry gold systems. We propose that the spatially-related Triassic porphyritic dacite and dike
swarm is not genetically related to the ore formation of Zaozigou Au-Sb deposit.

Keywords: zircon geochronology; magmatic oxygen fugacity; petrogenesis; Zaozigou deposit;
West Qinling

1. Introduction

The Qinling Orogen linking the Dabie Orogen in the east with the Qilian and the Kunlun Orogens
in the west can be separated into the West Qinling and East Qinling segments (Figure 1A) [1–5].
The West Qinling Orogen was assembled by subduction and closure of Palaeozoic Mianlue
Ocean between the North China block and South China block during the Late Triassic [4–7].
Triassic granitoids and related mineralization are widespread in the West Qinling and constitute
a major target for polymetallic exploration [6–11]. The Tongren–Xiahe–Hezuo district located in
the northwest of the West Qinling can be further subdivided into northeastern and southwestern zones
by the NNW-trending Tongren–Xiahe–Hezuo fault [6,8]. The northeastern part hosts several Triassic
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batholiths and Cu-Au-Fe deposits including Dewulu, Nanban, and Gangyi deposits. The southwestern
part consists mainly of Triassic greenschist-facies metasedimentary rocks, which in places have been
intruded by porphyry stocks or dikes. Au-Sb deposits such as at Zaozigou, Jiagantan, and Zaorendao
can be found hosted in both (meta) sediments and dikes (Figure 1B). The batholiths in the northeastern
zone have been dated at 250–235 Ma [6–8] and have been proven to be derived from partial melting of
enriched sub-continental lithospheric mantle that had been previously modified by slab-derived melt
during the continuous northward subduction of the Paleotethys oceanic slab [6,7,12–15]. The Cu-Au-Fe
deposits in the northeastern zone have been recognized as porphyry-skarn systems genetically
associated with Early Triassic granitoids [6]. However, a lack of research on felsic stocks and dikes
in the southwestern zone makes understanding the dynamic processes governing the formation of
the Triassic magmatism difficult. In addition, the genetic relationship between magmatism and ore
formation remains controversial.

Successful exploration in the Tongren–Xiahe–Hezuo area relies on a robust understanding of ore
deposition mechanisms. Some researchers have proposed that the mineralization is an expression
of an intrusion-related gold system based on close spatial and temporal association between gold
orebodies and dikes, and geochemical characteristics. Liu et al. [16] suggested that the Zaozigou
deposit is a porphyry-type gold deposit related to diorite-porphyry intrusion. Sui et al. [8] and Sui
and Li [17] have recently classified Zaozigou as a reduced intrusion-related gold system (RIRGS).
Liang et al. [18] and Wei et al. [19] proposed that the activation of faults play important roles in
the gold mineralization. Goldfarb et al. [20] believe that the lode gold deposits controlled by faults in
metasedimentary rocks in this area are best classified as orogenic gold deposits. Porphyry deposits
are spatially, temporally, and genetically related to hypabyssal dioritic to granitic intrusions. They are
characterized by ore minerals in veinlets and disseminations in large volumes of hydrothermally
altered rock [21]. The RIRGS model is as yet poorly defined. They are coeval (±2 Ma) with their
associated, causative felsic and ilmenite-series pluton [22]. The most distinctive mineralization style
of RIRGS is sheeted veins, which are composed of parallel, low-sulfide content, single stage quartz
veins. Most orogenic gold deposits occur in greenschist facies rocks and are located adjacent to
first-order, deep-crustal fault zones [23]. In Orogenic gold deposits ore minerals are deposited as
vein fill of second- and third-order shears and faults, particularly at jogs or changes in strike along
the crustal-scale fault zones.

The Zaozigou Au-Sb deposit is the largest gold deposit in the Tongren–Xiahe–Hezuo
area (Figure 1B). Gold mineralization is controlled by fault systems, with primary mineralization
manifesting as vein-hosted lode deposits. Secondary mineralization is primarily defined by wallrock
alteration of intermediate to felsic dikes and Triassic slate host rocks, making it amenable to
a comprehensive dike and ore genesis study. In this contribution, we performed LA-ICP-MS U-Pb
dating, trace element analysis, and Lu-Hf isotope determination on zircons separated from ore-hosting
porphyritic dacite at Zaozigou. Together with U-Pb ages, εHf(t), and oxygen fugacity values
from the Triassic granitoids in the Tongren–Xiahe–Hezuo area, we evaluate their emplacement timing
and petrogenesis in an attempt to elucidate the relationship between magmatism and mineralization.
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Figure 1. (A) Major tectonic domains of China and the location of the Qinling Orogenic Belt. Inset 
shows the location of the study area (modified after [6]). (B) Simplified geological map of the 
Tongren–Xiahe–Hezuo area of the Western Qinling Orogen, showing distributions and ages of early 
Triassic granitoids and ore deposits (modified after [6]). 

  

Figure 1. (A) Major tectonic domains of China and the location of the Qinling Orogenic Belt.
Inset shows the location of the study area (modified after [6]). (B) Simplified geological map of
the Tongren–Xiahe–Hezuo area of the Western Qinling Orogen, showing distributions and ages of early
Triassic granitoids and ore deposits (modified after [6]).
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2. Geological Background

2.1. Regional Geology

The Qinling Orogen in central China extends east–west for over 1500 km and is a major portion
of the Central China Orogenic Belt [1,4,5,14,24,25]. It is tectonically bounded by the Qilian Orogen
and North China block marked by the Lingbao–Lushan–Wuyang fault to the north, and Songpan–Ganzi
Orogen and South China block marked by the Mianlue–Bashan–Xiangguang fault suture to
the south (Figure 1A) [1,3,15]. The Qinling Orogen is generally further separated into the southern
North China block, North Qinling block, South Qinling block and northern South China block
from north to south by the Kuanping suture, Shangdan suture and Mianlue suture with related faults
(Figure 1A) [2,3,10,24]. The Neoproterozoic Kuanping suture zone hosts greenschist and amphibolite
facies rocks, which reflect remnants of an oceanic crust and oceanic island basalt of the Kuanping
Ocean inferred to have existed at least during ca. 1.45–0.95 Ga [24]. The Paleozoic Shangdan suture
zone mainly comprises ophiolitic assemblages, and subduction-related volcanic and sedimentary rocks,
which are considered to have been associated with closure of the Shangdan Ocean and multistage
amalgamation of the South China block-South Qinling block to the North China block during
the Paleozoic [7,24]. The Triassic Mianlue suture zone is characterized by discontinuously exposed
ophiolite sequences, ocean-island basalt, and island-arc volcanic rock units, marking the closure of
a northern branch of the eastern Paleotethyan Ocean [1,7,24–28].

The West Qinling Orogen has traditionally been separated by the Huicheng basin or Foping dome
roughly along the Baoji–Chengdu railway (shown as blue dash line in Figure 1A) to the East Qinling
Orogen [7–10]. It is interpreted to have undergone a three-stage amalgamation process between
the South and North China blocks, which include an early to middle Paleozoic accretionary orogen
along the southern side of the North China block, a late Paleozoic to Triassic collisional orogen
along the Mianlue suture zone, with amalgamation of the South China block to earlier accreted
terranes, and Jurassic to Cretaceous intracontinental tectonism [7,24]. Sedimentary cover in West
Qinling is dominated by Devonian to Cretaceous sediments and Precambrian basement is rarely
exposed [5,8]. The pervasively folded and faulted strata record deformation related to the subduction
and collision history [8,10]. The magmatism is widespread in West Qinling, including several
dozens of Triassic granitoid intrusions in the eastern part and early to middle Triassic granitoids
in the western part [5,8]. The intrusions in the eastern part corresponding to superimposed orogeny
evolved from the northward subduction of Paleotethys Ocean through syn-collision to post-collision
between the North China and South China blocks [7]. The granitoids in the western part were derived
from arc magmatism related to an active continental margin setting [6].

The Tongren–Xiahe–Hezuo area is located to the northwestern segment of the West Qinling orogen
(Figure 1A). This region hosts outcrops of late Paleozoic to early Mesozoic greenschist-facies slate, Triassic
intrusions, with minor occurrences of Permian volcanic rocks and Cretaceous volcanic-sedimentary
rocks (Figure 1B). The fine-grained foliated slate has been metamorphosed from original clastic rocks
and volcanics. These rocks are mainly composed of quartz, feldspar and muscovite. Mesozoic igneous
rocks, granitic stocks, dikes, and sills are widespread in the Xiahe–Hezuo district, and have been well
documented to be closely-related spatially to hydrothermal ore deposits and occurrences (Figure 1B) [6,14].

2.2. Geology of the Zaozigou Deposit

The giant Zaozigou Au-Sb deposit (34◦57′56” N, 102◦48′41” E) is one of the largest gold deposits
in the West Qinling. The estimated pre-mining resources included 106 t Au at an average grade
of 3.34 g/t, and over 0.13 Mt Sb at an average grade of 1.34 g/t [8,16,29–33]. It is located about 9 km
west of Hezuo City in Gansu Province (Figure 1B). The deposit was discovered in 1996 and has been
mined since 2001 by the Zaozigou Gold Company. It was mined for oxidized ores by open pit prior
to 2009 and subsequently by underground operations. Present annual production is about 3 t Au.
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The Triassic Gulangdi Formation is the main host for the deposit (Figure 2). These rocks,
which account for 70% of the outcrop area, are mainly composed of siliceous slate, calcareous slate,
quartz sandstone, and siltstone [8,16–19]. Numerous NE- and NNE-trending intermediate to felsic sills
and dikes intrude the regional greenschist facies meta-sedimentary rocks. These sills and dikes also
host Au-Sb ore, and consist of porphyritic dacite, granodiorite, and porphyritic rhyolite. Previous age
estimates suggest these igneous rocks vary from 250 to 215 Ma [8,16]. Four deformation events
have been recognized. D1: NE-trending compression that produced NW-trending folds and thrusts,
induced NS-, NE-, and nearly EW-trending fractures, and controlled emplacement of NE-trending dikes.
D2: NE-, NNE-, NS-trending brittle faults. D3: Low-angle nearly EW-trending faults. D4: NNE-trending
left-lateral transtensional faults that locally cut orebodies. The D2 and D3 stages are the main
deformational events associated with the ores [8,16–19].
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(Figure 3E–H). They are structurally controlled by the NE-, NS-, and NW-trending faults, and are 
characterized by strong sulfidation (pyrite, arsenopyrite, stibnite), sericitization, silicification, and 
carbonatization in the wallrocks. Some of the gold- and stibnite-rich quartz±calcite veins are also 
structurally controlled by low-angle E–W faults. The iron-rich minerals or wallrock are important 
chemical traps for ore mineralization through wall rock sulfidation reactions (Figure 3A–D). The ore 
minerals in addition to the abundant stibnite, include lesser amounts of pyrite, arsenopyrite, 
sphalerite, chalcopyrite, tetrahedrite, galena, and native gold. The gangue minerals consist of quartz, 
biotite, calcite, sericite, feldspar, and epidote, with minor apatite, titanite, zircon, and monazite. 
Native gold grains occur in cracks or as inclusions within stibnite and quartz. Invisible gold is present 
in pyrite and arsenopyrite. Four paragenetic stages are identified based on crosscutting relationships 
and mineralogical and textural characteristics: stage 1 pyrite-chalcopyrite-tetrahedrite-quartz, stage 
2 pyrite-arsenopyrite-quartz, stage 3 stibnite-sphalerite-quartz-native gold, and stage 4 stibnite-
quartz-calcite (Figure 4). 

Figure 2. Sketch geologic map of the giant Zaozigou Au-Sb deposit in the West Qinling, China.

The ore-bearing zones comprise disseminated and veinlet ores within altered dikes (Figure 3A,B)
and slates (Figure 3C,D), and gold- and/or stibnite-rich quartz ± calcite load vein mineralization
(Figure 3E–H). They are structurally controlled by the NE-, NS-, and NW-trending faults, and are
characterized by strong sulfidation (pyrite, arsenopyrite, stibnite), sericitization, silicification,
and carbonatization in the wallrocks. Some of the gold- and stibnite-rich quartz±calcite veins are
also structurally controlled by low-angle E–W faults. The iron-rich minerals or wallrock are important
chemical traps for ore mineralization through wall rock sulfidation reactions (Figure 3A–D). The ore
minerals in addition to the abundant stibnite, include lesser amounts of pyrite, arsenopyrite, sphalerite,
chalcopyrite, tetrahedrite, galena, and native gold. The gangue minerals consist of quartz, biotite, calcite,
sericite, feldspar, and epidote, with minor apatite, titanite, zircon, and monazite. Native gold grains occur
in cracks or as inclusions within stibnite and quartz. Invisible gold is present in pyrite and arsenopyrite.
Four paragenetic stages are identified based on crosscutting relationships and mineralogical and textural
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characteristics: stage 1 pyrite-chalcopyrite-tetrahedrite-quartz, stage 2 pyrite-arsenopyrite-quartz,
stage 3 stibnite-sphalerite-quartz-native gold, and stage 4 stibnite-quartz-calcite (Figure 4).Minerals 2019, 9, x FOR PEER REVIEW 6 of 22 

 
Figure 3. Exposure (A,C,E,G) and photomicrographs under reflected light (B,D,F,H) showing 
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aggregates in porphyritic dacite. (C,D) Pyrite and arsenopyrite veinlet in slate. (E,F) Hematized 
auriferous calcite veins. (G,H) Auriferous quartz-calcite-stibnite vein structurally controlled by NE-
trending faults cutting slate and native gold grains occur in cracks and inclusions of stibnite and 
quartz. Py = pyrite, Asp = arsenopyrite, Stb = stibnite, Au = native gold, Qtz = quartz, Cal = calcite, 
Hem = hematite. 
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aggregates in porphyritic dacite. (C,D) Pyrite and arsenopyrite veinlet in slate. (E,F) Hematized
auriferous calcite veins. (G,H) Auriferous quartz-calcite-stibnite vein structurally controlled by
NE-trending faults cutting slate and native gold grains occur in cracks and inclusions of stibnite
and quartz. Py = pyrite, Asp = arsenopyrite, Stb = stibnite, Au = native gold, Qtz = quartz, Cal = calcite,
Hem = hematite.

One hundred and forty-three orebodies have been delineated over the life of the mine, 16 of
which have an individual reserves exceeding 1 t Au. The Au1, Au9 and M6 gold orebodies comprise
over 40% of the Zaozigou deposit gold endowment. The Au1 and Au9 orebodies, which together
comprise 33% of the gold endowment, are controlled by the NE-trending faults. The largest orebody,
Au1 (pre-ore reserves ~20 t Au), is controlled by the F24 fault, which is characterized by multiphase
activity and varying fault movement sense. The Au1 orebody consists of disseminated, veinlet,
and auriferous quartz-stibnite ores (Figure 3A–D). The orebody developed in the porphyritic dacites
dikes and slate, and known to extend along strike for at least 1240 m, with a trend of 55◦ and a dip
of 80◦ to 85◦. It ranges in thickness from 0.82 to 18.13 m (avg. 3.48 m) and extends downdip at least
1200 m. The gold grade varies from 1.00 to 11.20 g/t with an average of 3.47 g/t. The Au9 orebody
hosts pre-ore reserves 15 t Au. Au9 is spatially controlled by the F21 fault, parallel with the Au1
orebody. It is hosted entirely within the slate and is characterized by hematized auriferous calcite
veins. Au9 lode veins are mainly composed of coarse-grained calcite (1–8 cm interlocking crystals).
The Au 9 orebody is 800 m long and 0.44 to 11.36 m thick (avg. 2.24 m), trending 55◦ and dipping ~80◦

(Figure 3E,F). The gold grade varies from 1.02 to 21.90 g/t with an average of 3.46 g/t. The M6 concealed
orebody controlled by the EW-trending fault F3 contains ~15 t Au. M6 cross-cuts the Au1 and Au9
orebodies. The orebody is characterized by auriferous quartz-calcite-stibnite vein ores and appears
as stratiform-like lenses that strike 165◦ to 180◦ and dip 10◦ to 26◦ (Figure 3G,H). It is 1160 m long,
extending downdip from the 3226-m level to the 3030-m level, and ranges in thickness from 0.94 m
to 15.87 m with an average thickness of 3.94 m. The gold grade varies from 1.01 to 12.97 g/t with
an average of 4.01 g/t.
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Figure 4. Paragenetic sequence of the Zaozigou deposit interpreted from cross-cutting relationships,
ore textures and sulfide assemblages. The black full lines indicate high abundance and the black dashed
lines represent minor amounts.

3. Sampling and Analytical Methods

3.1. Sampling

The detailed investigations of the present study focus on the porphyritic dacite dikes in
the Zaozigou deposit. Representative samples were collected from the wallrock of the #Au1 orebody.
The porphyritic dacite samples (ZZG11 and ZZG12) are light green to buff in color texture (Figure 5A,C).
The phenocrysts include quartz (15–20 vol %, long dimension 0.1–1.5 mm), plagioclase (5–15 vol %,
long dimension 0.1–2.5 mm), and biotite (5–15 vol %, long dimension 0.1–2 mm). Some quartz grains
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show rounded or angular-crystal habit, with dissolution textures. The plagioclase and biotite grains are
variably altered to fine sericite and chlorite. The groundmass consists of plagioclase, quartz, and minor
K-feldspar. Accessory minerals are mainly zircon, apatite, epidote, chlorite, and sericite (Figure 5B,D).
Ore mineralogy consists mainly of pyrite and arsenopyrite, which are commonly sitting in iron-rich
minerals, notably biotite which has been hydrothermally altered to sericite or chlorite (Figure 5B,D).Minerals 2019, 9, x FOR PEER REVIEW 8 of 22 
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zircon crystals. Zircon samples are checked carefully under the microscope and scanning electron 
microscope (SEM) to observe mineral and fluid inclusions and cracks. 

Zircon U-Pb isotope and trace element analyses were simultaneously carried out using a LA-
ICP-MS system in the Key Laboratory of Mineralogy and Metallogeny, Guangzhou Institute of 
Geochemistry, the Chinese Academy of Sciences. The LA-ICP-MS system includes an Agilent 7900 
ICP-MS coupled with a Resonetics RESOlution S-155 ArF-Excimer laser source (λ = 193 nm). The 
operating conditions were 4 J/cm2 of energy density, 29 μm of spot diameter, and 8 Hz of ablation 
frequency. Plesovice zircon, a new natural reference material for U-Pb isotopic microanalysis, was 
analyzed once every five analyses and TEMORA zircon was used as internal standards for U-Pb 
dating, and was analyzed twice every five analyses, in order to normalize isotopic fractionation 
during isotope analysis. The NIST610 glass standard was used as an external standard to normalize 
U, Th, and Pb concentrations of the unknowns. In addition, standard sample mud tank was used as 
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Common Pb was corrected according to the method proposed by [34]. The analytical results are 
reported with 1σ error. The weighted mean U-Pb ages (with 90% confidence) were calculated at 2σ 

Figure 5. Hand specimen (A,C) and photomicrographs under transmitted light (B,D) of porphyritic
dacite in this study. Py = pyrite, Asp = arsenopyrite, Bio = biotite, Pl = plagioclase, Qtz = quartz, Cal
= calcite.

3.2. Analytical Methods

3.2.1. Zircon LA-ICP-MS U-Pb Dating and Trace Element Analyses

The porphyritic dacite samples were crushed to 40–60 mesh, and zircon crystals were separated
through standard magnetic and density separation techniques. Zircon grains were carefully
handpicked under a binocular microscope, mounted in epoxy, polished down to near half sections
to expose internal structures, and then cleaned in an ultrasonic washer containing a 5% HNO3 bath.
Prior to analysis, polished sections of zircon were carbon coated for cathodoluminescence (CL) imaging,
which were taken on a JXA-880 electron microscope and an image analysis software was used under
operating conditions of 20 kV and 20 nA, at the Institute of Mineral Resources, Chinese Academy of
Geological Sciences, Beijing, China, to identify the internal structure and texture of all zircon crystals.
Zircon samples are checked carefully under the microscope and scanning electron microscope (SEM)
to observe mineral and fluid inclusions and cracks.

Zircon U-Pb isotope and trace element analyses were simultaneously carried out using
a LA-ICP-MS system in the Key Laboratory of Mineralogy and Metallogeny, Guangzhou Institute
of Geochemistry, the Chinese Academy of Sciences. The LA-ICP-MS system includes
an Agilent 7900 ICP-MS coupled with a Resonetics RESOlution S-155 ArF-Excimer laser source
(λ = 193 nm). The operating conditions were 4 J/cm2 of energy density, 29 µm of spot diameter,
and 8 Hz of ablation frequency. Plesovice zircon, a new natural reference material for U-Pb isotopic

233



Minerals 2019, 9, 37

microanalysis, was analyzed once every five analyses and TEMORA zircon was used as internal
standards for U-Pb dating, and was analyzed twice every five analyses, in order to normalize isotopic
fractionation during isotope analysis. The NIST610 glass standard was used as an external standard to
normalize U, Th, and Pb concentrations of the unknowns. In addition, standard sample mud tank was
used as an isotopic monitoring sample. The ICPMS DataCal program was used for processing analyses
data. Common Pb was corrected according to the method proposed by [34]. The analytical results are
reported with 1σ error. The weighted mean U-Pb ages (with 90% confidence) were calculated at 2σ level
and Concordia plots were produced using ISOPLOT 3.23 V. The 29Si was used as an internal standard
for trace element analyses. The average analytical error ranges from 10% for light rare earth elements
(LREE) to 5% for other trace elements. A detailed compilation of instrument and data acquisition
parameters was presented in [35].

3.2.2. In Situ Zircon Lu-Hf Isotope Analyses

In situ zircon Lu-Hf isotopic analysis was carried out across samples on the analogous zircon
zones where U-Pb age determinations were made. Hafnium isotopic compositions were determined
with a Thermo Finnigan Neptune MC-ICP-MS system coupled to a New Wave UP193 nm laser
ablation system at the Laboratory of Isotope Geology, Tianjin Institute of Geology and Mineral
Resources, Tian-jin, China. A laser repetition rate of 11 Hz at 100 mJ was used for ablating zircons
and the spot diameters were 50 µm. Helium was used as the carrier gas for the ablated aerosol.

Isotopes, including 177Hf, 178Hf, 179Hf, 180Hf, 172Yb, 173Yb, 175Lu, 176(Hf + Yb + Lu), and 182 W,

were measured during the analytical process. Isobaric interference of 176Lu on 176Hf was corrected

based on the measured 175Lu value and the recommended 176Lu/175Lu ratio of 0.02655. Similarly,

the 176Yb/172Yb value of 0.5887 and mean βYb value obtained during Hf analysis on the same

spot were used for interference correction of 176Yb on 176Hf. During the analyses, the GJ-1zircon

standard yielded 176Hf/177Hf ratios of 0.282009 ± 24 (2σ, n = 13). These ratios are consistent with

the recommended 176Hf/177Hf ratios of 0.282015 ± 19. The decay constant for 176Lu of 1.865 × 10−11

year−1 and present-day chondritic ratios of 176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336 were

used to calculate the εHf(t) values [35–37].

3.2.3. Magmatic Oxygen Fugacity Estimation

Zou et al. [38] reviewed the underlying assumption of zircon REE oxy-barometers, the lattice
strain model, systematically re-evaluated the common zircon REE oxy-barometers, and concluded

that the xmelt
Ce4+/xmelt

Ce3+ oxy-barometer is a reliable accurate measurement. Oxygen fugacities in this study

were estimated by algorithm based on MATLAB software using the formula (Computer Code S1 in
Supplementary Materials) [39]

ln

(
xmelt

Ce4+

xmelt
Ce3+

)
=

1
4

ln f O2 +
13136 (±591)

T
− 2.604(±0.011)

NBO
T
− 8.878 (±0.112)·xH2O− 8.955(±0.091)

where xmelt
Ce4+/xmelt

Ce3+ can be determined using the lattice strain model [40], T is the zircon crystallization

temperature in K following the Ti-in-zircon thermometer and using a TiO2 activity of 0.6 and SiO2

activity of 1 [41], NBO/T is the proportion of non-bridging oxygen to tetrahedrally coordinated cations
and can be determined on an anhydrous basis [42], and xH2O is the mole fraction of water dissolved
in the melt. In general, the water content of felsic magma is assumed to be 2.5–6.5 wt %. On the other
hand, amphibole grain is rare in porphyritic dacite, indicating the water content is less than 4.5 wt %.
Therefore, the water content is assumed to be 3 wt % in this paper [39,43].
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4. Analytical Results

4.1. Zircon Morphology and U-Pb Ages

Most zircon grains are pristine, euhedral and display well-developed oscillatory growth zoning.
Some crystals display inherited zircons with weak zoning or no zoning and some have mineral
inclusions including apatite and zircon. The crystals have lengths of 100–200 µm and length/width
ratios of 2:1 to 3:1. Several grains contain zircon and apatite inclusions, and have jagged edges,
indicating that they may have been hydrothermally altered (Figure 6).Minerals 2019, 9, x FOR PEER REVIEW 10 of 22 
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Table 1. LA-ICP-MS zircon U-Pb dating results of porphyritic dacite samples ZZG11 and ZZG12. 
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207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U 
Ratio 1σ Ratio 1σ Ratio 1σ Age 1σ Age 1σ Age 1σ 

ZZG11: Inherited Zircon  
ZZG11.9 0.1097 0.0020 4.7641 0.1176 0.3138 0.0050 1794.8 33.3 1778.6 20.8 1759.2 24.3 
ZZG11.11 0.1009 0.0027 4.2254 0.1139 0.3044 0.0048 1640.4 54.6 1679.0 22.2 1713.2 24.0 

ZZG11: 248.1 ± 3.8 Ma (MSWD = 3.6, n = 14) 
ZZG11.1 0.0516 0.0014 0.2831 0.0082 0.0395 0.0006 333.4 60.2 253.1 6.5 249.6 3.5 
ZZG11.2 0.0522 0.0017 0.2919 0.0098 0.0409 0.0008 294.5 72.2 260.1 7.7 258.6 5.0 
ZZG11.4 0.0507 0.0013 0.2639 0.0074 0.0377 0.0005 227.8 59.3 237.8 5.9 238.6 3.0 
ZZG11.6 0.0518 0.0013 0.2794 0.0076 0.0391 0.0006 276.0 63.9 250.1 6.0 247.2 3.6 
ZZG11.7 0.0511 0.0015 0.2675 0.0082 0.0382 0.0007 242.7 68.5 240.7 6.6 241.9 4.3 
ZZG11.8 0.0519 0.0023 0.2946 0.0140 0.0411 0.0007 279.7 100.0 262.2 11.0 259.5 4.2 
ZZG11.10 0.0535 0.0023 0.2956 0.0131 0.0400 0.0006 350.1 96.3 263.0 10.2 252.9 3.9 
ZZG11.14 0.0510 0.0013 0.2845 0.0074 0.0404 0.0005 242.7 54.6 254.3 5.9 255.5 3.1 
ZZG11.15 0.0533 0.0013 0.2925 0.0075 0.0398 0.0005 342.7 55.6 260.5 5.9 251.4 3.1 
ZZG11.16 0.0532 0.0012 0.2865 0.0065 0.0390 0.0004 338.9 50.0 255.8 5.2 246.5 2.6 
ZZG11.19 0.0532 0.0012 0.2944 0.0078 0.0401 0.0006 344.5 53.7 262.0 6.1 253.7 3.8 
ZZG11.20 0.0567 0.0012 0.2917 0.0074 0.0374 0.0006 479.7 48.1 259.9 5.8 236.5 3.9 
ZZG11.21 0.0512 0.0013 0.2750 0.0082 0.0387 0.0005 250.1 59.3 246.7 6.5 245.0 3.2 
ZZG11.25 0.0597 0.0016 0.3124 0.0081 0.0384 0.0007 590.8 58.2 276.1 6.3 242.7 4.2 

ZZG11: 222.1 ± 4.4 Ma (MSWD = 1.4, n = 5) 
ZZG11.3 0.0539 0.0013 0.2579 0.0072 0.0344 0.0005 368.6 55.6 233.0 5.8 218.3 3.2 
ZZG11.5 0.0542 0.0013 0.2669 0.0068 0.0356 0.0004 388.9 51.8 240.2 5.5 225.3 2.7 
ZZG11.22 0.0563 0.0011 0.2710 0.0059 0.0349 0.0004 464.9 44.4 243.5 4.7 221.2 2.5 
ZZG11.23 0.0570 0.0015 0.2655 0.0070 0.0342 0.0007 500.0 57.4 239.1 5.6 216.8 4.2 
ZZG11.24 0.0585 0.0014 0.2853 0.0064 0.0356 0.0005 550.0 51.8 254.8 5.1 225.3 3.0 

ZZG11: 203.5 ± 2.2 Ma (n = 1) 
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Figure 6. Representative cathodoluminescence images and photomicrographs of zircons derived
from ZZG11 and ZZG12 with identified analytical spot, U-Pb age (Ma) and εHf(t) value. Red circle:
U-Pb beam. Yellow dash circle: Hf beam.

Twenty-five analyses were carried out for U-Pb age dating of zircons from sample ZZG11
(Table 1, Figure 7A–C). Two analyses on the inherited zircons give 206Pb/238U ages of 1759 ± 24,
and 1713 ± 24 Ma, respectively. Twenty analyses are concordant, yielding weighted average ages
of 248.1 ± 3.8 Ma (MSWD = 3.6, n = 14), 222.1 ± 4.4 Ma (MSWD = 1.4, n = 5), and 203.5 ± 2.2 Ma
(n = 1), respectively.
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207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U 

Ratio 1σ Ratio 1σ Ratio 1σ Age 1σ Age 1σ Age 1σ 

ZZG11.18 0.0612 0.0014 0.2702 0.0061 0.0321 0.0004 655.6 50.0 242.8 4.9 203.5 2.2 
ZZG12: Inherited Zircon 

ZZG12.1 0.1130 0.0025 3.6467 0.0903 0.2312 0.0035 1850.0 39.7 1559.8 19.8 1341.0 18.3 
ZZG12.2 0.1172 0.0039 5.2503 0.1720 0.3241 0.0053 1913.9 59.4 1860.8 28.0 1809.9 25.8 
ZZG12.13 0.0601 0.0016 0.6331 0.0193 0.0759 0.0017 609.3 59.3 498.1 12.0 471.8 10.2 
ZZG12.14 0.1117 0.0026 4.6682 0.1215 0.3003 0.0048 1827.8 42.0 1761.6 21.8 1692.9 23.7 

ZZG12: 246.1 ± 5.2 Ma (MSWD = 1.8, n = 6) 
ZZG12.3 0.0541 0.0017 0.2895 0.0088 0.0385 0.0005 376.0 75.0 258.2 6.9 243.3 3.3 
ZZG12.6 0.0522 0.0017 0.2756 0.0091 0.0381 0.0005 294.5 74.1 247.2 7.2 241.0 3.4 
ZZG12.7 0.0541 0.0021 0.2935 0.0125 0.0391 0.0007 372.3 87.0 261.3 9.8 247.2 4.5 
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Twenty analyses were carried out for U-Pb age dating of zircons from sample ZZG12
(Table 1, Figure 7D–F). Four analyses on the inherited zircons give 206Pb/238U ages
of 1810 ± 26, 1693 ± 24, 1341 ± 18, and 472 ± 10, respectively. Thirteen analyses are concordant,
yielding weighted average ages of 246.1 ± 5.2 Ma (MSWD = 1.8, n = 6), 226.0 ± 9.1 Ma (MSWD = 5.6,
n = 5), and 203.4 ± 5.2 Ma (MSWD = 0.12, n = 2), respectively.

Table 1. LA-ICP-MS zircon U-Pb dating results of porphyritic dacite samples ZZG11 and ZZG12.

Sample No.

Isotopic Ratios Ages (Ma)
207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U

Ratio 1σ Ratio 1σ Ratio 1σ Age 1σ Age 1σ Age 1σ

ZZG11: Inherited Zircon

ZZG11.9 0.1097 0.0020 4.7641 0.1176 0.3138 0.0050 1794.8 33.3 1778.6 20.8 1759.2 24.3
ZZG11.11 0.1009 0.0027 4.2254 0.1139 0.3044 0.0048 1640.4 54.6 1679.0 22.2 1713.2 24.0

ZZG11: 248.1 ± 3.8 Ma (MSWD = 3.6, n = 14)

ZZG11.1 0.0516 0.0014 0.2831 0.0082 0.0395 0.0006 333.4 60.2 253.1 6.5 249.6 3.5
ZZG11.2 0.0522 0.0017 0.2919 0.0098 0.0409 0.0008 294.5 72.2 260.1 7.7 258.6 5.0
ZZG11.4 0.0507 0.0013 0.2639 0.0074 0.0377 0.0005 227.8 59.3 237.8 5.9 238.6 3.0
ZZG11.6 0.0518 0.0013 0.2794 0.0076 0.0391 0.0006 276.0 63.9 250.1 6.0 247.2 3.6
ZZG11.7 0.0511 0.0015 0.2675 0.0082 0.0382 0.0007 242.7 68.5 240.7 6.6 241.9 4.3
ZZG11.8 0.0519 0.0023 0.2946 0.0140 0.0411 0.0007 279.7 100.0 262.2 11.0 259.5 4.2
ZZG11.10 0.0535 0.0023 0.2956 0.0131 0.0400 0.0006 350.1 96.3 263.0 10.2 252.9 3.9
ZZG11.14 0.0510 0.0013 0.2845 0.0074 0.0404 0.0005 242.7 54.6 254.3 5.9 255.5 3.1
ZZG11.15 0.0533 0.0013 0.2925 0.0075 0.0398 0.0005 342.7 55.6 260.5 5.9 251.4 3.1
ZZG11.16 0.0532 0.0012 0.2865 0.0065 0.0390 0.0004 338.9 50.0 255.8 5.2 246.5 2.6
ZZG11.19 0.0532 0.0012 0.2944 0.0078 0.0401 0.0006 344.5 53.7 262.0 6.1 253.7 3.8
ZZG11.20 0.0567 0.0012 0.2917 0.0074 0.0374 0.0006 479.7 48.1 259.9 5.8 236.5 3.9
ZZG11.21 0.0512 0.0013 0.2750 0.0082 0.0387 0.0005 250.1 59.3 246.7 6.5 245.0 3.2
ZZG11.25 0.0597 0.0016 0.3124 0.0081 0.0384 0.0007 590.8 58.2 276.1 6.3 242.7 4.2

ZZG11: 222.1 ± 4.4 Ma (MSWD = 1.4, n = 5)

ZZG11.3 0.0539 0.0013 0.2579 0.0072 0.0344 0.0005 368.6 55.6 233.0 5.8 218.3 3.2
ZZG11.5 0.0542 0.0013 0.2669 0.0068 0.0356 0.0004 388.9 51.8 240.2 5.5 225.3 2.7
ZZG11.22 0.0563 0.0011 0.2710 0.0059 0.0349 0.0004 464.9 44.4 243.5 4.7 221.2 2.5
ZZG11.23 0.0570 0.0015 0.2655 0.0070 0.0342 0.0007 500.0 57.4 239.1 5.6 216.8 4.2
ZZG11.24 0.0585 0.0014 0.2853 0.0064 0.0356 0.0005 550.0 51.8 254.8 5.1 225.3 3.0

ZZG11: 203.5 ± 2.2 Ma (n = 1)

ZZG11.18 0.0612 0.0014 0.2702 0.0061 0.0321 0.0004 655.6 50.0 242.8 4.9 203.5 2.2

ZZG12: Inherited Zircon

ZZG12.1 0.1130 0.0025 3.6467 0.0903 0.2312 0.0035 1850.0 39.7 1559.8 19.8 1341.0 18.3
ZZG12.2 0.1172 0.0039 5.2503 0.1720 0.3241 0.0053 1913.9 59.4 1860.8 28.0 1809.9 25.8
ZZG12.13 0.0601 0.0016 0.6331 0.0193 0.0759 0.0017 609.3 59.3 498.1 12.0 471.8 10.2
ZZG12.14 0.1117 0.0026 4.6682 0.1215 0.3003 0.0048 1827.8 42.0 1761.6 21.8 1692.9 23.7

ZZG12: 246.1 ± 5.2 Ma (MSWD = 1.8, n = 6)

ZZG12.3 0.0541 0.0017 0.2895 0.0088 0.0385 0.0005 376.0 75.0 258.2 6.9 243.3 3.3
ZZG12.6 0.0522 0.0017 0.2756 0.0091 0.0381 0.0005 294.5 74.1 247.2 7.2 241.0 3.4
ZZG12.7 0.0541 0.0021 0.2935 0.0125 0.0391 0.0007 372.3 87.0 261.3 9.8 247.2 4.5
ZZG12.9 0.0556 0.0014 0.2948 0.0072 0.0386 0.0005 438.9 55.6 262.3 5.6 244.1 3.3
ZZG12.10 0.0521 0.0015 0.2889 0.0087 0.0400 0.0006 300.1 60.2 257.7 6.9 252.9 3.8
ZZG12.20 0.0614 0.0022 0.3404 0.0109 0.0399 0.0007 653.7 75.9 297.5 8.2 252.3 4.2

ZZG12: 226.0 ± 9.1 Ma (MSWD = 5.6, n = 5)

ZZG12.4 0.0598 0.0017 0.2910 0.0080 0.0351 0.0005 594.5 63.0 259.3 6.3 222.6 2.9
ZZG12.5 0.0578 0.0018 0.2912 0.0081 0.0365 0.0006 524.1 68.5 259.5 6.4 231.4 3.5
ZZG12.12 0.0491 0.0016 0.2470 0.0080 0.0364 0.0005 153.8 77.8 224.1 6.5 230.7 3.2
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Table 1. Cont.

Sample No.

Isotopic Ratios Ages (Ma)
207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U

Ratio 1σ Ratio 1σ Ratio 1σ Age 1σ Age 1σ Age 1σ

ZZG12.15 0.0624 0.0014 0.2984 0.0063 0.0345 0.0004 687.1 52.8 265.2 4.9 218.4 2.5
ZZG12.18 0.0531 0.0018 0.2755 0.0092 0.0374 0.0006 344.5 77.8 247.1 7.3 236.5 3.9

ZZG12: 203.4 ± 5.2 Ma (MSWD = 0.12, n = 2)

ZZG12.8 0.0521 0.0015 0.2301 0.0086 0.0318 0.0008 300.1 60.2 210.3 7.1 201.8 5.2
ZZG12.16 0.0576 0.0019 0.2569 0.0078 0.0321 0.0005 522.3 70.4 232.2 6.3 204.0 3.1

4.2. Zircon Trace Element Composition and Oxygen Fugacity

Trace element compositions of zircons from sample ZZG11 and ZZG12 are listed in Table 2.
The chondrite-normalized REE patterns are illustrated in Figure 8. The inherited zircons show

strong positive Ce (Ce/Ce* ratios, where Ce∗ =
√
(La)N × (Pr)N) and negative Eu (Eu/Eu* ratios,

where Eu∗ =
√
(Sm)N × (Gd)N) anomalies, ranging from 2.48 to 394.68, and 0.02 to 0.43, respectively.

The ~248–246 Ma and ~226–222 Ma zircons show moderate positive Ce and negative Eu anomalies.
The Ce/Ce* and Eu/Eu* of ~248–246 Ma zircons vary from 1.31 to 61.75 and 0.18 to 0.62, respectively.
The Ce/Ce* and Eu/Eu* of ~226–222 Ma zircons vary from 1.24 to 4.90, and 0.46 to 0.63, respectively.
The ~203 Ma zircons have high REE contents and weak positive Ce (Ce/Ce* = 1.48 to 4.37) and negative
Eu anomalies (Eu/Eu* = 0.44 to 0.73).

Minerals 2019, 9, x FOR PEER REVIEW 12 of 22 

Trace element compositions of zircons from sample ZZG11 and ZZG12 are listed in Table 2. The 
chondrite-normalized REE patterns are illustrated in Figure 8. The inherited zircons show strong 
positive Ce (Ce/Ce* ratios, where Ce∗ = (La) × (Pr) ) and negative Eu (Eu/Eu* ratios, where Eu∗ = (Sm) × (Gd) ) anomalies, ranging from 2.48 to 394.68, and 0.02 to 0.43, respectively. The 
~248–246 Ma and ~226–222 Ma zircons show moderate positive Ce and negative Eu anomalies. The 
Ce/Ce* and Eu/Eu* of ~248–246 Ma zircons vary from 1.31 to 61.75 and 0.18 to 0.62, respectively. The 
Ce/Ce* and Eu/Eu* of ~226–222 Ma zircons vary from 1.24 to 4.90, and 0.46 to 0.63, respectively. The 
~203 Ma zircons have high REE contents and weak positive Ce (Ce/Ce* = 1.48 to 4.37) and negative 
Eu anomalies (Eu/Eu* = 0.44 to 0.73). 

 
Figure 8. Chondrite-normalized REE patterns for ZZG11 (A) and ZZG12 (B). Note the HREE value 
anomalies (dashed lines) which may be indicative of contamination by inclusions or alteration. 

The zircon crystallization temperatures and oxygen fugacities were calculated and listed in 
Table 2 and Figure 9. Aberrant REE values (dashed lines in Figure 8) which may be indicative of 
contamination by inclusions or alteration are excluded from the calculation (Figure 6). The 
logarithmic oxygen fugacities (fO2) of the inherited zircons range from −10.58 to −1.39, with ΔFMQ 
ranging from −6.13 to 2.93. The logarithmic oxygen fugacities of the ~248–246 Ma zircons range from 
−9.17 to −7.16, with ΔFMQ ranging from −4.61 to −2.56. The logarithmic oxygen fugacities of the ~226–
222 Ma zircons range from −8.08 to −6.09, with ΔFMQ ranging from −3.52 to −1.48. The logarithmic 
oxygen fugacities of the ~203 Ma zircons range from −7.99 to −6.45, with ΔFMQ ranging from −3.47 
to −1.74. 

 
Figure 9. Magma oxygen fugacity for ZZG11 (A) and ZZG12 (B). 

4.3. Zircon Lu-Hf Isotopic Composition 

Figure 8. Chondrite-normalized REE patterns for ZZG11 (A) and ZZG12 (B). Note the HREE value
anomalies (dashed lines) which may be indicative of contamination by inclusions or alteration.

The zircon crystallization temperatures and oxygen fugacities were calculated and listed in
Table 2 and Figure 9. Aberrant REE values (dashed lines in Figure 8) which may be indicative of
contamination by inclusions or alteration are excluded from the calculation (Figure 6). The logarithmic
oxygen fugacities (fO2) of the inherited zircons range from −10.58 to −1.39, with ∆FMQ ranging
from −6.13 to 2.93. The logarithmic oxygen fugacities of the ~248–246 Ma zircons range
from −9.17 to −7.16, with ∆FMQ ranging from −4.61 to −2.56. The logarithmic oxygen fugacities
of the ~226–222 Ma zircons range from −8.08 to −6.09, with ∆FMQ ranging from −3.52 to −1.48.
The logarithmic oxygen fugacities of the ~203 Ma zircons range from −7.99 to −6.45, with ∆FMQ
ranging from −3.47 to −1.74.
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4.3. Zircon Lu-Hf Isotopic Composition

In situ zircon Lu-Hf isotopic data of magmatic zircons and inherited zircons are presented in

Table 3 and shown in Figure 10. The single stage depleted-mantle model ages (TDM
1) are determined

for each sample by calculating the intersection of the zircon/parent-rock growth trajectory with
the depleted-mantle evolution curve [6,9,35]. The two-stage model ages (TDM

2) are calculated for

the source rock of the magma by assuming a mean 176Lu/177Hf value of 0.015 for an average continental

crust [6]. For sample ZZG11, the 14 magmatic zircon grains yield 176Lu/177Hf and 176Hf/177Hf

ratios of 0.000031–0.000718 and 0.282263–0.282361, respectively. They show negative εHf(t) values

(age corrected using U-Pb age for individual grains) in the range of −12.5 to −9.3, falling below

the CHUR (chondrite uniform reservoir) line (Figure 10A,B). The corresponding calculated TDM
2 values

range from 1.86 to 2.08 Ga (Figure 10D). The Paleoproterozoic inherited zircons have 176Lu/177Hf ratio

of 0.000424 and 0.000560, 176Hf/177Hf ratios of 0.281747 and 0.281540, and εHf(t) value of 2.4 and −6.1,

with corresponding TDM
2 of 2.28 and 2.78 Ga. For sample ZZG12, the six magmatic zircon grains

have 176Lu/177Hf ratio of 0.000012 to 0.000542, 176Hf/177Hf ratios of 0.282323 to 0.282371, and negative

εHf(t) value of −10.9 to −8.9, falling below the CHUR line (Figure 10A,B), with corresponding TDM
2

of 1.97 to 1.84 Ga (Figure 10D). The 471.8 Ma zircon yielding negative εHf(t) values of −8.8 have

corresponding TDM
2 of 1.43 Ga. The Proterozoic inherited zircons have εHf(t) values of 2.5, −8.9, −5.2,

with corresponding TDM
2 of 2.02, 2.16, and 2.42 Ga.
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5. Discussion

5.1. Triassic Magmatism in Tongren–Xiahe–Hezuo Area

Several detailed field observations and geochronological studies have been carried out on
extensive pulse of Triassic magmatism in the Tongren–Xiahe–Hezuo area. As shown in Figure 1B,
Jin et al. [44] preliminarily reported ages of Xiahe, Daerzang, and Yeliguan granitoids at 243–250 Ma,
234–242 Ma, and 237–251 Ma. Luo et al. [14] reported ages of Shuangpengxi granodiorite and Xiekeng
gabbro diorite at ca. 239–245 Ma and 235–246 Ma. Huang et al. [45] subsequently gave the age
of Shehaliji quartz monzonite at ca. 234–235 Ma. Li et al. [15] measured ages of emplacement
of the Tongren granodiorite (238–242) Ma, Ayishan granitoid (238–242 Ma), Meiwu granitoid
(243–251 Ma) and Dewulu granitoid (238–247 Ma). Qiu and Deng [6] reported that the dioritic
MME of Dewulu intrusive complex yields an age of 247.0 ± 2.2 Ma. Sui et al. [8] also reported ages of
granodiorite, quartz diorite porphyry, and diorite porphyry dike in Zaozigou deposit at 248.9± 1.4 Ma,
244.8 ± 1.4 Ma, and 237.5 ± 1.4 Ma, respectively. Combining the geochronology of the ore-hosting
porphyritic dacite emplacement at 246.1± 5.2 Ma and 248.1± 3.8 Ma in the Zaozigou deposit presented
in this study, in conjunction with the data from previously published articles, we propose that Triassic
magmatism widespread in the Tongren–Xiahe–Hezuo area, including batholiths, stocks, sills, and dikes,
mainly formed at ca. 248–235 Ma.

Several geochronological data focused on the age of metamorphism in the Qinling orogen
have been published in the past decade. The earliest precise estimated ages came from 39Ar/40Ar
of phengites and riebeckites, giving well-defined age plateaus of 236 ± 5 Ma and 217 ± 8 Ma,
respectively [46]. Li et al. [47] employed the whole rock Sm-Nd and Rb-Sr isochron on schist
and reported ages of 242 ± 21 Ma and 221 ± 13 Ma. Another estimate of 214 ± 11 Ma was
made from U-Pb zircon analysis on granulites, representing the age of retrograde metamorphism in
amphibolite facies rocks [48]. Consequently, the age of peak metamorphism in the studied area is
~220 Ma. Sui et al. [8] and Sui and Li [17] reported 40Ar/39Ar plateau ages of 245.6 ± 1.0 Ma,
242.1 ± 1.0 Ma, 230 ± 2.3 Ma, and 219.4± 1.1 Ma for sericite from porphyritic dacite and quartz diorite
porphyry. The first three ages are consistent with zircon U-Pb ages, representing emplacement
of Triassic magmatism. The latter age is close to the metamorphic peak and may represent
the mineralization age. Therefore, the ages of ~225 Ma and ~203 Ma in the ore-hosting porphyritic
dacite are interpreted to be influenced by hydrothermal events related to metamorphism.

5.2. Petrogenesis of Early Triassic Magmatism in Tongren–Xiahe–Hezuo Area

The Lu-Hf isotope system is a very sensitive geochemical tracer to detect the evolutionary history
of crustal and mantle material [35–37,49]. Hafnium is partitioned more strongly into melts than Lu

during partial melting; therefore the crust generally has lower 176Lu/177Hf and 176Hf/177Hf ratios

than the mantle. Accordingly, high values of 176Hf/177Hf (i.e., positive εHf(t) values) are considered to

be sourced from the partial melting of juvenile crustal materials, or directly via mantle-derived

mafic melts [49–51]. Low values of 176Hf/177Hf (i.e., negative εHf(t) values) indicate old crust

input [35,49–51]. The εHf(t) values of magmatic zircons from Zaozigou ore-hosting porphyritic dacite

range from −12.5 to −8.9, with corresponding the zircon two-stage model ages (TDM
2) of 2.08–1.84

Ga. These analyses plot below the chondrite uniform reservoir (CHUR) line (Figure 10A), and within
the area of reworked ancient lower crust (Figure 10B), which indicates that the magma could be
derived from partial melting of Paleoproterozoic lower crustal material [6]. This interpretation is
further supported by data presented in this article indicating that most of the inherited zircons being
crystallized in Paleoproterozoic (Table 1).

The εHf(t) and TDM
2 values are similar to the Shuangpengxi granodiorites (εHf(t) = −4.7~−3.6;

TDM
2 = 1.49~1.57 Ga) [14], Xiahe granodiorites (εHf(t) = −11.0~−4.0; TDM

2 = 1.53~1.97 Ga) [52],

Tongren granodiorites (εHf(t) = −5.8~−0.6; TDM
2 = 1.32~1.64 Ga) [15], and Dewulu intrusive complex
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(εHf(t) = −8.0~−3.3; TDM
2 = 1.48~1.78 Ga) [6], but different from the Xiekeng high-Mg and high-Al

diorites (εHf(t) = 0.2~5.3; TDM
2 = 0.93~1.26 Ga) [14]. Qiu and Deng [6] thus suggested that the magmas

of Early Triassic magmatism were probably derived from a heterogeneous source that included both
crustal and mantle components.

This hypothesis was further supported by the bulk geochemical signature of widespread
magmatism coeval with the ore-hosting porphyritic dacite in the Tongren–Xiahe–Hezuo area.
Luo et al. [14] reported the geochemical and Sr–Nd–Hf isotopic compositions of the Shuangpengxi
granodiorite and proposed that the magma was derived from partial melting of crustal materials.
Li et al. [15] suggest that the magma of the Tongren granodiorite was generated by dehydration
melting of a mafic lower crustal component with additional input of a mafic component derived
from the subcontinental lithospheric mantle. These geochemical traits suggest that the Early Triassic
magmatism in Tongren–Xiahe–Hezuo area originated from the reworking of Mesoproterozoic to
Paleoproterozoic ancient crust and partial melting of Neoproterozoic juvenile crust [6,35].

5.3. Implications on Links between Magmatism and Mineralization

The Zaozigou deposit has been controversial in its classification and remains one of the more
difficult ore systems to fully understand in the West Qinling. The deposit shows a spatial association
with Triassic dikes and sills. The broad spatial association between gold and magmatism has been
argued as genetically important by some workers. Liu et al. [16] concluded that the ore-forming
fluids were of a magmatic-hydrothermal origin based upon hydrogen, oxygen, and sulfur isotopic
compositions. They further proposed that the Zaozigou deposit is a porphyry-type gold deposit
related to a diorite porphyry, and therefore a ca. 216 Ma date for magmatic zircon records the age
of the Au-Sb ore formation. However these ‘magmatic’ zircons yield CL textures and compositions
that could correspond to overprints from a younger hydrothermal event. Dai and Chen [53] argued
for a genetic relationship between Triassic magmatism and Au-Sb mineralization based on geological
and geochemical characteristics. A recent 40Ar/39Ar plateau ages of 245.6 ± 1.0 Ma and 242.1 ± 1.0 Ma
for hydrothermal sericite, which are bracketed by zircon U-Pb ages on pre- and post-ore dikes, were
used to argue for a significantly older mineralizing event [8]. Sui et al. [8] further defined Zaozigou as
a reduced intrusion-related gold system (RIRGS) on the basis of interpreted overlapping formation
ages of igneous host rocks and gold mineralization.

Magmatic oxygen fugacity is a key factor that controls the formation of porphyry deposits [39,54].
Most researchers agree that oxidized magmas can hold high metal contents and are favorable
for the generation of porphyry deposits [54]. In general, oxygen fugacities of >FMQ + 2 are
necessary for the formation of economic porphyry Cu (Au) deposits and FMQ + 1.5 is a threshold
for any porphyry deposit [54]. As shown in this study, the ore-bearing porphyritic dacites have
very low oxygen fugacity, with ∆FMQ ranging from −4.61 to −2.56. Under the low oxygen
fugacities, it would have been difficult to release metals out of the melt and instead magmas
would have become sulfide-saturated during evolution in deep magma chambers [54]. A dozen
of porphyry-skarn Cu (Au) deposits are hosted in the granitic intrusions and adjacent rock in
northeastern part of Tongren–Xiahe–Hezuo area (Figure 1B). Oxygen fugacity from ore-bearing
porphyries shows FMQ ± 3.3 [6], significantly higher than the porphyritic dacites at Zaozigou.
In addition, hydrothermal alteration in porphyry deposits typically shows distinct temporal
and spatial evolution and zonation from early, proximal, high-temperature potassic alteration to
sericitic alteration to low-temperature, distal, advanced argillic and intermediate argillic alteration.
However, the orebodies at Zaozigou are characterized by strong wallrock sulfidation (pyrite,
arsenopyrite, and stibnite) and discrete proximal sericitized, silicified, and carbonatized alteration
haloes (Figure 3). Such alteration haloes are easily distinguished from typical porphyry alteration
profiles by their size and distinct alteration boundaries. Additionally, 40Ar/39Ar geochronology on
hydrothermal sericite indicates the gold event may have formed at ~219 Ma [17], ~17–28 Ma later
than the emplacement of Triassic porphyritic dacite.
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Reduced Intrusion-Related Gold Systems have become a new exploration target deposit model
for low-grade, large-tonnage gold deposits [22,55,56]. The best recognized examples of such deposits
occur in Fort Knox in Alaska, Dublin Gulch, and Scheelite Dome in Yukon [22]. Comparisons of
Zaozigou with these deposits reveals some similarities but critical differences. Important similarities
include that the plutons are typically small and are dominated by felsic magmatic phases, the metal
assemblages are Au-Sb-As-Hg, and the oxidation state of igneous rock are mostly at or below the FMQ
oxide buffer [55,56]. Despite these similarities, significant characteristics that contrast with those of
RIRGS include: (1) Typical RIRGS form in igneous rocks emplaced into a deformed continental margin
backstop but are not products of arc magmatism and volcanic rocks are rare. The Zaozigou intrusions
are products of arc magmatism and volcanic rocks are well developed. (2) The sulfide content of RIRGS
is extremely low, commonly <1 vol. %, but Zaozigou is characterized by massive and economic stibnite
(Figure 3G,H). (3) The RIRGS are characterized by reduced mineral assemblage containing pyrrhotite
and minor loellingite [22]. In contrast, these reduced minerals are rare in Zaozigou. (4) The distinctive
mineralization style of RIRGS is sheeted veins, which are composed of parallel, low grades (<1 g/t Au),
single stage quartz veins. Nevertheless, the ore-bearing zone at Zaoaigou comprises massive auriferous
calcite vein (Figure 3E,F) and stibnite-quartz-native gold veins (Figure 3G,H). (5) Exsolution of
hydrothermal fluids directly from the emplacement of the porphyritic dacites at Zaozigou is unlikely
given the ~219 Ma gold metallogenic events occurred 20 Ma or so later than the emplacement of
the intrusions. As a result, the Zaozigou deposit is not likely to be genetically related to the reduced
intrusions, and therefore should not be considered a Reduced Intrusion-Related Gold System.

6. Conclusions

(1) Zircon U-Pb dating indicates that the ore-hosting porphyritic dacite was formed at 246–248 Ma.
The magma of Early to Middle Triassic porphyritic dacite could be derived from partial melting of
Paleoproterozoic crustal materials.

(2) The emplacement of the Triassic porphyritic dacite was approximately 20 Ma earlier
than the economic mineralization at Zaozigou. Oxygen fugacity of porphyritic dacite lower than FMQ
and undeveloped typical porphyry alteration zones indicate that Zaozigou is not a porphyry-type
deposit. In addition, massive sulfide minerals preclude the possibility that the Zaozigou is a reduced
intrusion-related gold system. The new finding that the Zaozigou deposit is not likely to be genetically
related to the magmatism will provide us with new ideas for prospecting. It allows explorers
to concentrate prospecting on local and regional structures to vector prospective targets rather
than focusing on magmatic rocks.
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Abstract: The recently discovered Dongbulage Mo-polymetallic deposit is located in the southern part
of the Great Xing’an Range, northeast China. Mineralization is closely related to the emplacement of
Middle–Late Jurassic granitoids. In order to understand the petrogenetic link between mineralization
and host granitoids, this study presents new zircon U–Pb ages, bulk-rock geochemistry, and
molybdenite Re–Os ages for the Dongbulage deposits. LA-ICP-MS zircon U–Pb dating of the
monzogranite and syenogranite intrusions yielded two weighted mean 206Pb/238U ages: of 164 ± 2 Ma
and 165 ± 3 Ma, respectively. The subvolcanic rocks (red porphyritic granite and rhyolite) yielded a
time interval between 161 ± 2 and 162 ± 3 Ma. In addition, molybdenite from the Dongbulage deposit
gave a Re–Os isochron age of 162.6 ± 1.5 Ma, which was interpreted as the age of the mineralization.
The new geochronology has established the close temporal and genetic relationships between
the mineralization event and the emplacement of the Middle–Late Jurassic granitoids. Bulk-rock
geochemistry shows that the Dongbulage granitoids are characterized by high SiO2, K2O, and A/CNK
[Al2O3/(CaO + Na2O + K2O)(molar ratio)] values, and low TiO2, CaO, and MgO values, indicating a
metaluminous to peraluminous, high-K calc-alkaline affinity. The granitoids also featured enrichments
of large ion lithophile elements and light rare earth elements (LREE), and a relative depletion of
high field strength elements (HFSE), along with an increasing negative δEu anomaly. The high
differentiation index (DI), ranging from 81.75 to 94.76, and obvious fractionation between LREE and
HREE, indicate that the Dongbulage granitoids are highly fractionated, metaluminous–peraluminous,
and high-K calc-alkaline I-type granites. Combined with the regional geology, the Dongbulage
granitoids may have formed during post-orogenic extension that followed the Mongol–Okhotsk
Ocean closure coeval with subduction of the paleo-Pacific plate.

Keywords: zircon U–Pb dating; Re–Os dating; middle–late Jurassic; Mo-polymetallic deposit; Great
Xing’an Range; Dongbulage

1. Introduction

Porphyry Mo-polymetallic deposits are the world’s most important source of Mo on account
of their large tonnages, and currently account for <95% of the global Mo production [1]. The Great
Xing’an Range mineral province with a Mo reservoir of >4 million tonnes (Mt), which is located at
the eastern segment of the Central Asia Orogenic Belt (CAOB), and ranks as the second greatest Mo
source in China. This region is characterized by abundant highly evolved Mesozoic igneous rocks [2],
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and contains large-scale Ag-, Sn-, Mo-, and Cu-polymetallic vein deposits (Figure 1a) [3,4]. In this
region, seven large base metal (≥0.5 Mt) and rare metal (≥0.2 Mt) deposits, and 25 smaller (0.1–0.5 Mt)
base metal deposits have been discovered [5]. Three newly recognized metallogenic belts are located
within the Great Xing’an Range and its adjacent areas. These are: the northern Mo ± Cu ore-forming
belt; the middle Sn ±W ± Ag metallogenic belt; and the southern Mo ore-forming belt (Figure 1b) [6].
The recently discovered Dongbulage deposit is located where the northern Mo ± Cu and middle Sn ±
W ± Ag mineralization belts come together (Figure 1b). The deposit represents an unusual example of
Mo-polymetallic mineralization dominated by abundant Mo–Pb–Zn with minor Ag–Cu mineralization.
The polymetallic features of the Dongbulage deposit represent a change in the style of mineralization
characteristics between the Sn ±W ± Ag and northern Mo ± Cu mineralization systems in this area.

The Dongbulage deposit shows a close spatial and genetic relationship with the enclosing granitic
rocks, and displays a conspicuous feature of porphyry–epithermal ore-forming systems in which Mo
orebodies are hosted within the subvolcanic rocks and adjacent breccia pipes, whereas the Ag-base metal
orebodies are hosted in the contact zone between the subvolcanic rocks and host rocks. Based on fluid
inclusion studies, Li et al. (2017) suggested that the ore-forming fluid is mainly derived from magmatic
water [7]. However, the ages and petrogenesis of the ore-related magmatic rocks are still unclear, thus
limits our understanding of the relationships between mineralization and magmatic activity.

Determining the age of porphyry magmatic–hydrothermal events is critical for understanding ore
genesis and related geological processes. The most commonly used tools are U–Pb zircon geochronology
to date intrusive and high-temperature hydrothermal events, and Re–Os molybdenite geochronology
to directly date sulfide mineralization stages. Combining the two techniques allows for clarification of
the duration of magmatic–hydrothermal events associated with porphyry systems. In this manuscript,
the genesis of the Dongbulage deposit is discussed based on the geology, petrology, and geochemistry
of ore-related magmatic rocks, in conjunction with the molybdenite Re–Os ages of the ores and the
zircon LA-ICP-MS U–Pb ages for the magmatic rocks. The aim of this study is to accurately constrain
the ore-forming age, discuss the petrogenesis of the ore-related granites, and decipher ore genesis in
the context of reconstructing the genetic evolution of porphyry systems and evaluating their duration.

2. Geological Setting

The Dongbulage Mo-polymetallic deposit is located in the southern part of the Great Xing’an
Range, in a tectonic unit known as the eastern section of the CAOB, which is often referred to as
the Xing’an–Mongolian Orogenic Belt (XMOB) (Figure 1a) [8–11]. This region is considered to have
experienced a complex geodynamic evolution under three distinct tectonic regimes: closure of the
paleo-Asian Ocean during the Paleozoic, subduction and closure of the Mongol–Okhotsk Ocean during
the Mesozoic, and subduction of the Pacific Plate during the Mesozoic–Cenozoic, which is associated
with widespread magmatic and metamorphic events [9,10].

During the Paleozoic, this area recorded the migration and final closure of the paleo-Asian Ocean
between the China Craton (NCC) and the Siberian Craton (SC). The XMOB is interpreted to have
consisted of Phanerozoic juvenile crust formed by the amalgamation of several blocks, including, from
northwest to southeast, the Erguna (EB), Xing’an–Airgin Sum (XAB), Songliao–Hunshandake (SHB),
and Jiamusi blocks (JB), separated by the Xinlin–Xiguitu (XXS), Xilinhot–Heihe (XHS), Mudanjiang
(MS), and Ondor Sum–Yongji sutures (OYS) (Figure 1b) [10]. Although final closure time and tectonic
evolution are still debated, the XMOB was a united continent by the Mesozoic [12–16]. Hence, there
was a significant transition since the Mesozoic, with the tectonic development being controlled by
the northwest (NW)-dipping subduction of the paleo-Pacific plate and the south (S) to southeast
(SE)-dipping subduction of the Mongol–Okhotsk Ocean plate [9,17–22]. During this tectonic regime, a
NE-trending stratigraphy and magmatism developed that controlled the location of variously aged
strata and magmatic intrusions (Figure 1b,c).
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Figure 1. Geological maps: (a) location of the Central Asian Orogenic Belt (CAOB, modified after Jahn 
et al., 2000 [9]). (b) Map showing the regional tectonic framework of the Xing’an–Mongolian Orogenic 
Belt (XMOB, modified after Xu et al., 2015 [10]), NCC = North China Craton, EB = Erguna block, XAB 
= Xing’an–Airgin Sum block, SHB = Songliao–Hunshandake block, JB = Jiamusi block, XXS = Xinlin–
Xiguitu Suture, XHS = Xilinhot–Heihe Suture, MS = Mudanjiang Suture, OYS = Ondor Sum–Yongji 
Suture. The large and small circles in deposit type represent large and smaller base metal deposit, 
respectively. White areas show Quaternary rock. (c) Simplified regional geological map of the study 
area (modified after BGMRNMAR, 1991 [11]). White areas show Quaternary rock. 

Figure 1. Geological maps: (a) location of the Central Asian Orogenic Belt (CAOB, modified after
Jahn et al., 2000 [9]). (b) Map showing the regional tectonic framework of the Xing’an–Mongolian
Orogenic Belt (XMOB, modified after Xu et al., 2015 [10]), NCC = North China Craton, EB = Erguna
block, XAB = Xing’an–Airgin Sum block, SHB = Songliao–Hunshandake block, JB = Jiamusi block,
XXS = Xinlin–Xiguitu Suture, XHS = Xilinhot–Heihe Suture, MS = Mudanjiang Suture, OYS = Ondor
Sum–Yongji Suture. The large and small circles in deposit type represent large and smaller base metal
deposit, respectively. White areas show Quaternary rock. (c) Simplified regional geological map of the
study area (modified after BGMRNMAR, 1991 [11]). White areas show Quaternary rock.
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The Dongbulage Mo-polymetallic deposit is located in the southeastern part of the XAB and the
northern section of the deep-seated Erlian–Hougenshan Fault (Figure 1b). Two major tectonostratigraphic
units have been recognized in the region: Permian sedimentary rocks and Jurassic–Cretaceous felsic
volcano-sedimentary sequences (Figure 1c) [11,23]. The Permian sedimentary rocks show discontinuous
upward facies change from shallow sea to terrestrial, and can be subdivided into the Zhesi and Linxi
formations. They are unconformably overlain by Cretaceous lacustrine sedimentary rocks in the
Damoguaihe Formation and Jurassic continental felsic volcanic rocks in the Manitu and Baiyingaolao
formations (Figure 1c) [11].

Mesozoic granites are common in the region, and have intruded Permian sedimentary rocks
and mid-Jurassic terrestrial volcano-sedimentary sequences (Figure 1c). According to the intrusive
relationships (and our new ages), the Mesozoic granitoids in the region are mainly composed of
Middle–Late Jurassic plutonic rocks and relatively young subvolcanic intrusive complexes. The plutonic
rocks are mostly located in the southern part of region, and occur as batholith and stocks (Figure 1c).
The plutonic rocks were considered to be a part of the Buerhaotu granitic batholith and were classified
into fine-grained to medium-grained monzogranite and syenogranite (Figure 1c). At the northern
marginal facies of the Buerhaotu granitic batholith, some rocks of the subvolcanic complex outcrop
as dykes and small stocks, consisting mainly of porphyritic diorite, red porphyritic granite, and
porphyritic rhyolite (Figures 1c and 2a). It should be noted that many polymetallic hydrothermal
deposits (e.g., large Baiyinnuoer Pb–Zn–Ag, giant Shuangjianzishan Ag–Pb–Zn, and large Haobugao
Fe–Zn–Cu, and Aonaodaba Cu–Sn–Ag deposits) are present in this region; these displays have a
temporal and spatial relationship with the Mesozoic granites.Minerals 2019, 9, x FOR PEER REVIEW 5 of 39 
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Figure 2. Geological maps of: (a) the Dongbulage ore district and (b) proximal Mo-bearing ore blocks
in the mining exploration project area. White areas show quaternary (modified after ZXGE, 2010 [24]).

3. Ore Deposit Geology

The Dongbulage Mo-polymetallic deposit is located in the northern margin of the Buerhaotu
granitic batholith and the axis of the NE-trending East Ujimqin Banner anticlinorium (Figures 1c and 2).
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The Mo-polymetallic mineralization occurs in a small area of approximately 1–2 km2, and is mainly
hosted by the NNW, and roughly EW-trending faults and joints (Figures 2 and 3).
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Figure 3. Diagrams showing: (a) simplified cross-section along No. 7 exploration line (7–7′) at
Dongbulage showing the distribution of Mo orebodies, and the spatial relationship between orebodies
and main host rocks (modified after ZXGE, 2010 [24]); (b) plan view of the Dongbulage deposit (1200 m
above the see level) showing well-developed horizontal zoning outward from the subvolcanic stocks
(modified after ZXGE, 2010 [24]).

3.1. Host Rocks and Structures

Host rocks at Dongbulage mainly consist of: (1) the NE-trending Late Permian Zhesi sedimentary
succession (Figure 2a); (2) the Jurassic volcano-sedimentary sequences in the Baiyingaolao Formation
and Porphyritic diorite (Figure 2a,b); (3) the Late Jurassic subvolcanic, together with the coeval
concealed hydrothermal breccias (Figures 2 and 3a).

The major fractures and faults that developed in the inner and outer contact zones between the
small stocks and adjacent host rocks are predominantly NNW-trending, and subordinately nearly
EW-trending; these serve as major ore-controlling structures by providing conduits for the intrusion
of magmatic rocks and the subsequent migration of the hydrothermal fluids that are responsible for
mineralization (Figure 3).

3.2. Mineralization and Zoning

More than 100 orebodies had been outlined at Dongbulage by 2010, with 31 Mt of proved
ore consisting of approximately 0.107% Mo, approximately 0.13% Zn, approximately 0.11% Pb,
approximately 0.19% Cu, and approximately 4.53 ppm Ag [24]. Three types of mineralization have
been recognized at Dongbulage. Disseminated and stockwork mineralization is mainly hosted by
porphyritic rhyolite and adjacent country rock, the vein-type Mo-polymetallic mineralization is hosted
by fractures and faults, and breccia mineralization occurs within cryptoexplosive breccia pipes. Of these,
vein-type mineralization is the most abundant and economically important, and is essentially restricted
to thick quartz-dominant veins (1 m in thickness), and small decimeter-scale (dm-scale) veins (0.1–1 m
thick) and veinlets (0.05–0.1 m thick) (Figure 4a,b).
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Figure 4. Photographs and photomicrographs of mineralization showing: (a) and (b) altered volcanic
rocks with vein and veinlet molybdenite (Mol); (c) and (d) altered porphyritic granite with crumby,
flaked, and veinlet molybdenite (Mol); (e) irregularly-shaped pyrite (Py) with chalcopyrite (Ccp)
in ore-bearing quartz vein (under reflected light); and (f) xenomorphic sphalerite (Sp), pyrite (Pyr),
chalcopyrite (Ccp), and pyrrhotite (Po) intergrowths (under reflected light).

The mineralization shows well-developed horizontal zoning outward from the subvolcanic stocks.
Based on metal assemblages, two main mineralized vein systems are recognized at Dongbulage:
proximal Mo-bearing veins, which occur in the central part of the ore district, and distal Zn ± Pb ± Cu
± Ag mineralization, which is found at the edge of the ore district (Figure 3b).

Mo mineralization is primarily restricted to the NNW-trending extensional faults and fractures
that developed in the inner and the outer contact zones between small stocks and adjacent host rocks
(Figure 3). Individual Mo orebodies are lens-shaped and vein-shaped. Lengths along the strike direction
range from 20 to 650 m, and vein widths range from 1.2 to 17 m. Orebodies #3, #12, #17 are the largest
(Figure 3a). The Mo-bearing vein-type ores consist of quartz, subhedral pyrite (<0.025 mm in size), and
euhedral sheeted molybdenite (approximately 0.01–0.437 mm), with associated muscovite, fluorite, and
K-feldspar (Figure 4c,d). Bonanza horizons in the vein are lenticular in shape with a thickness of <2 m.
The grade of bonanzas in this vein reaches 1.793%, although the average grade is 0.107%.

Distal Zn ± Pb ± Cu ± Ag mineralization is associated with shallow-level, nearly EW-trending
faults and fractures within the Zhesi and Baiyingaolao formations (Figure 3b). The individual Zn ± Pb
± Cu ± Ag orebodies are approximately 25 to 150 m in length, and approximately 1.03 to 9.80 m in
thickness. The high concentrations of sulfides generally coincide with a high frequency of quartz veins.
Economic Zn ± Pb ± Cu ± Ag vein-type mineralization mainly contains pyrite, sphalerite, and galena,
with minor chalcopyrite, pyrrhotite, and argentite (Figure 4e,f). Gangue minerals are primarily quartz
and K-feldspar, with minor amounts of chlorite, muscovite, fluorite, calcite, and kaolin.
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3.3. Stages of Alterations and Ore Formation

Alteration is well widespread within the ore-bearing porphyry and the contact host rocks, and is
characterized by an early stage of K-silicate alteration at deeper levels of the mine, fracture-controlled
silicification and sericite alteration, widespread propylitic alteration, and later argillic alteration [7].
According to the alteration–mineralization patterns and cross-cutting relationship of the veins, five
stages of alteration–mineralization have been recognized: (1) the K-silicate stage; (2) the quartz +

sericite + molybdenite stage; (3) the chlorite + sericite + sulfides stage; (4) the quartz + calcite stage;
and (5) the anhydrite stage (Figure 5) [7].
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The K-silicate stage represents the late magmatic and the initial hydrothermal stage, which is
generally tightly confined to the volume occupied by deep porphyry stocks. Early K-silicate can be
established, mainly consisting of quartz, K-feldspar, and biotite, with minor amounts of fluorite, pyrite,
molybdenite, and magnetite, as well as traces of monazite, xenotime, and scheelite (Figure 5). During
the K-silicate stage, K-feldspar and the biotite replacement of primary plagioclase in the porphyritic
rhyolite is commonly observed. Moreover, in areas where the degree of K-silicate alteration is higher,
disseminated and stockwork mineralization can be observed during this stage.

The quartz + sericite + molybdenite stage is the major alteration style associated with Mo
mineralization, producing Mo-rich quartz veins hosted by NNW-trending faults and fractures. These
veins are quite common in the porphyritic rhyolite and contact host rocks, and contain a medium-grained
to coarse-grained quartz, sericite, calcite, and sulfide assemblage composed of chalcopyrite, pyrite,
and molybdenite, with rare occurrences of euhedral arsenopyrite, sphalerite, and galena (Figure 5).
Notably, economic vein-type Mo-mineralization occurs during this stage.

The chlorite + sericite + sulfides stage is third and the most important Zn ± Pb ± Cu ± Ag
mineralizing event. It features veins controlled by the nearly EW-trending cracks and fault fractures
developed primarily in the upper and outer parts of the porphyry stocks. The mineral assemblage in
this stage is dominated by an intermediate–sulfidation combination composed of quartz + chlorite +

muscovite + sphalerite + galena ± chalcopyrite ± arsenopyrite ± argentite ± argentite (Figure 5).
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The quartz + calcite stage is subeconomic and characterized by vein, veinlets, and the dissemination
of quartz and calcite, as well as accessory amounts of sulfides (Figure 5). The anhydrite stage is the
final phase, and exhibits fewer mineralized sulfides and cross and cutting minerals from earlier stages.
It is represented by anhydrite veins and veinlets that are commonly approximately between 15–50 mm
width (Figure 5).

4. Sample Description and Analytical Methods

A total of 12 whole-rock samples were systematically collected from major magmatic rocks for
geochemical analyses. The samples mainly included monzogranite, syenogranite, red porphyritic
granite, and porphyritic rhyolite. The petrographic characteristics of the samples are described below.

The monzogranite (YP08, 10, and 11) and syenogranite samples (YP23, 25, and 26) were collected
from the Buerhaotu granitic batholith in the southern section of the Dongbulage ore district (Figure 1c).
The monzogranite consists of approximately 0.2 to 5-mm K-feldspar (30–35 vol. %), plagioclase
(25–30 vol. %), quartz (20 vol. %), and biotite (5–10 vol. %), with accessory amounts of magnetite,
zircon, and apatite (Figure 6a). The syenogranite is composed of approximately 2 to 7-mm long
phenocrysts (30–40 vol. %) in an approximate 0.5 to 1-mm matrix (60–70 vol. %). It consists of quartz
(~20 vol. %), plagioclase (~25 vol. %), K-feldspar (~45 vol. %), biotite (~3 vol. %), and accessory
minerals (~2 vol. %), including zircon and fluorapatite (Figure 6b).
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Figure 6. Representative microphotographs for intrusive rocks around Dongbulage: (a) monzogranite
collected from Buerhaotu granitic batholith, mainly comprising plagioclase, quartz, K-feldspar, and
biotite phenocrysts, and a felsic matrix with a microgranitic texture (under polarized light); (b)
syenogranite collected from Buerhaotu granitic batholith, mainly consisting of K-feldspar, quartz
phenocrysts, and felsic matrix (under polarized light), (c) red porphyritic granite collected from drill
cores, light red in color, which contains quartz and K-feldspar phenocryst in a cryptocrystalline matrix
(under polarized light), and (d) porphyritic rhyolite collected from drill cores, moderately porphyritic
and rhotaxitic texture, and phenocrysts that are solely grayish quartz and altered potassium feldspar,
and the matrix is hyalopilitic, comprising intertwined quartz and feldspar crystallites (under polarized
light). Abbreviations: Bi = biotite, Kfs = K-feldspars, Pl = plagioclase, and Qt = quartz.

The samples of red porphyritic granite (YP32–34) and the samples of porphyritic rhyolite (YP6, 7,
11, and 28) were selected from drill cores at Dongbulage. Red porphyritic granite is light red in color
and mainly contains quartz and K-feldspar phenocrysts (20–25 vol. %) in a cryptocrystalline matrix
(75–80 vol. %), consisting of quartz, feldspar, and minor amounts of chlorite and zircon (Figure 6c).
Porphyritic rhyolite is characterized by a moderately porphyritic texture, with phenocrysts (20 vol. %)
that are solely grayish quartz and altered potassium feldspar, and the matrix (80 vol. %) is hyalopilitic,
mainly comprising intertwined quartz and feldspar crystallites (Figure 6d).

In order to constrain the ages of major magmatic rocks, whole-rock samples were selected for
LA-ICP-MS zircon U–Pb dating. Furthermore, considering that the age for the mineralization is poorly
constrained using Re–Os model ages, two samples of molybdenite were also collected from Dongbulage.
The molybdenite in Sample YP-5 formed aggregates in the quartz vein, while the molybdenite in
Sample YP-6 was disseminated and occurred in the Jurassic volcano-sedimentary sequences.

4.1. Major and Trace Element Analyses

A total of 12 whole-rock samples were crushed and powdered to less than ~200 mesh size.
Chemical analyses were performed at the National Research Center for Geoanalysis, Chinese Academy
of Geological Sciences (CAGS), Beijing. Oxide concentrations were analyzed using a using an X-ray
fluorescence spectrometer (Instrument model: PE 300D) with an analytical error of <1.4%, and trace
elements were measured using an inductively coupled plasma mass spectrometry (ICP-MS). The
analytical precision and accuracy of the analyses was better than 5% for the major elements and 10% for
the trace elements. The analytical uncertainties are based on the US Geological Survey rock standards
BCR-1 and AVG-2, and the Chinese national rock standard GSR-3 [4].

4.2. LA-MC-ICP-MS Zircon U–Pb Dating

Zircon grains were extracted from samples using density and magnetic separation techniques.
Representative zircons were handpicked using a binocular microscope and photographed using
orthogonal polarization, reflected light, and cathodoluminescence (CL) imaging. Approximately
24 grains were selected for U–Pb isotope analyses, based on their morphology and internal structure.
In situ zircon U–Pb dating was completed using a Thermo Finnigan Neptune MC-ICP-MS instrument at
the Key Laboratory of Crust–Mantle Materials and Environments, University of Science and Technology
of China, Chinese Academy Sciences, Anhui Province, China. Laser ablation was performed using a
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New Wave UP 213 laser ablation system, with a laser ablation spot diameter of 32 µm. The carrier gas
was He, and an external zircon standard (91,500) was analyzed after five sample points. The NIST
SRM610 standard was used for calibrating element concentrations. The operating conditions for the
laser ablation system were provided by Liu et al. (2007) [25]. Since 204Pb could not be measured due to
a low signal and interference from 204Hg in the gas supply, a common lead correction was performed
using the LaDating@Zrn Excel VBA program (Version 2, University of Oslo, Oslo, Norway) and Com
Pb corr#3_18 [26]. Errors for individual analyses by LA-ICP-MS are quoted at the 1σ confidence level,
while errors on pooled ages are quoted at the 95% (2σ) level. Isoplot (ver. 3.0) was used to calculate the
weighted mean ages and generate Concordia plots [27].

4.3. Re–Os Dating

Samples were crushed, separated, and handpicked using a binocular microscope to obtain
non-oxidized molybdenite. Sample pretreatment and analysis were completed at the Re–Os Laboratory
of the National Research Center of Geoanalysis, CAGS. The molybdenite samples were dissolved in an
HCl–HNO3–H2O solution in a Carius tube. Osmium was separated by distillation and rhenium was
separated by extraction, as described by Du et al. (1995, 2001, 2004) [28–30]. The Re and Os isotope
ratios were determined using a TJA X-series ICP-MS manufactured by the Thermo Electron Corporation,
Waltham, MA, USA. Shirey and Walker (1995), Stein et al. (1997), and Du et al. (2004) [30–32] describe
the additional details of the analytical procedures used in this analysis. The 187Re/188Os and 187Os/188Os
were calculated using the decay constant of 187Re, and λ = equaled approximately 1.666 × 10−11 a−1,
with an absolute uncertainty of approximately 0.017 × 10−11 [33].

The uncertainty for the Re and Os contents was comprised of the weighting error for samples and
diluent, the calibration error for the diluent, the fractionation correction error for mass measurements,
and the measurement error of the isotopic ratio for the samples. The uncertainty for model ages
consisted of the uncertainty of the decay constant. The Re–Os age uncertainties for the molybdenite
analyses reported here are given as 2σ.

5. Results

5.1. Whole-Rock Geochemistry

Whole-rock geochemical data for the main magmatic rocks of Dongbulage are listed in Table 1.
A brief summary is presented here. Before plotting, the assay results were normalized to 100% after
accounting for the loss on ignition (LOI).

5.1.1. Major Elements

The samples of monzogranite and syenogranite selected from the Buerhaotu granitic batholith
had a narrow range of SiO2 (65.09–66.22 wt. % and 74.41–75.31 wt. %), Al2O3 (15.99–16.78 wt. % and
12.79–13.10 wt. %), K2O (3.22–4.22 wt. % and 3.62–4.48 wt. %), and Na2O contents (4.96–5.62 wt. %
and 4.07–4.11 wt. %), respectively. They are also characterized by high differentiation indices (DI; sum
of normative Q + Or + Ab) [34], ranging from 81.75 to 86.92 and 87.60 to 92.42, and high Rittman
indices [σ = (Na2O + K2O)2/(SiO2 − 43)] (oxides in wt. %), ranging from approximately 3.54 to 3.62 and
approximately 1.98 to 2.30, respectively (Table 1) [34,35]. On the SiO2 versus K2O + Na2O diagram,
the monzogranite samples plot in the quartz monzonite field, the syenogranite samples plot in the
granite field (Figure 7a), and all the samples fall within the high-K calc-alkaline series of granitic
rocks (Figure 7b). On the A/CNK [A/CNK = Al2O3/(CaO + Na2O + K2O)(molar ratio)] versus A/NK
[A/NK = Al2O3/(Na2O + K2O) (molar ratio)] diagram, the monzogranite samples are moderately
peraluminous, with A/CNK values of approximately 1.02 to 1.06, and all the syenogranite samples
fall within the metaluminous peraluminous transitional field (Figure 7c). One notable feature is that
monzogranite and syenogranite both have low ratios of [Fe2O3/(Fe2O3 + FeO)] (0.19 to 0.27 and 0.26 to
0.37, respectively), suggesting that all are reduced intrusions (<0.4) [36].
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Table 1. Major and trace elements compositions for the rocks in the Dongbulage Mo-polymetallic deposit.

Rock Type Monzogranite Syenogranite Red Porphyritic Granite Porphyritic Rhyolite

Sample No. YP8 YP10 YP11 YP23 YP25 YP26 YP32 YP33 YP34 YP28-11 YP6 YP7

Major Element (wt. %)

SiO2 65.99 66.22 65.09 74.41 75.15 75.31 76.16 75.97 75.41 76.35 76.05 76.39
TiO2 0.43 0.43 0.40 0.16 0.14 0.14 0.09 0.09 0.11 0.08 0.08 0.08

Al2O3 16.10 15.99 16.78 12.79 13.10 13.05 13.05 13.17 13.30 11.96 12.15 11.93
Fe2O3 1.17 0.95 1.53 0.32 0.33 0.39 0.76 0.80 0.95 0.06 0.31 0.31
FeO 2.83 2.71 2.61 1.41 1.13 1.08 0.17 0.12 0.13 0.60 0.74 0.74
MgO 0.96 0.92 0.94 0.24 0.17 0.17 0.11 0.10 0.09 0.16 0.15 0.19
CaO 1.36 1.65 1.97 1.12 0.72 0.70 0.53 0.53 0.48 1.11 0.70 0.92

Na2O 5.26 4.96 5.62 4.28 4.11 4.07 4.00 4.12 3.90 1.25 1.70 1.01
K2O 3.77 4.22 3.22 3.62 4.48 4.47 4.51 4.47 4.84 6.49 6.54 6.44
P2O5 0.14 0.13 0.13 0.05 0.03 0.03 0.03 0.03 0.03 0.01 0.01 0.01
MnO 0.07 0.07 0.08 0.07 0.06 0.06 0.03 0.03 0.03 0.04 0.04 0.04
LOI 1.76 1.57 1.45 1.48 0.52 0.48 0.5 0.5 0.66 1.77 1.41 1.82
Total 99.85 99.83 99.82 99.94 99.95 99.95 99.95 99.94 99.93 99.88 99.88 99.88

K2O + Na2O 9.04 9.17 8.84 7.89 8.60 8.54 8.51 8.60 8.73 7.74 8.24 7.46
K2O/Na2O 0.72 0.85 0.57 0.85 1.09 1.10 1.13 1.09 1.24 5.19 3.85 6.36

σ 3.55 3.62 3.54 1.98 2.30 2.26 2.19 2.24 2.35 1.80 2.05 1.67
A/CNK 1.06 1.02 1.03 0.99 1.01 1.02 1.05 1.05 1.06 1.08 1.09 1.16
A/NK 1.26 1.26 1.32 1.17 1.13 1.13 1.14 1.13 1.14 1.32 1.23 1.38

DI 86.92 84.72 81.75 87.60 92.27 92.42 94.14 94.24 94.76 87.43 92.14 89.02
Fe2O3/Fe2O3 + FeO 0.29 0.26 0.37 0.18 0.23 0.27 0.82 0.87 0.88 0.09 0.23 0.26

Trace Element (ppm)

Li 24.73 27.86 22.63 20.43 21.82 21.54 9.94 9.37 9.78 12.13 21.37 11.44
Be 5.12 5.50 3.15 3.80 5.76 5.57 5.76 6.47 5.20 2.39 4.76 2.49
Sc 6.41 6.75 5.62 3.22 3.43 3.47 2.63 2.63 3.31 1.67 1.75 1.77
V 57.91 55.45 50.59 33.58 32.86 33.15 35.43 37.12 36.54 32.48 31.35 31.15
Cr 5.85 5.92 5.84 5.08 5.14 5.40 5.96 5.80 5.45 5.39 5.33 5.32
Co 5.51 3.78 5.22 1.11 0.59 0.54 0.73 0.75 0.35 0.39 1.27 1.32
Ni 2.13 2.32 1.86 0.56 2.98 0.46 1.71 2.29 1.15 0.43 0.36 0.64
Cu 26.15 16.12 25.91 3.27 2.81 2.69 15.50 17.26 19.69 3.48 26.78 19.96
Zn 60.78 67.84 57.13 40.32 31.17 31.87 29.13 26.58 15.57 78.85 66.84 112.40
Ga 22.85 22.31 20.13 19.30 20.75 20.35 21.34 22.32 21.12 15.34 16.10 16.27
Rb 127.20 167.20 113.60 115.30 155.70 155.3 148.80 152.90 161.30 208.60 175.90 203.10
Sr 171.70 222.10 241.40 83.19 60.27 59.72 55.24 57.85 54.95 76.66 87.89 65.75
Y 27.40 26.13 22.81 23.83 38.57 32.36 25.52 23.12 17.43 32.86 35.47 33.06
Zr 379.67 398.37 413.42 159.30 176.46 157.48 141.28 142.25 146.92 117.18 119.05 117.95
Nb 9.39 9.67 7.76 9.11 21.29 21.29 11.70 14.14 20.79 10.56 11.76 10.39
Ba 547.62 855.74 658.85 188.16 156.70 147.2 173.56 181.50 172.19 579.87 569.09 514.89
Cs 4.08 6.62 6.88 2.94 7.06 7.05 3.79 3.84 4.82 5.40 6.13 5.85
Hf 10.44 11.41 12.03 6.58 8.77 8.37 7.22 7.08 7.52 6.09 6.17 6.12
Ta 0.61 0.67 0.54 0.60 1.79 1.74 1.05 1.24 1.65 1.00 1.19 1.07
Tl 0.96 1.00 0.90 0.84 0.91 0.92 1.11 1.12 0.98 2.10 2.04 2.11
Pb 11.55 16.73 8.99 11.90 11.91 11.63 14.18 14.29 12.20 15.89 28.98 10.89
Th 7.25 7.97 6.15 14.00 19.99 20.03 20.83 20.90 18.95 16.48 16.84 16.94
U 1.99 2.40 1.65 2.47 7.01 7.71 4.26 4.72 3.64 4.77 5.14 5.25

Mo 190.60 938.00 13.09 3.65 6.66 1.53 7.68 7.95 1.36 2.15 2.18 2.47
W 66.77 33.64 2.41 2.20 11.48 12.36 0.51 0.61 0.81 0.89 0.70 1.01
In 0.07 0.09 0.10 0.09 0.02 0.03 0.02 0.03 0.02 0.05 0.07 0.05

Y/Nb 2.92 2.70 2.94 2.62 1.81 1.52 2.18 1.64 0.84 3.11 3.02 3.18
Rb/Sr 0.74 0.75 0.47 1.39 2.58 2.60 2.69 2.64 2.94 2.72 2.00 3.09
Th/U 3.64 3.33 3.72 5.67 2.85 2.60 4.89 4.43 5.21 3.45 3.27 3.22

Nb/Pb 0.81 0.58 0.86 0.77 1.79 1.83 0.83 0.99 1.70 0.66 0.41 0.95
Th/Yb 2.68 3.04 2.71 6.19 5.06 5.76 7.58 8.41 9.33 4.56 4.62 4.92
Ta/Yb 0.23 0.25 0.24 0.27 0.45 0.50 0.38 0.50 0.81 0.28 0.33 0.31

Rare Earth Elements (ppm)

La 30.61 29.22 25.25 36.92 44.22 31.63 25.01 22.43 20.86 19.59 22.07 22.09
Ce 60.28 58.83 49.93 72.86 89.58 64.18 52.35 48.14 39.67 45.26 48.89 49.51
Pr 7.11 6.90 6.01 8.21 10.24 7.64 6.38 5.78 4.69 5.74 5.99 6.17
Nd 27.09 26.35 22.85 28.83 35.83 27.64 23.34 21.46 17.49 21.16 22.56 22.91
Sm 6.02 5.74 4.95 5.94 8.02 6.38 5.50 5.02 3.83 5.34 5.92 5.63
Eu 0.86 0.94 1.12 0.43 0.43 0.40 0.36 0.33 0.34 0.36 0.39 0.36
Gd 5.15 5.04 4.31 5.08 6.89 5.74 4.40 3.94 3.09 4.72 5.13 4.95
Tb 0.84 0.82 0.70 0.76 1.14 0.96 0.73 0.67 0.48 0.88 0.91 0.87
Dy 5.12 4.96 4.53 4.47 7.11 5.94 4.58 4.15 3.22 5.67 6.16 5.74
Ho 0.98 0.96 0.84 0.82 1.39 1.12 0.87 0.81 0.62 1.12 1.21 1.14
Er 2.58 2.47 2.25 2.14 3.66 3.02 2.40 2.15 1.71 3.13 3.23 3.06
Tm 0.44 0.43 0.37 0.36 0.63 0.54 0.43 0.40 0.32 0.57 0.57 0.54
Yb 2.71 2.62 2.27 2.26 3.95 3.48 2.75 2.49 2.03 3.61 3.65 3.44
Lu 0.56 0.55 0.47 0.41 0.69 0.61 0.49 0.45 0.42 0.67 0.66 0.65∑
REE 150.35 145.84 125.84 169.48 213.77 159.28 129.59 118.22 98.76 117.84 127.35 127.06

LREE/HREE 7.18 7.17 7.00 9.41 7.40 6.44 6.78 6.85 7.31 4.78 4.92 5.23
δEu 0.46 0.52 0.72 0.23 0.17 0.20 0.22 0.22 0.30 0.21 0.21 0.20

(La/Yb)N 7.62 7.52 7.49 11.02 7.55 6.13 6.14 6.08 6.93 3.65 4.08 4.32

Notes: LOI is loss on ignition; TREE, total rare earth elements; LREE, light rare earth elements; HREE, heavy rare
earth elements. A/CNK = Al2O3/(CaO + Na2O + K2O)(molar ratio), A/NK = Al2O3/(Na2O+K2O) (molar ratio), DI
= sum of normative Q + Or + Ab [34], (La/Yb)N = (La/La*)/(Yb/Yb*); δEu = (Eu/Eu*)/{0.5 × [(Sm/Sm*) + (Gd/Gd*)]};
σ (The Rittmann Index) = (Na2O + K2O)2/(SiO2 − 43) (the oxide in wt. %); (La/Yb)N is normalized using values.
Several rare earths are shown as chondrite-normalized using values from [35].
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Compared to the plutons (monzogranite and syenogranite), the red porphyritic granites showed
highly evolved features, with SiO2 contents ranging from approximately 75.41 to 76.16 wt. % and DI
values ranging between 94.14–94.76 (Table 1). The samples from the porphyritic rhyolite also exhibited
high felsic compositions, with SiO2 contents ranging between 76.05–76.39 wt. % and DI ranging
between 87.43–92.14. Both red porphyritic granite and porphyritic rhyolite had high concentrations of
total alkalis (8.51–8.73 wt. % and 7.46–8.24 wt. %, respectively) as well as Al2O3 (13.05–13.30 wt. %
and 15.9–16.78 wt. %), with Rittman indices between 2.19–2.35 and 1.67–2.05, respectively (Table 1).
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On the SiO2 versus K2O + Na2O diagram, all the samples from porphyritic granite and rhyolite plot in
the granite field (Figure 7a) are weak peraluminous, with A/CNK ratios of 1.05–1.16, and belong to the
high-K calc-alkaline series of granitic rocks (Figure 7b,c). Although samples of rhyolitic and granitic
porphyry have similar major compositions, they differ in [Fe2O3/(Fe2O3 + FeO)] values. Samples from
porphyritic rhyolite are more oxidized than samples of granitic porphyry [36].

5.1.2. Trace Elements

Chondrite normalized rare earth element (REE) patterns for monzogranite, syenogranite,
porphyritic rhyolite, and porphyritic granite were roughly similar; they show high levels contents of
total rare earth elements (

∑
REE) and are enriched in light rare earth elements (LREEs), and depleted

in heavy rare earth elements (HREEs), with negative Eu/Eu* (δEu) compared to common magmatic
rocks (Table 1 and Figure 8a) [39]. Specifically, all the samples contained high levels of total rare earth
elements (

∑
REE), ranging from 125.84 to 150.35 ppm for monzogranite, 117.84 to 213.77 ppm for

syenogranite, 98.76 to 129.59 ppm for granitic porphyry, and 117.84 to 127.35 ppm for porphyritic
rhyolite. Monzogranite exhibited negative δEu values between 0.46–0.72, LREE/HREE values between
6.44–9.41, and (La/Yb)N values between 7.49–7.62 (Table 1), whereas syenogranite yielded moderately
negative δEu values of approximately 0.17 to 0.23, LREE/HREE values of approximately 6.13 to 11.02,
and (La/Yb)N values of approximately 7.00 to 7.18 (Table 1). Compared with pluton, porphyritic
rhyolite and porphyritic granite both record negative δEu values between 0.20–0.21 and 0.22–0.30,
LREE/HREE values between 4.78–5.23 and 6.78–7.31, and (La/Yb)N values between 3.65–4.32 and
approximately 6.08–6.93, respectively (Table 1).
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The primitive mantle normalized spider diagram indicates that the trace element characteristics
for all the samples had broadly similar patterns, with elevated large-ion lithophile elements (LILE, such
as U, K, Rb, and Hf) and depleted high field strength elements (HFSE, such as Nb and Ta) (Figure 8).

5.2. Zircon U–Pb Dating

Zircons extracted from the main magmatic rocks at Dongbulage are a light to dark brown color,
transparent, and dominated by typically short-prismatic, long-prismatic, and equigranular shapes,
with width-to-length ratios of approximately 1:3.7 (Figure 9). All the zircon grains analyzed have a
well-preserved oscillatory zoning indicative of a magmatic origin (Figure 9). Zircon 206Pb/238U ages
for the main magmatic rocks have been summarized in Table 2 and are displayed in Figure 10.
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Figure 9. Representative cathodoluminescence (CL) images of zircons from samples. Note: the numbers
in circles are test points.

A total of 24 zircon grains extracted from Sample YP20-22 (monzogranite) are analyzed, and they
exhibit a wide range of 232Th (55.39 to 1333.6 ppm) and 238U (90.89 to 2288.74 ppm) concentrations
and associated Th/U ratios of approximately 0.45 to 1.36 (Table 2). Seventeen zircon analyses yielded
concordant 206Pb/238U dates ranging from 168 ± 6 to 159 ± 6 Ma, with a weighted mean date of
165 ± 3 Ma [MSWD (mean square of weighted deviates) = 0.13]; Table 2 and Figure 10a,b). This mean
date was interpreted to be the crystallization age for the fine-grained to medium-grained monzogranite.
Five points were not concordant and were excluded from the age calculation.
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Figure 10. Zircon U–Pb concordia diagrams for main magmatic rocks: (a,b) monzogranite, (c,d)
syenogranite, (e,f) porphyritic granite and (g,h) porphyritic rhyolite.

The Th and U concentrations of zircons extracted from Sample YP-09 (syenogranite) varied
from 76.4 to 945.5 ppm and 136.88 to 1435.6 ppm, respectively, with associated Th/U ratios of 0.40
to 1.35 (Table 2). A total of 23 points were analyzed in the syenogranite, and three others were not
on the concordance line. Excluding the points that were not on the concordance line, 20 zircons
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yielded concordant 206Pb/238U ages between 161 ± 5 Ma and 168 ± 8 Ma, with a weighted average
age of 164 ± 2 Ma (MSWD = 0.14; Table 2 and Figure 10c,d). This average was interpreted to be the
emplacement age of the syenogranite.

Zircon grains from Sample YP-20-31 (porphyritic granite) had U and Th contents between
105.62–749.89 and 185.24–2107.83 ppm, respectively, with associated Th/U ratios of approximately
0.37–1.65 (Table 2 and Figure 10c). A total of 32 points in the sample were analyzed; the 19 dated grains
yielded concordant 206Pb/238U ages between 158 ± 6 Ma and 168 ± 8 Ma, with a mean 206Pb/238U age
of 162 ± 3 Ma and an MSWD value of 0.17 (Table 2 and Figure 10e,f). We interpreted this mean age as
the emplacement age of the granite porphyries. A total of 13 points were not concordant and were
excluded from the age calculation (Table 2).

Zircon grains selected from Sample YP28-2-16 (porphyritic rhyolite) exhibited variable 232Th
(220–507 ppm) and 238U (668.73–2123.01 ppm) concentrations, with typical magmatic Th/U ratios
between 0.40–0.77 (Table 2). A total of 34 points were selected from the porphyritic rhyolite, of which
the 24 that were analyzed yielded 206Pb/238U ages ranging from 156 ± 7 to 165 ± 7 Ma. Excluding the
10 points that were not on the concordant line, the weighted mean age of the remaining 24 samples
was 161 ± 2 Ma (MSWD = 0.24; Table 2 and Figure 10h,f), which was interpreted as the emplacement
age of porphyritic rhyolite.

5.3. Re-Os Age

The concentrations of Re and Os, as well as the Os isotopic composition of molybdenite from
Dongbulage, are listed in Table 3. Since the molybdenite samples were extracted from different types of
ores, the Re contents ranged widely, from 0.4896 to 101.6 µg/g. The 187Os and common Os concentrations
of the dated samples ranged between 0.843–172.8 ng/g and 0.0003–1.0195 ng/g, respectively (Table 3).
Compared to the relatively high 187Os values (0.843–172.8 ng/g) for the dated samples, the common Os
values (0.0003–1.0195 ng/g) were negligible (Table 3), indicating that the measured Os is monoisotopic
(187Os) and the product of 187Re decay [40]. Therefore, the Re–Os chronometer is an efficient method
for dating.

Table 3. Re–Os data of molybdenite from the Dongbulage deposit.

Sample
No.

Mineralization
Types

Weight
(g)

Re/µg·g−1 Common
Os/ng·g−1

187Re/µg·g−1 187Os/ng·g−1 Model Age (Ma)

Measured 2σ Measured 2σ Measured 2σ Measured 2σ Measured 2σ

YP-5 VM 0.02280 101.6 0.7 1.0195 0.2459 63.86 0.45 172.8 1.1 162.2 2.2
YP-6 VM 0.01047 18.22 0.16 0.0022 0.0718 11.45 0.10 31.06 0.20 162.6 2.4

DBLG-8 * DSM and BM 0.04999 10.786 0.11 0.0052 0.0292 6.78 0.07 18.61 0.19 164.7 2.7
DBLG-6 * DSM and BM 0.30009 0.4896 0.0046 0.0026 0.0015 0.3077 0.0029 0.843 0.0071 164.2 2.5
DBLG-35 * DSM and BM 0.03708 2.741 0.023 0.0065 0.0069 1.723 0.015 4.771 0.044 166.0 2.5
DBLG-36 * DSM and BM 0.05048 6.344 0.056 0.0822 0.0108 3.988 0.035 11.14 0.10 167.5 2.5
DBLG-38 * DSM and BM 0.05053 6.355 0.053 0.0031 0.0035 3.995 0.033 10.93 0.09 164.0 2.3
DBLG-39 * DSM and BM 0.04992 0.6918 0.081 0.0003 0.0003 0.4348 0.051 1.216 0.019 167.6 3.5

Notes: * Data from Li et al. (2017) [7]; VM = vein-type mineralization; DSM = disseminated and stockwork
mineralization; BM = breccia mineralization.

The Re–Os dating of molybdenite extracted from disseminated and breccia mineralization yielded
Re–Os model ages ranging from 164.2 to 167.6 Ma, and yielded an identical Re–Os model age of
162.2 Ma for ore-bearing vein-type mineralization hosted by fractures and faults (Figure 11a and
Table 3). Model ages of molybdenites overlapped with each other within the measurement uncertainty,
and Mo mineralization occurred for a short period of time (Table 3). Based on the combination of the
molybdenite Re–Os data above, the 187Re and 187Os data for molybdenite define a well-constrained
isochron, yielding a regression age of 162.6 ± 1.5 Ma (MSWD = 3.70; Figure 11b), which was virtually
identical to the weighted mean age of 164.5 ± 1.7 Ma (MSWD = 2.50, n = 8; Figure 11a).
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6. Discussion

6.1. Magma Evolution and Petrogenesis

6.1.1. Fractional Crystallization

The Dongbulage Mo-polymetal deposit is temporally, spatially, and genetically related to the
emplacement of the granitoids. Differentiations could play an important role in the Dongbulage
Mo-rich magmatic evolution, and the process of fractional crystallization is recorded by the systematic
distribution patterns of major and trace elements.

The Dongbulage granitoids exhibit a variation in chemical composition, and many major oxide
elements (e.g., TiO2, FeOT, Al2O3, MgO, and CaO) show good negative correlations with SiO2, with
the exception of K2O, Na2O, and MnO (Figure 12). This suggests that fractional crystallization may
have occurred during magma evolution, and complex processes influenced the compositions of the
rocks. Fractional crystallization was also confirmed by the high differentiation index (DI) ranging from
81.75 to 94.76 (Table 1) and the obvious fractionation between LREE and HREE.
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De Paolo (1981), Davidson et al. (1988), and Schiano et al. (2010) suggested that processes involved
in partial melting and fractional crystallization can be identified from systematic changes in incompatible
element concentrations and ratios [41–43]. The Ba (147.2–855.74 ppm) and Sr (83.19–241.10 ppm)
concentrations of these rocks vary significantly, suggesting that the trace elements were obviously
affected when hydrothermal processes are involved. Hence, all the dated samples only generally
plot along a fractional crystallization trend in a Ba/Zr versus Ba diagram (Figure 13a), and the same
conclusion can be achieved using a Ba–Sr diagram, in which the linear correlation between Sr and Ba
almost passes through the origin (Figure 13b), suggesting that the magmas that formed the Dongbulage
granitoids underwent significant fractional crystallization, but the assimilation in hydrothermal
processes also play a significant role in the petrogenesis.

The separation of feldspars played a significant role during the evolution of the Dongbulage
stocks (Figure 13c–e). Plagioclase fractionation led to the depletions of CaO, Sr, and Eu. On the other
hand, negative Eu anomalies could be caused by the separation of K-feldspar, which can also explain
the Ba depletion. Furthermore, the decrease in Ba with increase in Rb, and with decreasing Eu/Eu*, the
decrease in Sr and increase in Rb/Sr. Trace element modeling also shows that biotite, minor apatite,
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and allanite are fractional phases (Figure 13c–f). Many researchers have suggested that peraluminous
granitic rocks can be generated by the fractional crystallization of mafic parental magmas [44–46];
hence, we suggest that the peraluminous magmatic rocks around Dongbulage were successive products
during the fractionation process of mafic parental magmas.
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6.1.2. Magma Types

In the (Zr + Nb + Ce + Y) versus FeOT/MgO and the (Zr + Nb + Ce + Y) versus (K2O + Na2O)/CaO
diagrams, with the exception of the monzogranite samples, many of the magmatic rock samples around
Dongbulage fell within the fractionated granite field (Figure 14a,b). However, monzogranites showed
slightly high (Zr + Nb + Ce + Y) values ranging from approximately 476.73 to 493.92, which is indicative
of an A-type granite affinity (Figure 14a,b). Given that all of the magmatic rocks around Dongbulage
had low 10,000 Ga/Al ratios (1.52–2.14) and low Y values (17.43–38.57 ppm), this actually indicates that
these rocks were not A-type granites, but rather fractionated I or S-type granites (Figure 14c) [47].

The aluminum saturation index (A/CNK) of the dated samples was <1.1, with the exception
of one sample (YP-7), suggesting that Dongbulage magmatic rocks are I-type granite (Figure 14c).
Chappell et al. (1998) found that the P-content of S-type granites increases along with excess Al2O3

during fractional crystallization, while the P-content decreases to very low values in I-type granites [48].

269



Minerals 2019, 9, 255

The samples in our study had significantly low P-contents (approximately 0.01–0.14%), which showed
a negative correlation with SiO2, and was consistent with the typical evolution of I-type granites
(Figure 14d). The geochemical affinity of I-type magmatic rocks was also further supported by low Y
contents (17.43–38.57 ppm; Table 1) and Rb/Sr ratios (1.39–2.94; Table 1), compared to A-type granites
(75 for Y and a3.42 for Rb/Sr ratios [47]). Thus, we conclude that the Dongbulage granitoids are a
typical I-type, rather than an A-type or S-type intrusion.
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6.1.3. Possible Sources

Most scholars proposed that most of the highly fractionated granites in the CAOB are derived
from a juvenile crust mixed with a minor proportion of Precambrian crust in their source rocks,
and the magma source of granitoids may contain two member components that are mantle-derived
and crust-derived [4,49–51]. Dongbulage granitoids have high contents of SiO2 and K2O, and low
abundances of Cr and Ni (Table 2), suggesting that they are mainly crust-derived magmas or highly
evolved magmas. Generally, K-enriched calc-alkali granites are thought to be associated with mature
subduction zones, which are confirmed by the Th/Yb versus Ta/Yb diagram (Figure 15a). Here, it can
be seen that the Dongbulage granitoids plot near subduction zone compositions. In the Rb/Y versus
Nb/Y and Nb/Y versus Th/Y diagrams (Figure 15b,c), the samples from magmatic rocks at Dongbulage
plot close to the lower part of the continental crust field, indicating that the source magmas were
of deeper origin. In contrast, the Th/U ratios for the Dongbulage granitoids were abnormally low,
partly because granitic melts interact with primary mantle melts (1.20 to 4.05 [35]). These geochemical
characteristics suggest that the source magmas of the Dongbulage granitoids had a deeper origin.
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6.2. Rhenium Concentrations in Molybdenite

Berzina et al. (2005) suggested that the variations of Re content in molybdenites may be related to
the composition of parent magmas, the concentration of Re in the ore-forming fluid, and variations of
the physical and chemical crystallization conditions [52]. The Re contents in the dated molybdenites
that were extracted from the Dongbulage deposit varied greatly, ranging from 0.50 to 101.6 ppm,
indicating remarkable differences in metal sources. Mao et al. (1999) suggested that the Re contents of
molybdenite might reflect the source of the deposits, with Re content decreasing from mantle (n × 10−4)
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to I-type (n × 10−5) to S-type (n × 10−6) granite-related deposits [53]. Stein et al. (2001) hypothesized
that the Re concentrations in molybdenite provide clues as to the origin of a deposit, and that the
deposits involving mantle contributions usually have higher Re contents than deposits derived from
crust [54]. Therefore, the molybdenite Re contents at Dongbulage vary widely, implying a mixed
crust–mantle origin for the ore materials (Figure 16).
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6.3. Ages of Magmatism and Metallogenesis

Based on the geological field evidence, mineralization and alteration displayed horizontal
zonal distributions centered on the porphyritic stocks at Dongbulage (Figure 3b), suggesting that
mineralization in this area has a direct genetic relationship with porphyritic stocks. The accurate dating
of magmatic–hydrothermal events is of fundamental importance when reconstructing the genetic
evolution of porphyry systems and evaluating their duration.

According to the results of LA-ICP-MS zircon U–Pb dating, the ages of the felsic units at
Dongbulage are 165 ± 3 Ma for monzogranite, 164 ± 2 Ma for syenogranite, 162 ± 2 Ma for red
porphyritic granite, and 161 ± 2 Ma for porphyritic rhyolite (Figure 11). These dating results confirm
a temporal correlation between the Buerhaotu granitic batholith (monzogranite and syenogranite)
and adjacent small porphyritic stocks (porphyritic granite and porphyritic rhyolite), and indicate
that the magmatism that occurred at Dongbulage continued for a protracted period ranging from
approximately 165 ± 3 to 164 ± 2 Ma, with granitic pluton intruding at approximately 165 ± 3 to
164 ± 2 Ma and late phase felsic subvolcanic–volcanic complexes intruding at approximately 162 ± 3 to
161 ± 2 Ma. Hence, we suggest that the ore-hosting subvolcanic complexes represent an apophysis of a
larger intrusion at depth.

Molybdenite (MoS2) is the main economic mineral in Dongbulage, and can be dated using the
Re–Os method. The stability of Re–Os in molybdenite is thought to be highly robust through post-ore
geological processes [56,57]. The dated samples yielded model ages of approximately 162.2–167.6 Ma,
with a weighted average age of 164.5 ± 1.7 Ma, initial 187Os values ranging from approximately 0.4348
to 63.86 µg/g, and MSWD = 2.50 (Figure 11a). In addition, the dated samples yielded a Re–Os isochron
age of 162.6 ± 1.5 Ma (2σ), with the initial 187Os = 0.10 ± 0.13 ng/g and MSWD = 3.70 (Figure 11b).
This ca. 162.6 ± 1.5 Ma age is coeval with the zircon U–Pb ages of ore-hosting subvolcanic complexes,
suggesting that the mineralization may be related to the later emplacement of subvolcanic complexes,
as indicated in geological evidence described above. Hence, this new molybdenite Re–Os isochron age
was interpreted as the ore-forming age, and this also indicates that the Mo-polymetallic mineralization
at Dongbulage was formed during the Middle-Late Jurassic stage.
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Geochronological data published for the Mo (Pb–Zn–Ag) mineralization in the southern part of
the Great Xing’an Range [55,58–72] are shown that this region records four stages for Mo (Pb–Zn–Ag)
mineralization: (1) Late Permian (265 Ma), (2) Middle Triassic (244–235 Ma), (3) Middle–Late Jurassic
(179–161 Ma), and (4) Late Jurassic–Early Cretaceous (147–132 Ma). The age of 162.6 ± 1.5 Ma obtained
in this study is also consistent with the Middle–Late Jurassic stage of Mo-polymetallic mineralization
in the southern part of the Great Xing’an Range, such as the Lianhuashan Cu + Ag + Mo deposit with
a zircon U–Pb age of 161.8 Ma and the Shuangjianzishan deposit with a pyrite Re–Os isochron age
of 165 ± 4 Ma, and slightly younger than the Meng’enTolgoi deposit, which had a muscovite Ar–Ar
isochron age of 179 ± 2 Ma [58–60] (Figure 17).
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Ma, the Lanjiagou deposit, with an Re–Os isochron age of 186.5 ± 0.7 Ma, the Yangjiazhangzi deposit, 
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Mo metallogenic stage in the region, although the peak of metallogenesis actually took place during 
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Figure 17. Time-scale showing the main plate tectonic events in XMOB, the ages for references
to magmatism in XMOB, the ages for the main magmatic rocks around Dongbulage, and the
Mo-polymetallic mineralizing events in XMOB. References to tectonism and magmatism: this study
and [18,55,58–75]. References to mineralizing events: [4,55,58–72,75–85] and this study. The green areas
show the post-subduction extension environment; the dark yellow lines represent five major periods of
magmatic activity, and the dots show age determinations obtained in previous research.

Combined with the Mo-dominant deposits in the northern and southern Mo (±Cu) ore-forming
belts, examples of Middle–Late Jurassic deposits are the Wunugetushan deposit, with an Re–Os
isochron age of 177.6 ± 4.5 Ma, the Chalukou deposit, with an Re–Os isochron age of 148 ± 1 Ma,
the Yaojiagou deposit, with an Re–Os isochron age of 168.8 ± 3.9 Ma, the Xiaojiayingzi deposit, with
an Re–Os isochron age of 161.3 ± 2.4 Ma, the Xintaimen deposit, with an Re–Os isochron age of
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183 ± 3 Ma, the Lanjiagou deposit, with an Re–Os isochron age of 186.5 ± 0.7 Ma, the Yangjiazhangzi
deposit, with an Re–Os isochron age of 187 ± 2 Ma, and the Caosiyao deposit, with an Re–Os isochron
age of 148.5 ± 1.1 Ma (Figure 17) [76–83]. These dates indicate that the Middle–Late Jurassic is an
important Mo metallogenic stage in the region, although the peak of metallogenesis actually took place
during Late Jurassic–Early Cretaceous periods (Figure 17). These ore-related granites are typically
characterized by high degrees of fractionation, high silica content, and formations that were enriched
by volatile elements such as F and Li [84–86].

6.4. Tectonic Significance

Even if the final closure time and location of the Paleo-Asian Ocean are still debated, the consensus
is that the XMOB was a united continent during the Mesozoic period [87–91]. The geochronological
data suggest that the Mesozoic magmatic activity in the XMOB have consisted of five major periods:
200–180 Ma related to a subduction–collision of the Mongol–Okhotsk Ocean, 180–165 Ma and
165–145 Ma with a post-collisional extensional setting, 145–135 Ma and 135–100 Ma formed during
orogenic collapse coupled with back arc extension related to the subduction of the paleo-Pacific plate
(Figure 17) [75]. Ouyang et al. (2015) pointed out that the magmatism and associated mineralization
from the Late Jurassic to Early Cretaceous took place during the lithospheric extension resulting from
the break-off of the south-dipping Mongol–Okhotsk oceanic slab at depth with the closure of the
Mongol–Okhotsk Ocean, which also restricted the westward movement of the paleo-Pacific plate [5].
Based on our new results, the magmatic activities and related ore-forming events at Dongbulage took
place between approximately 165 ± 3 and 161 ± 2 Ma (Figure 17), which is consistent with the period
of the regional Middle–Late Jurassic magmatic activities (165–145 Ma). However, the tectonic setting
of the Middle–Late Jurassic has controversial characteristics including: (1) Jurassic subduction of the
paleo-Pacific plate [19,75]; (2) post-orogenic extension following the closure of the Mongolia–Okhotsk
Ocean during the Late Jurassic–Early Cretaceous [21,62]; and (3) mantle plumes and mantle branches
in an intraplate anorogenic environment [20,92,93].

Given that the Middle–Late Jurassic tectonic setting in the XMOB is still unclear, the new
geochemical and isotopic chronology of the magmatic rocks around Dongbulage can provide us
with potential information regarding the geodynamic setting. According to the granitoid tectonic
classification scheme based on major elements (the SiO2 versus Al2O3 and R1–R2 diagrams), most of
the studied samples fell in the domains of post-orogenic granite and anorogenic granite (Figure 18a,b).
The same conclusion is reached using the trace element discrimination diagrams: all the studied samples
fell within the post-collisional granite (post-COLG) and volcanic arc granites (VAG) fields (Figure 18c,d).
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Kravchinsky et al. (2012) proposed that the Mongol–Okhotsk Ocean may have closed gradually
from west to east during the Permian–Early Cretaceous [97]. Recent studies have shown that the
Mongol–Okhotsk Ocean was closed during the Middle Jurassic, and some Middle Jurassic–Early
Cretaceous granitoids in the XMOB may be related to the post-orogenic collapse of the Mongol–Okhotsk
orogen (Figure 17) [21,98–102]. According to Wang et al.(2015) [75], Middle–Late Jurassic (166–155 Ma)
volcanic rocks west of the Songliao Basin belong to the high-K calc-alkaline series, which was formed
during the collapse or delamination of a thickened continental crust associated with the evolution of
the Mongol–Okhotsk suture belt. The evidence implies that the Middle–Late Jurassic magmatism
in the XMOB may have been genetically related to the Mongol–Okhotsk orogenic event. However,
much previous research data have indicated that magmatism and metallogeny are closely related to
the subduction of the paleo-Pacific plates under the Eurasian continent [103], although these data
overestimate the importance of the relationship between the subduction of the paleo-Pacific plate and
magmatism in the XMOB. Even if the Middle–Late Jurassic magmatism in the region is active under
different tectonic regimes, the consensus is that the Dongbulage granites and the associated Mo–Pb–Zn
mineralization were formed in an extensional tectonic setting (Figure 17).

Therefore, the Middle–Late Jurassic Dongbulage magmatic rocks that most likely formed in
a post-orogenic setting, which may have resulted from the combined influence of post-orogenic
gravitational collapse and paleo-Pacific plate subduction, and perhaps been dominated by the former.

6.5. Implications for the Formation of the Dongbulage Deposit

Fluid inclusion studies from the Dongbulage deposit show that ores associated with Mo
mineralization were deposited from an aqueous, high saline (63.9 eq. wt. % NaCl), high-temperature
(approximately 534–312 ◦C) fluid, indicating that the ore-forming fluid was mainly derived from
magmatic water [7]. New Re–Os model ages are similar to the crystallization age of the ore-bearing
porphyritic stocks around Dongbulage; therefore, the Mo-polymetallic temporally and genetically
linked with a porphyry–cryptoexplosive breccia igneous system.

The concentrations of Mo in siliceous melts of a rhyolitic composition are low, and the enrichment
of Mo in these melts is possibly achieved through fractional crystallization and the interaction and
movement of magmatic–hydrothermal fluids [104–106]. Furthermore, Audétat (2010) suggested that
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Mo enrichment in ore-forming magma seems to occur by fractional crystallization rather than fluid
transfer from associated mafic magmas [102]. The Dongbulage magmatic rocks have high differentiation
indices (81.75–94.76), together with increasingly negative δEu anomalies (0.72–0.17), high values of
incompatible trace elements (e.g., Zr, Ce, and Rb) and low values of compatible trace elements
(e.g., Sr and CaO). This evidence indicates a fractional crystallization process during the evolution of
ore-forming magma. Hence, we conclude that Mo content may have gradually increased in conjunction
with the differentiation and evolution of magma at Dongbulage.

Most granitoids hosted by Mo-polymetallic deposits in the XMOB are highly fractionated.
Examples include porphyritic granites hosting the giant Wunugetushan porphyry Cu–Mo deposit
and Chalukou porphyry Mo deposit in the northern Great Xing’an Range; porphyritic monzonitic
granite and granodiorite hosting the Aolunhua, Haolibao porphyry Cu–Mo deposit and Banlashan
porphyry in the southern Great Xing’an Range; and monzonitic granite and granitic porphyries
hosting the Caosiyao, Chaganhua porphyry Mo deposit in the northern margin of the North China
Craton [22,47,50,58,65,66,107]. These granitoids are highly fractionated high-K calc-alkaline I-type
and/or A-type granites, and they are geochemically characterized by enrichment of the LILEs (Ba, Rb,
U, and Th) and Pb, and depletion of the HFSEs (Nb, Ta, and Ti) and HREE [22,47]. It should be noted
that the highly fractionated I-type magmatic rocks at Dongbulage are members of the Mo-hosting
granitoids in the XMOB.

Based on the available data, porphyry Mo deposits are directly associated with small volumes of
porphyry emplaced as stocks, which is a part of relatively long-lived multiphase magmatic intrusion.
The size of the magma chamber is a key factor forming an economic porphyry Mo deposit; due to
the low saturation concentration of Mo in granitic melt, at least several tens of km3 of magma are
required to concentrate large amounts of metals to produce an economic porphyry deposit. It can be
calculated that at least several tens of km3 of magma were required to form the intermediate to large
Mo deposits [108]. However, Mo-polymetallic mineralization at Dongbulage was mainly hosted by
subvolcanic rocks (porphyritic granite and porphyritic rhyolite) and coeval breccia pipes (Figure 3).
Such small stocks could not provide the total volume of Mo-polymetallic metal found at Dongbulage.
Based on the essentially identical bulk-rock geochemical and isotopic data, we deduced that the highly
fractionated I-type porphyritic granite and porphyritic rhyolite are part of the Buerhaotu granitic
batholith, which provided much of the metal in the process of ore-forming hydrothermal evolution.
In other words, magmatic rocks associated with Dongbulage Mo-polymetallic mineralization make up
precursor pluton and ore-hosted subvolcanic complexes, and were emplaced over an interval of at
least approximately four million years, between 165 ± 3 and 161 ± 2 Ma. Multiple pulses of intrusions
can extend the life of a magmatic–hydrothermal system to a few million years. Harris et al. (2008)
suggested that episodic replenishment is essential to ensure the longevity of a magmatic–hydrothermal
system or its repeated reactivation beyond approximately one to two million years [109]. Therefore,
the highly fractionated magma, along with the prolonged magmatic–hydrothermal interaction, jointly
contributed to the formation of the Dongbulage deposit.

7. Conclusions

The Dongbulage is a porphyry deposit hosted by and genetically associated with the multiphase
composite igneous body around Dongbulage. Geochemical studies show that porphyritic stocks at the
Dongbulage deposit are highly fractionated I-types granites with negative Eu anomalies.

The new zircon U–Pb data indicate that the ages of the magmatism at Dongbulage are identical
within error and lasted for a period of time, ranging from 165 ± 3 to 161 ± 2 Ma, with granitic pluton
intruding at approximately 165 ± 3 to 164 ± 2 Ma and late-phase felsic subvolcanic complexes intruding
at approximately 162 ± 3 to 161 ± 2 Ma. The molybdenite Re–Os isochron age for different types of ores
is 162.6 ± 1.5 Ma, which is in accordance with previous zircon U–Pb age determinations of magmatic
rocks in the area.
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We propose that ore-hosting subvolcanic complexes represent an apophysis of a larger metal-rich
intrusion at depth, which recorded a Middle–Late Jurassic Mo-rich felsic magma event during
post-orogenic extension that followed the Mongol–Okhotsk Ocean closure coeval with the paleo-Pacific
plate subduction.
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Abstract: The giant Pulang porphyry Cu (–Mo–Au) deposit in Northwestern Yunnan Province,
China, is located in the southern part of the Triassic Yidun Arc. The Cu orebodies are mainly
hosted in quartz monzonite porphyry (QMP) intruding quartz diorite porphyry (QDP) and cut by
granodiorite porphyry (GP). New LA-ICP-MS zircon U–Pb ages indicate that QDP (227 ± 2 Ma),
QMP (218 ± 1 Ma, 219 ± 1 Ma), and GP (209 ± 1 Ma) are significantly different in age; however, the
molybdenite Re–Os isochron age (218 ± 2 Ma) indicates a close temporal and genetic relationship
between Cu mineralization and QMP. Pulang porphyry intrusions are enriched in light rare-earth
elements (LREEs) and large ion lithophile elements (LILEs), and depleted in heavy rare-earth elements
(HREEs) and high field-strength elements (HFSEs), with moderately negative Eu anomalies. They are
high in SiO2, Al2O3, Sr, Na2O/K2O, Mg#, and Sr/Y, but low in Y, and Yb, suggesting a geochemical
affinity to high-silica (HSA) adakitic rocks. These features are used to infer that the Pulang HSA
porphyry intrusions were derived from the partial melting of a basaltic oceanic-slab. These magmas
reacted with peridotite during their ascent through the mantle wedge. This is interpreted to indicate
that the Pulang Cu deposit and associated magmatism can be linked to the synchronous westward
subduction of the Ganzi–Litang oceanic lithosphere, which has been established as Late Triassic.

Keywords: Pulang porphyry Cu (–Mo–Au) deposit; LA-ICP-MS zircon U–Pb dating; molybdenite
Re–Os dating; high-silica adakitic rocks (HSA); Northwestern Yunnan Province

1. Introduction

Two famous porphyry mineralization systems in Western Yunnan Province, Southwestern (SW)
China, mainly compose the Yidun Arc metallogenic belt in the north and the Jinshajiang–Red River
metallogenic belt in the south (Figure 1A). The southern Yidun Arc (Figure 1B), namely, the Zhongdian
Arc, is important for its Cu resources. Numerous porphyry and skarn Cu deposits have been discovered
in the area, and representative deposits include Pulang, Xuejiping, Lannitang, Songnuo, Langdu, and
Chundu (Figure 1C). The geological characteristics and geochronological data indicate that these
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Cu deposits have a temporal and spatial relationship with widespread Mesozoic intermediate-acid
intrusions [1–9]. Recently, extensive isotopic geochronology studies have been carried out on these Cu
deposits. Cu mineralization ages in the southern Yidun Arc have now been constrained to the Late
Triassic period (210–230 Ma) by zircon U–Pb and molybdenite Re–Os dating [5–13].

The Pulang deposit, located ~36 km northeast of the Shangri-La County in Northwestern Yunnan
Province, is one of the large-scale porphyry Cu (–Mo–Au) deposits in China. It is located in the Sanjiang
Tethyan metallogenic domain in Yunnan Province, SW China, and contains reserves of 4.18 Mt Cu.
The largest KT1 orebody contains reserves of 1.57 Mt Cu @ 0.52%, 54t Au @ 0.18g/t, and 84,800 t
Mo @ 0.01% [14]. In the past ten years, because of its giant size, the deposit has attracted much
attention, especially regarding its ore geology [15–17], geochronology, and petro-geochemistry [18–23].
Despite the existing geochronological and geochemical studies on the Pulang Cu deposit, there remains
an insufficient understanding on the accurate diagenesis and mineralization ages, the relationships
between Cu mineralization and associated magmatism, and the tectonic setting. To start with, the
mineralization age of Pulang deposit is still a matter of debate, as the limited molybdenite Re–Os age
ranging from 208 ± 15 Ma to 213 ± 4 Ma [3,18,24] is a substantial margin of error. Next, the published
geochronological data for the quartz monzonite porphyry (QMP) and quartz diorite porphyry (QDP) in
the Pulang deposit are in a broad range of 211–231 Ma and 214–228 Ma, respectively [4–6,10,18,19,22,23].
Some of these ages are younger than the Re–Os isochron ages of molybdenite [4,5,14,19], whereas some
are ~15 Ma older than the Re–Os isochron ages of molybdenite [22,25]. Generally, a porphyry-type
hydrothermal Cu mineralization system lasts for less than 10 Ma [26]. Therefore, most of these ages are
not well explained in relation to the observed Cu mineralization. In addition, the relationship between
Cu mineralization and associated magmatism remains unclear and controversial as a result of the
~20 Ma age interval (210–230 Ma) for the Pulang porphyry intrusions. Some scholars have considered
the QMP to be the ore-causative intrusion [18,23], whereas others have deemed that all of the Pulang
porphyry intrusions contributed to Cu mineralization [14,27,28]. Finally, there are also divergences in
the understanding of the petrogenesis of these ore-bearing porphyries; some scholars have proposed
that the Pulang porphyries associated with Cu mineralization are related to the partial melting of the
Ganzi-Litang oceanic plate [10,13], while others have considered the formation of these porphyries to
be related to the partial melting of enriched mantle and the assimilation and fractional crystallization
(AFC) of mantle-derived basalt magma [14,27].

To address these issues, this study presents new zircon U–Pb geochronology and whole-rock
major-trace elemental data for Pulang porphyry intrusions and molybdenite Re–Os ages for different
types of ore. The aim of the study is to provide precise diagenesis and mineralization ages, explain the
relationship between associated intrusions and Cu mineralization, evaluate the contribution of Pulang
porphyry intrusions to the Cu mineralization, and discuss the geodynamic setting of the intrusions
and associated Cu mineralization in the Pulang Cu (–Mo–Au) deposit.

2. Geological Background

The NNW-trending Yidun terrane is located between the Garze–Litang Suture and the Jinshajiang
Suture (Figure 1B), which represent closure zones of two distinct Paleo-Tethys oceans during the
Middle–Late Triassic and Late Paleozoic, respectively [29–31]. The Yidun Terrane is divided into
the Zhongza Massif in the west and the Yidun Arc in the east by the NS-trending Xiangchang–Geza
fault [32,33]. The subduction of the Garze–Litang oceanic plate beneath the Zhongza Block resulted in
the accretion of the Zhongza Block to the Yangtze Craton via the Yidun Arc during the Late Triassic
time. It is inferred that the Yidun Arc developed on the basement that was inherited from the Yangtze
Craton [14].
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Figure 1. (A) Regional tectonic map of the Zhongdian island-arc zone (based on Li et al. [20]), showing 

the Indosinian and Himalayan porphyry Cu belts and deposits numbered as follows: 1 = Yulong; 2 = 

Malasongsuo; 3 = Duoxiasongsuo; 4 = Mamupu; 5 = Pulang; 6 = Machangqing; 7 = Tongchang. (B) 

Tectonic location map and (C) regional geology map of the Pulang Cu deposit (based on Wang et al. 

[34]). I = Yangtze block; II = Garze–Litang suture zone; III = Yidun arc belt; IV = Zhongza block; V = 

Jinsahjiang suture zone; VI = Jomda – Weixi magmatic arc; VII = Changdu – Lanping block; VIII = 

Sandashan – Jinghong volcanic arc; IX = Lancangjiang suture zone; X = Baoshan block. 

The Yidun Arc is almost entirely overlain by the Triassic Yidun Group, which consists of slate, 

sandstone interbedded with minor limestone and flysch–volcanic succession, and intrusive rocks, 

which were produced by the westward subduction of the Garze–Litang oceanic plate (Figure 1C) 

[35,36]. Structures in the area are dominated by the NW–SE-trending or N–S-trending regional faults 

associated with the subduction, which channeled the NW–SE-trending Mesozoic intrusions (Figure 

1C). The subduction-related magmatism resulted in abundant calc-alkaline arc-related volcanic rocks 

(such as andesite, rhyolite, and basalt), which developed at ~230 Ma in the northern segment of the 

Yidun Arc, and the voluminous Late Triassic (206–237 Ma) intermediate to felsic porphyritic rocks 

(such as quartz porphyry, quartz monzonite porphyry, quartz diorite porphyry, and diorite porphyry) 

in the southern segment of the Yidun Arc (Zhongdian Arc) [20,37].  

Volcanic-associated massive sulfide (VMS) deposits, such as the Gayiqiong Zn–Pb–Cu, 

Shengmolong Zn–Pb, and Gacun giant Zn–Pb–Ag–Cu deposits, are distributed in the northern 

segment of the Yidun Arc, whereas abundant economic porphyry Cu deposits, such as the well-

known Pulang, Xuejiping, Lannitang, and Chundu deposits, are mainly distributed in the southern 

segment of the Yidun Arc (Figure 1C) [20,33]. The different types of deposits in the northern and 

southern segment of the Yidun Arc are probably attributable to the subduction angle of the Garze–

Figure 1. (A) Regional tectonic map of the Zhongdian island-arc zone (based on Li et al. [20]), showing
the Indosinian and Himalayan porphyry Cu belts and deposits numbered as follows: 1 = Yulong;
2 = Malasongsuo; 3 = Duoxiasongsuo; 4 = Mamupu; 5 = Pulang; 6 = Machangqing; 7 = Tongchang. (B)
Tectonic location map and (C) regional geology map of the Pulang Cu deposit (based on Wang et al. [34]).
I = Yangtze block; II = Garze–Litang suture zone; III = Yidun arc belt; IV = Zhongza block; V = Jinsahjiang
suture zone; VI = Jomda–Weixi magmatic arc; VII = Changdu–Lanping block; VIII = Sandashan–Jinghong
volcanic arc; IX = Lancangjiang suture zone; X = Baoshan block.

The Yidun Arc is almost entirely overlain by the Triassic Yidun Group, which consists of slate,
sandstone interbedded with minor limestone and flysch–volcanic succession, and intrusive rocks,
which were produced by the westward subduction of the Garze–Litang oceanic plate (Figure 1C) [35,36].
Structures in the area are dominated by the NW–SE-trending or N–S-trending regional faults
associated with the subduction, which channeled the NW–SE-trending Mesozoic intrusions (Figure 1C).
The subduction-related magmatism resulted in abundant calc-alkaline arc-related volcanic rocks (such
as andesite, rhyolite, and basalt), which developed at ~230 Ma in the northern segment of the Yidun
Arc, and the voluminous Late Triassic (206–237 Ma) intermediate to felsic porphyritic rocks (such as
quartz porphyry, quartz monzonite porphyry, quartz diorite porphyry, and diorite porphyry) in the
southern segment of the Yidun Arc (Zhongdian Arc) [20,37].

Volcanic-associated massive sulfide (VMS) deposits, such as the Gayiqiong Zn–Pb–Cu,
Shengmolong Zn–Pb, and Gacun giant Zn–Pb–Ag–Cu deposits, are distributed in the northern segment
of the Yidun Arc, whereas abundant economic porphyry Cu deposits, such as the well-known Pulang,
Xuejiping, Lannitang, and Chundu deposits, are mainly distributed in the southern segment of the
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Yidun Arc (Figure 1C) [20,33]. The different types of deposits in the northern and southern segment
of the Yidun Arc are probably attributable to the subduction angle of the Garze–Litang oceanic plate
in the Middle–Late Triassic [20,33]. As a result of a steep subduction angle, the northern segment of
the Yidun Arc was tensional, which induced magma spill over onto the surface and caused extensive
volcanic rocks to accompany the formation of some volcanic massive sulfide-type deposits. By contrast,
owing to a gentle angle of subduction, the southern segment of the Yidun Arc was compressional,
which caused the magma to remain below the surface and formed hypabyssal porphyritic intrusions
related to porphyry-type deposits.

3. Deposit Geology

The Pulang porphyry Cu (–Mo–Au) ore district (Location: 28◦02′19” N, 99◦59′23” E) is situated
~36 km northeast of the Shangri-La (Zhongdian) County in Northwestern Yunnan Province (Figure 1C).
It contains the largest ore block with ~96% of the total ore reserves in the south and smaller ore
blocks in the north and east. Besides minor Quaternary strata, the ore district mainly consists of
the Late Triassic Tumugou Formation and large-scale porphyry intrusions over an area of 8.9 km2

(Figure 2A). The Tumugou Formation consists of interlayered slates and sandstones, minor limestones,
and volcanic rocks. NW-trending Heishuitang and NEE-trending Quanganlida faults controlled the
porphyry intrusions and the major Cu orebodies [28].
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Figure 2. (A) Geological map of the Pulang porphyry Cu (–Mo–Au) deposit showing the biggest
orebody KT1 and KT2 (based on Wang et al. [14]). (B) Geological section of the No. 4 exploration line
in the Pulang porphyry Cu (–Mo–Au) deposit (based on Li et al. [20]).

The intrusive units in Pulang occurred mainly as NW-trending porphyry intrusions that can be
grouped into three types on the basis of their cross-cutting relationship and petrographic characteristics.
The quartz diorite porphyry (QDP) forms the largest intrusion and is widespread in the ore district.
The QMP is the most important ore-hosting intrusion, and it trends mainly NNW–SSE within the
QDP in the southern part of the ore district (Figure 2A,B). The NE–SW-trending GP is also distributed
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within the QDP, and it cuts the earlier QMP and the Cu orebody (Figure 2A). The QDP contains minor
sulfides, such as chalcopyrite, pyrite, and molybdenite. Petrographic characteristics of the three types
of porphyry intrusions are listed in Table 1 and shown in Figure 3.
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Figure 3. Hand specimen photographs and thin section photomicrographs of the porphyry intrusions 

in the Pulang ore district. (A,B) Quartz diorite porphyry (B under cross-polarized light). (C–F) Quartz 

monzonite porphyry (D and F under cross-polarized light). (G,H) Granodiorite porphyry (H under 
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Figure 3. Hand specimen photographs and thin section photomicrographs of the porphyry intrusions
in the Pulang ore district. (A,B) Quartz diorite porphyry (B under cross-polarized light). (C–F) Quartz
monzonite porphyry (D and F under cross-polarized light). (G,H) Granodiorite porphyry (H under
cross-polarized light). Abbreviations: Qz: quartz; Pl: Plagioclase; Kfs: K-feldspar; Bt: Biotite; Am:
Amphibole; Chl: chlorite.
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Six Cu orebodies were explored in the initial mining area, and the "multi-nodal" KT1 that mainly
occurs in the interior of the QMP is the largest orebody (Figure 2) controlled by the Heishuitang
fault. It is about 1600 m in length and has a width of 360–600 m in the south and 120–300 m in
the north. The thickness of this orebody varies from 52 m to 700 m [20]. The Cu grade varies from
0.20% to 3.74% with an average grade of 0.52% and a grade variation coefficient of 68.69%. From the
center to the outer edge, the thickness of the orebody decreases, as does the grade of Cu and other
associated metals (0.001% to 0.030% Mo, average 0.010%; 0.06 to 0.87 g/t Au, average 0.18 g/t; and
0.34 to 3.93 g/t Ag, average 1.27 g/t). Ore samples in the Pulang deposit display vein (Figure 4A),
veinlet (Figure 4B), stockwork, disseminated, dense-disseminated (Figure 4C), and taxitic (Figure 4D)
structures. The metallic minerals are dominated by chalcopyrite (Figure 4E), pyrite (Figure 4F–H),
pyrrhotite, bornite, molybdenite (Figure 4I), and minor magnetite. Metal minerals display xenomorphic
granular (Figure 4E), idiomorphic–hypidiomorphic granular (Figure 4F), filling metasomatic (Figure 4G),
cataclastic (Figure 4G), and scaly textures (Figure 4I). The non-metallic minerals include quartz,
plagioclase, K-feldspar, biotite, amphibole, chlorite, epidote, sericite, and calcite.
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(E) Xenomorphic granular chalcopyrite. (F) Idiomorphic granular pyrite and xenomorphic granular 

chalcopyrite. (G) Chalcopyrite replaced by sphalerite, and they were filled into the fissures of pyrite. 

(H) Pyrite showing a cataclastic texture; and chalcopyrite filling into the holes of pyrite. (I) Scaly 

molybdenite. Abbreviations: Ccp: chalcopyrite; Py: pyrite; Mo: molybdenite; Sp: sphalerite. 

The hydrothermal alteration in the Pulang deposit mainly includes silicification, K-feldspar 

alteration, sericitization, chloritization, epidotization, and carbonation. A typical porphyry alteration 
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Figure 4. Photographs of ore fabrics and mineral assemblages of the Pulang porphyry Cu (–Mo–Au)
deposit. (A) Chalcopyrite–pyrite veins and veinlets are distributed in the altered quartz monzonite
porphyry. (B) Thin-film molybdenite veinlet. (C) Chalcopyrite intergrown with molybdenite that
occurs as dense-disseminated in the altered quartz monzonite porphyry. (D) Nodular chalcopyrite.
(E) Xenomorphic granular chalcopyrite. (F) Idiomorphic granular pyrite and xenomorphic granular
chalcopyrite. (G) Chalcopyrite replaced by sphalerite, and they were filled into the fissures of pyrite.
(H) Pyrite showing a cataclastic texture; and chalcopyrite filling into the holes of pyrite. (I) Scaly
molybdenite. Abbreviations: Ccp: chalcopyrite; Py: pyrite; Mo: molybdenite; Sp: sphalerite.

The hydrothermal alteration in the Pulang deposit mainly includes silicification, K-feldspar
alteration, sericitization, chloritization, epidotization, and carbonation. A typical porphyry alteration
zoning occurs in this deposit from the center to the outer edge zone. An inner alteration zone is located
at the core of the QMP and consists of extensive hydrothermal K-feldspar and quartz assemblages,
which resulted from alteration of the plagioclase in the wall rock. Subsequently, the primary
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K-feldspar, plagioclase, and biotite were altered to silicification and sericitization assemblages, with
minor K-feldspathization forming the silicification–sericitization alteration zone, the latter of which
is accompanied by economic Cu orebodies. The outer alteration zone (propylitization zone) is
characterized by chloritization, epidotization with minor silicification, and carbonation.

On the basis of field research, cross-cutting relationships, mineral paragenetic associations, and
associated hydrothermal alteration, the mineralization processes of the Pulang deposit can be divided
into the following four stages: quartz + K-feldspar ± pyrite veins (Stage I); quartz + molybdenite
± chalcopyrite ± pyrite veins (Stage II); quartz + chalcopyrite + pyrite ± pyrrhotite ±molybdenite
veins (Stage III); and quartz + calcite ± pyrite veins (Stage IV). Stage I is characterized by silicification
and K-feldspathization with minor idiomorphic–hypidiomorphic disseminated pyrite mineralization
distributed in the quartz–K-feldspar veins and host rocks. Stage II is characterized by the occurrence of
molybdenite, with minor pyrite and chalcopyrite assemblages associated with silicification. The zone
of Stage II silicification affected rocks that were slightly farther from the center of the orebody and
around the margins of the zone of earlier K-feldspathization–silicification (Stage I). Stage III is the
major Cu mineralization stage and is characterized by abundant precipitation of sulfide minerals
accompanied by strong silicification and sericitization. Sulfides formed in this stage are dominated by
chalcopyrite and pyrite (>85 vol.%), followed by bornite, pyrrhotite, and molybdenite. These sulfides
generally replaced the earlier-formed pyrite and molybdenite, or filled in fractures of the earlier-formed
euhedral pyrite (Figure 4G). The associated alteration including silicification and sericitization, as well
as minor chloritization and epidotization, is distributed on both sides of the Stage III veins. Stage IV is
the latest stage generating large numbers of quartz–calcite veins near the propylitization zone. Only
minor disseminated pyrite was locally distributed in the veins and wall-rock. The abundant quartz
and calcite minerals were observed in this stage.

4. Samples and Analytical Methods

4.1. LA-ICP-MS Zircon U–Pb Dating

Zircon grains were extracted from the quartz diorite porphyry, quartz monzonite porphyry,
and granodiorite porphyry samples (Table 1) using magnetic and heavy liquid separation methods,
and they were handpicked under a binocular microscope at the Integrity Geological Service
Corporation in Langfang City, Heibei Province, China. The handpicked zircon grains were then
mounted in epoxy resin and polished to expose crystal cores. All the zircon grains were examined
under reflected and transmitted light with an optical microscope. Cathodoluminescence (CL) images,
obtained using a JEOL scanning electron microscope (JEOL, Tokyo, Japan), were used to reveal their
internal structures and to select spots for zircon U–Pb isotope analyses (Figure 5). These analysis
spots were usually chosen near rims in areas with oscillatory CL response, which represents the final
crystallization age of these intrusions.

Samples for LA-ICP-MS zircon U–Pb analyses were performed using a quadrupole ICP-MS
(Agilient 7500c, Agilent Technologies, Santa Clara, CA, USA) coupled with an 193 nm ArF excimer
laser (COMPexPro 102; Coherent, Santa Clara, CA, USA) equipped with an automatic positioning
system, at the Key Laboratory of Mineral Resources Evaluation in Northeast Asia, Ministry of Natural
Resources of China, Changchun, Jilin Province, China. The diameter of the laser spot was 32 µm.
A zircon standard (91500) and the National Institute of Science and Technology (NIST) 610 reference
standard were analyzed after each set of six unknown analyses. The external zircon standard was used
to correct for isotope ratio fractionation. The NIST610 reference standard was used in calculations
of element concentrations and Si was used as an internal standard. Uncertainties on isotope ratios
and ages are presented as ±2σ. The detailed analytical process and data reduction methodology are
described in detail by Hou et al. [38], and the isotope data were calculated using the GLITTER (Version
4.0) [39]. Concordia diagram and weighted-mean age calculations were produced using ISOPLOT
(Version 3.0) [40]. Common Pb was corrected following the method of Anderson [41].
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4.2. Molybdenite Re–Os Dating

Minor disseminated molybdenite in the Pulang deposit were recognized in the QDP, and most
of the molybdenite occurred as vein and dense-disseminated in the QMP. Six molybdenite samples
from different ore-hosting porphyry intrusions in the Pulang Cu (–Mo–Au) deposit, including three
QMP-hosted and three QDP-hosted samples, were collected for Re–Os dating. Molybdenite grains were
magnetically separated and handpicked using a binocular microscope (purity > 99%). The Re–Os isotope
analyses were performed at the Re–Os Isotope Laboratory, National Research Center of Geoanalysis
(NRCG), Chinese Academy of Geological Sciences (CAGS), Beijing, China. Samples were dissolved and
equilibrated with 185Re- and 190Os-enriched spikes using alkaline fusion. The separation of rhenium
from matrix elements was achieved by solvent extraction and cation exchange resin chromatography,
while osmium was distilled as OsO4 from an H2SO4–Ce(SO4)2 solution. The Re and Os concentrations
as well as their isotopic compositions were made by an inductively coupled plasma mass spectrometer
(TJA X-series ICP-MS, Thermo Fisher Scientific, Waltham, MA, USA). Detailed chemical procedure
of Re–Os analytical methods used in this study can be followed by Shirey and Walker [42] and Du
et al. [43]. The analytical reliability was tested by analyses of the JDC standard certified reference
material GBW04436. Molybdenite model ages were calculated by t = [ln (1 + 187Os/187Re)]/λ, where λ

is the decay constant of 187Re, 1.666 × 10−11 year−1 [44]. The Isoplot/Ex (Version 3.0) [40] was used for
calculating the isochron age and drawing isochronological age diagrams. Absolute uncertainties of the
Re–Os data are given at the 2σ level.

4.3. Major and Trace Element Concentrations

Following the removal of weathered surfaces, a total of 23 whole-rock samples were crushed and
ground to ~200 mesh using an agate mill. Major and trace element compositions were analyzed by
inductively coupled plasma optical emission spectroscopy (ICP-OES; Leeman Prodigy; precision
better than ±1%) and inductively coupled plasma mass spectrometry (ICP-MS; Agilent—7500a;
precision better than ±5%), respectively, at the Experiment Center, China University of Geosciences,
Beijing, China.
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5. Analytical Results

5.1. Zircon U–Pb Dating

Zircon U–Pb dating results of the quartz diorite porphyry (QDP, PL-1), and quartz monzonite
porphyry (QMP, PL-2, PL-3) and granodiorite porphyry (GP, PL-4) in the Pulang deposit are listed
in Table S1 and shown in Figure 6. All zircon grains from different types of porphyry samples are
euhedral–subhedral in shape and transparent or pale brown in color, and exhibit marked oscillatory
growth zoning in CL images (Figure 5). Most of them have high Th/U ratios (0.3–1.7; Table S1),
indicating their magmatic origin [45–50]. For sample PL-1, the 206Pb/238U ages from 23 analytical spots
range from 220 ± 3 Ma to 233 ± 3 Ma, with a concordant U–Pb age of 228 ± 1 Ma (2σ, MSWD = 0.30,
N = 23; Figure 6A) and a weighted mean age of 227 ± 2 Ma (2σ, MSWD = 1.8, N = 23; Figure 6A).
The 206Pb/238U ages of 21 analytical spots from sample PL-2 range from 214 ± 3 Ma to 225 ± 4 Ma,
with concordant U–Pb and weighted mean ages of 218 ± 1 Ma (2σ, MSWD = 0.43, N = 21) and
218 ± 1 Ma (2σ, MSWD = 0.78, N = 21; Figure 6B), respectively. For sample PL-3, 21 analytical spots
yield 206Pb/238U ages ranging from 215 ± 2 Ma to 224 ± 3 Ma, which give a concordant U–Pb age
of 219 ± 1 Ma (2σ, MSWD = 0.25, N = 21; Figure 6C) and a weighted mean age of 219 ± 1 Ma (2σ,
MSWD = 1.18, N = 21; Figure 6C). Twenty-one analytical spots from the sample PL-4 yield 206Pb/238U
ages ranging from 204 ± 2 Ma to 211 ± 3 Ma, and yield a concordant U–Pb age of 209 ± 1 Ma
(2σ, MSWD = 0.33, N = 21; Figure 6D) and a weighted mean age of 209 ± 1 Ma (2σ, MSWD =
0.98, N = 21; Figure 6D). These ages represent the emplacement ages of intrusions in the Pulang Cu
(–Mo–Au) deposit.
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Figure 6. Zircon U–Pb concordia diagrams for samples of the quartz diorite porphyry (A), quartz
monzonite porphyry (B,C), and granodiorite porphyry (D) in the Pulang Cu (–Mo–Au) deposit.

5.2. Molybdenite Re–Os Dating

The Re–Os isotopic compositions of six molybdenite samples obtained from the Pulang Cu deposit
are presented in Table 2 and Figure 7. The Re and common Os concentrations are 101.22–933.39 µg/g
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and 0.0164–0.5393 ng/g, respectively, and the 187Re and 187Os compositions are 63.62–586.65 µg/g
and 230.17–2129.61 ng/g, respectively. The six molybdenite samples yield a well-constrained Re–Os
isochron age of 218 ± 2 Ma (2σ, MSWD = 0.23, N = 6; Figure 7A), and a weighted average age
of 217 ± 1 Ma (2σ, MSWD = 0.23, N = 6; Figure 7B). The isochron age (218 ± 2 Ma) represents Cu
mineralization age of the Pulang deposit.
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Figure 7. Diagrams of molybdenite Re–Os isochron age (A) and weighted mean age (B) in the Pulang
Cu (–Mo–Au) deposit.

5.3. Major and Trace Element

The whole-rock major and trace elemental compositions for the QDP (PL-1), QMP (PL-2, PL-3), and
GP (PL-4) in the Pulang deposit are listed in Table S2. Overall, the three different porphyry intrusions
show wide-ranging compositional variation in terms of major elements. The QDP has an SiO2 content
of 61.90–64.24 wt %, a K2O content of 1.10–1.14 wt %, a CaO content of 5.05–6.18 wt %, and an MgO
content of 3.26–4.19 wt %, with Mg# [Mg# = 100 × Mg2+/(Mg2+ + TFe2+)] values varying from 68
to 73. Compared with the QDP, the QMP and GP have higher SiO2 (QMP = 64.32–67.69 wt %, GP =
69.95–74.10 wt %) and K2O (QMP = 2.53–4.33 wt %, GP = 2.0–3.01 wt %), but relatively lower CaO (QMP
= 2.60–3.85 wt %, GP = 1.49–2.14 wt %) and MgO (QMP = 1.69–2.06 wt %, GP = 1.80–3.23 wt %), with
Mg# value (QMP = 46–60, GP = 47–71). In addition, the Al2O3 content of the GP (11.39–12.11 wt %) is
lower than that of QDP (15.43–16.17 wt %) and QMP (14.32–16.07 wt %). The TiO2, Fe2O3T, Na2O, P2O5,
and aluminum saturation index (A/CNK) of the three porphyry intrusions are similar, ranging from
0.40 to 0.77 wt %, from 2.17 to 4.56 wt %, from 2.46 to 4.98 wt %, from 0.23 to 0.45 wt %, and from 0.77
to 1.08, respectively. For SiO2 vs. K2O + Na2O diagram (Figure 8A [51]), data for all samples are plotted
within fields of the subalkaline series. In the SiO2 vs. K2O (Figure 8B [52]) and Na2O vs. K2O diagrams
(Figure 8C [53]), data for QDP samples are plotted within fields of the middle-K calc-alkaline series
and sodic suites, whereas data for the QMP and GP samples are plotted within fields of the high-K
calc-alkaline series and potassic suites (Figure 8B,C). All samples have a narrow range of A/CNK
(mole [Al2O3/(CaO + Na2O + K2O)]) ratio values (A/CNK = 0.77–1.08), indicating metaluminous to
moderately peraluminous in an A/NK vs. A/CNK diagram (Figure 8D [54]).

In the chondrite-normalized REE diagram (Figure 9A), the three different petrographic porphyry
intrusions are depleted of heavy rare-earth elements (HREEs) relative to light rare-earth elements
(LREEs), with slightly negligible Eu anomalies (Eu/Eu* = 0.79–0.97). The QMP [(La/Yb)N = 17.0–25.9]
are more fractionated than the GP [(La/Yb)N = 9.3–16.8] and QDP [(La/Yb)N = 7.6–9.0]. In the
MORB-normalized geochemical pattern (Figure 9B), they display similar REE patterns, and all are
characterized by a depletion of high field-strength elements (HFSEs; e.g., Nb, Ta, and Ti). They are
characterized by high Sr (432–1150 ppm), and low Y (9–16 ppm) and Yb (0.8–1.5 ppm) concentrations,
with high Sr/Y ratios (48–94).
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Figure 8. (A) Diagrams of SiO2 vs. Na2O + K2O (based on Irvine and Baragar [51]); (B) SiO2 vs. K2O 

(based on Peccerillo and Taylor [52]); (C) Na2O vs. K2O (based on Middlemost [53]); (D) A/CNK vs. 

A/NK for the Pulang porphyry intrusions (based on Maniar and Piccoli [54]). 

 

Figure 9. (A) Chondrite-normalized REE patterns and (B) MORB-normalized geochemical patterns 

for the Pulang porphyry intrusions (based on Pearce [55]). Chondrite and N-MORB values are from 

Boynton [56] and Sun and McDinough [57], respectively. 

6. Discussion 

6.1. Timing of Magmatism and Cu Mineralization 

Some previous geochronological studies on the QDP, QMP, and GP in Pulang obtained a coeval 

age. For example, Wang et al. [14] obtained LA-ICP-MS zircon U–Pb ages of 214 ± 3 Ma, 214 ± 3 Ma, 

Figure 8. (A) Diagrams of SiO2 vs. Na2O + K2O (based on Irvine and Baragar [51]); (B) SiO2 vs. K2O
(based on Peccerillo and Taylor [52]); (C) Na2O vs. K2O (based on Middlemost [53]); (D) A/CNK vs.
A/NK for the Pulang porphyry intrusions (based on Maniar and Piccoli [54]).
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Figure 9. (A) Chondrite-normalized REE patterns and (B) MORB-normalized geochemical patterns
for the Pulang porphyry intrusions (based on Pearce [55]). Chondrite and N-MORB values are from
Boynton [56] and Sun and McDinough [57], respectively.

6. Discussion

6.1. Timing of Magmatism and Cu Mineralization

Some previous geochronological studies on the QDP, QMP, and GP in Pulang obtained a coeval
age. For example, Wang et al. [14] obtained LA-ICP-MS zircon U–Pb ages of 214 ± 3 Ma, 214 ± 3 Ma,
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and 209 ± 4 Ma for QDP, QMP, and GP, respectively; Wang et al. [22] obtained SHRIMP zircon U–Pb
ages of 228 ± 3 Ma and 226 ± 3 Ma for QDP and QMP, respectively. These isotope dating results
have led to the conclusion that all the QDP, QMP, and GP contribute to the Pulang Cu mineralization.
However, the ages of QDP (228 ± 3 Ma) and QMP (226 ± 3 Ma) are incompatible with the reported
molybdenite Re–Os isochron ages (208 ± 15 Ma and 213 ± 4 Ma [3,18,24]). In this study, the U–Pb
concordia age of the zircon coincides well with the weighted mean 206Pb/238U age in every porphyry
intrusion sample (Figure 6), suggesting more accurate and reliable dating. Our new dating results for
QMP (218 ± 1 Ma and 219 ± 1 Ma) show that it is younger than QDP (227 ± 2 Ma) by about 9 Ma,
and it is older than GP (209 ± 1 Ma) by about 10 Ma, indicating that the three different porphyry
intrusions were not formed coevally. This conclusion is further supported by the geological fact
that the QMP and GP display as small dykes intruding into the QDP (Figure 2), and that the GP
cuts both QMP and orebodies (Figure 2). The Pulang porphyry intrusions were not formed coevally,
which makes it unlikely that the Pulang porphyry intrusions all contributed to Cu mineralization.
To constrain the mineralization age accurately, we performed the molybdenite Re–Os dating, and the
result is that the six molybdenite-bearing samples from the Pulang deposit yielded a well-constrained
isochron age of 218 ± 2 Ma, and a weighted mean age of 217 ± 1 Ma (Figure 7). The precise zircon
U–Pb and Re–Os ages indicate a close temporal relationship between Cu mineralization and QMP.
In addition, Cu mineralization in the Pulang deposit mainly occurred within the QMP (Figure 7), and
only minor mineralization developed in the QDP. From the center (QMP) to the outer edge (QDP), the
thickness of the orebody decreases, as does the grade of Cu and other associated metals (0.030–0.001%
Mo, average 0.010%; 0.87–0.06g/t Au, average 0.18 g/t; and 3.93–0.34 g/t Ag, average 1.27 g/t),
which also suggests a spatial relationship between Cu mineralization and QMP. Moreover, the Pb
isotope compositions of sulfur minerals (206Pb/204Pb = 18.079–18.694, 207Pb/204Pb = 15.603–15.632,
and 208Pb/204Pb = 38.228–38.635 [58]) in Pulang are similar and homogeneous, and they coincide
well with those of the QMP (206Pb/204Pb = 18.3005–18.5431, 207Pb/204Pb = 15.6061–15.6318 and
208Pb/204Pb = 38.4352–38.856 [58]), but significantly differ from those of the QDP (206Pb/204Pb =
18.8761–19.1700, 207Pb/204Pb = 15.6191–15.6413, and 208Pb/204Pb = 39.3458–39.5706 [23]). Furthermore,
the Cu concentrations (Table S2) of QMP range from 343 to 5220 ppm (average = 1989 ppm), largely
exceeding the Cu concentrations in QDP (113–117 ppm, average = 115 ppm) and GP (222–229 ppm,
average = 225 ppm); this finding indicates that ore-forming materials in the Pulang deposit were
mainly sourced from QMP. To summarize, geological, geochronological, isotopic, and geochemical
data led to the conclusion that Cu mineralization in Pulang was spatially, temporally, and genetically
related to the QMP rather than the QDP and GP.

The zircon U–Pb ages of QMP (218± 1 Ma and 219± 1 Ma) are consistent with molybdenite Re–Os
age (218 ± 2 Ma), constraining the timing of emplacement and associated Cu mineralization in the
Pulang Cu (–Mo–Au) deposit to the Late Triassic (~217 Ma). Moreover, these ages are broadly consistent
with the zircon U–Pb and mineralization ages of some porphyry-type Cu deposits located in the same
metallogenic belt of the southern Yidun Arc, such as Xuejiping, Lannitang, Songnuo, and Chundu
(Table 3). Thus, the zircon U–Pb and Re–Os isochron ages, reported herein and previously, constrain
the Late Triassic magmatism and associated Cu mineralization event to the southern Yidun Arc.
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6.2. Petrogenesis and Tectonic Setting

A large number of geochronological data indicate that Late Triassic magmatism in the Yidun Arc
lasted for at least 29 Ma from ~235 to ~206 Ma with a peak age at around 215 Ma [59–61]. According to
the sequence of magma intrusion for the Pulang porphyry intrusions, it is clear that the SiO2 content of
the rocks increases gradually from QDP to QMP and then to GP, which indicates that the Late Triassic
Pulang porphyry intrusions are the products of different evolution stages of the same magmatism in
the same tectonic setting.

Pulang porphyry intrusions have high SiO2 (62–74 wt %), Al2O3 (11.4–16.2 wt %, mostly >15.0 wt %),
Na2O (2.4–5.0 wt %, mostly >4.0 wt %), Sr (432–1150 ppm), Mg# values (46–73), and Sr/Y ratios (48–94),
and they have low Y (9–16 ppm) and Yb values (0.8–1.5 ppm), as well as moderately negative Eu
anomalies (Eu/Eu* = 0.79–0.97), suggesting a geochemical affinity to adakitic rocks [62–65]. In the
(La/Yb)N vs. YbN and Sr/Y vs. Y geochemical classification diagrams (Figure 10A,B), most samples of
the Pulang porphyry intrusions are plotted in the adakitic rocks field, and only a few samples are plotted
in the transitional field between typical adakitic rocks and normal island arc rocks. Adakite was initially
named for rocks with clear contributions from the partial melting of subducted young hot oceanic crust
represented by mid-ocean ridge basalt (MORB) [62]. Some important geochemical characteristics of the
adakites, such as high Sr and low Y and Yb, can be attributed to the presence of garnet ± amphibole
and the absence of plagioclase within the melt residue [62,66–70]. To date, several genetic models have
been proposed to explain the genesis of adakites, including (1) the assimilation of crustal material by a
mantle-derived magma, and subsequent fractional crystallization (AFC model [64,71]), (2) the partial
melting of the delaminated lower continental crust [72,73], (3) the partial melting of the thickened
continental crust [74,75], and (4) the partial melting of a subducted oceanic slab [62–64].

To begin with, the fractionation of amphibole would result in high Sr/Y ratios, but there are no
evident correlations between Sr/Y and SiO2 (Figure 11A). The moderately negative Eu anomalies
indicate little or no plagioclase fractionation. Fractional crystallization of a garnet-bearing assemblage
from basaltic melts would result in a positive correlation between Sr/Y, La/Yb, and especially Dy/Yb
ratios with increasing SiO2 [10]. The Pulang porphyry intrusions do not show such correlation
(Figure 11B). Instead, they display the clearly partial melting trends observed in the La/Yb vs. La
and Rb/Nb vs. Rb diagrams (Figure 11C,D), indicating that the partial melting of the source plays a
dominant role in the formation of the Pulang adakitic magmas. Moreover, adakitic magmas derived
from the partial melting of thickened continental lower crust are characteristic of K-rich and low
MgO magmas with low Mg# values (generally Mg# < 46) [66,71], which are not compatible with
the geochemical features of the Pulang porphyry intrusions as described above. Moreover, adakitic
magmas produced by the partial melting of delaminated lower crust generally have high MgO, Cr, Co,
and Ni contents, which are similar to those of the Pulang porphyry intrusions. However, extensive
isotope, geochemical, and geochronological data indicate that the delamination of the lower crust is
inconsistent with the geological background of the Yidun Arc during the Late Triassic [10,14,33]. Finally,
the geochemical characteristics of the Pulang adakitic porphyry intrusions and adakite are compared
in detail (Table 4), and the comparison results indicate that Pulang adakitic porphyry intrusions are
similar to adakite. Moreover, Pulang porphyry intrusions also have low TiO2 (0.4–0.8 wt %), MgO
(1.7–4.2 wt %), and CaO + Na2O (4.6–10.9 wt %) contents and low Cr/Ni ratios (1.2–7.6, mostly 1.2–3.9).
As shown in the detailed geochemical comparison in Table 4, Pulang porphyry intrusions can be
classified as high silica adakites (HSA) [63]. In the discrimination diagrams of Martin et al. (2005) [63],
Pulang porphyry intrusion samples are plotted in the fields of HSA (Figure 10C–F). It is generally
believed that HSA are derived from oceanic-slab melts that may react with mantle wedges during the
ascent [62–65]. Together with the isotopic geochronology and the tectonic setting discussed below, we
propose that Pulang HSA porphyry intrusions were derived from the partial melting of the subducted
Ganzi-Litang oceanic plate that reacted with peridotite during its ascent through the mantle wedge.
Their high-Mg# features are caused by the interaction between slab melts and mantle peridotite [76,77].
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It is generally accepted that the formation of the Yidun Arc can be attributed to the westward
subduction of the Ganzi–Litang oceanic lithosphere during the Late Triassic period, and that magmatic
activity in the Yidun Arc lasted for at least 29 Ma, from ~235 to ~206 Ma [59–61]. The initial westward
subduction of the Ganzi–Litang oceanic lithosphere began at ~235 Ma (following the earlier closure of
the Jinshajiang Ocean), and finally ended at ~206 Ma, accompanied by the occurrence of syn-collision
granites. The Late Triassic volcanic and intrusive rocks in the Yidun Arc are characterized by middle-
to high-K calc-alkaline rock series with an I-type affinity [10,11,14], together with enrichment in LILEs
and LREEs, and depletion of HFSEs and HREEs. These geochemical characteristics are similar to those
of QDP, QMP, and GP in Pulang, indicating an island arc setting [78]. Moreover, in the Rb vs. Y + Nb,
Rb vs. Yb + Ta, Nb vs. Y, and Rb/10 vs. Hf vs. Ta × 3 diagrams (Figure 12A–D), all the QDP, QMP and
GP samples from Pulang are plotted within the volcanic arc granite (VAG) field, also consistent with
a subduction-related volcanic arc setting. In the Th/Yb vs. Ba/La and Ba/Th vs. Th/Nb diagrams
(Figure 12E,F), the Pulang samples show a trend similar to that of the melt-related enrichment rather
than the fluid-related enrichment, indicating a source associated with subducted plate melting. This
further supports the conclusion discussed above that Pulang adakitic porphyry intrusions are related
to oceanic-slab-derived melts. Importantly, these geochemical characteristics at the Pulang Cu deposit
are similar to those of the porphyry intrusions associated with Cu mineralization at the Xuejiping,
Chundu, Lannitang, Songnuo, and Langdu Cu deposits in the southern Yidun Arc. Combining
similar geochemical characteristics with similar mineralization ages and geological characteristics of
these porphyry-type Cu deposits in the southern Yidun Arc (Table 3), we conclude that all of these
Cu deposits can be attributed to the Late Triassic tectonic–magmatic–hydrothermal event that was
induced by the westward subduction of the Ganzi–Litang oceanic lithosphere.

Table 4. Comparisons of geochemical characteristics between the adakite, high-SiO2 adakites (HSA),
low-SiO2 adakites (LSA), and Pulang porphyry intrusions.

Adakite HSA LSA Pulang Porphyry Intrusions

SiO2 ≥56 wt % ≥60 wt % ≤60 wt % 62–74 wt %

Al2O3 ≥15 wt % (rarely lower) 11.4–16.2 wt %
(mostly 15.1–16.2 wt %)

MgO <3 wt % (rarely >6 wt %) 0.5–4.0 wt % 4.0–9.0 wt % 1.7–4.2 wt %

Na2O 3.5–7.5 wt % 2.7–5.0 wt %
(mostly 3.4–5.0 wt %)

K2O/Na2O ~0.42 (sodic) 0.2–1.0 wt % (sodic)
CaO + Na2O <11 wt % >10 wt % 4.6–10.9 wt %

TiO2 <0.9 wt % >3.0 wt % 0.40–0.77 wt %

Sr >400 ppm (rarely <400
ppm) <1100 ppm >1000 ppm 432–1150 ppm

Y ≤18 ppm ≤18 ppm ≤18 ppm 9–16 ppm
Yb ≤1.9 ppm ≤1.9 ppm ≤1.9 ppm 0.8–1.5 ppm

Sr/Y 40–100 48–94
Cr/Ni 0.5–4.5 1.0–2.5 1.2–7.6 (mostly 1.2–3.9 wt %)
Mg# ~50 46–73 (>46, High-Mg)

Reference [62,65] [79] [79] This paper

Note: HSA: High-SiO2 adakites; LSA: Low-SiO2 adakites.
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Figure 10. (A) (La/Yb)N vs. (Yb)N (based on Martin [79]), (B) Sr/Y vs. Y (Defant and Drummond [62]), 

(C) SiO2 vs. MgO (based on Martin et al. [63]), (D) SiO2 vs. Sr (based on Martin et al. [63]), (E) SiO2 vs. 
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Figure 11. (A) Sr/Y vs. SiO2, (B) Dy/Y vs. SiO2, (C) La/Yb vs. La, and (D) Rb/Nd vs. Rb diagrams for 

the Pulang porphyry intrusions. Symbols are as in Figure 10. 
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(C) SiO2 vs. MgO (based on Martin et al. [63]), (D) SiO2 vs. Sr (based on Martin et al. [63]), (E) SiO2 vs.
Cr/Ni (based on Martin et al. [63]), and (F) SiO2 vs. Sr/Y (based on Martin et al. [63]) discrimination
diagrams for Pulang porphyry intrusions.
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Figure 12. (A) Rb vs. Y + Nb (based on Pearce et al. [80]), (B) Rb vs. Yb+Ta (based on Pearce et al. [80]), 

(C) Y vs. Nb (based on Pearce [81]), and (D) Rb/30-Hf-Ta × 3 (based on Harris et al. [82]) tectonic 

discrimination diagrams for Pulang porphyry intrusions. (E) Th/Yb vs. Ba/La and (F) Ba/Th vs. Th/Nb 

diagrams showing the roles of the fluid- and melt-related enrichments of the source. Symbols are as 

in Figure 10. 
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intrusions and associated porphyry-type Cu deposits. This flat subduction is the most favorable 

tectonic setting for slab melting [83,84]. It has been recently proposed that oceanic-slab-derived 

adakites are genetically related to porphyry-type Cu–Au deposits [83–91]. Oceanic-slab-derived 

melts are considered to have high oxygen fugacity and high Cu concentrations to form adakitic 

magmas that may potentially produce porphyry Cu deposit [83–85]. At an oxygen fugacity above 

FMQ + 2 (FMQ refers to fayalite–magnetite–quartz oxygen buffer), sulfur and chalcophile elements 

(Cu, Au, etc.) easily form oxidized ionic compounds (SO42–) that cause the Cu to remain in magmas 

in the form of sulfate during the magma ascent. By contrast, at an oxygen fugacity below FMQ, sulfur 

presents mainly in its reduced form (S2−), which is less soluble in magmas. This leads to a premature 
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porphyry Cu deposit [83]. For the Pulang deposit, the QMP associated with Cu mineralization has a 
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Figure 12. (A) Rb vs. Y + Nb (based on Pearce et al. [80]), (B) Rb vs. Yb + Ta (based on Pearce et al. [80]),
(C) Y vs. Nb (based on Pearce [81]), and (D) Rb/30-Hf-Ta × 3 (based on Harris et al. [82]) tectonic
discrimination diagrams for Pulang porphyry intrusions. (E) Th/Yb vs. Ba/La and (F) Ba/Th vs.
Th/Nb diagrams showing the roles of the fluid- and melt-related enrichments of the source. Symbols
are as in Figure 10.

6.3. Implications for the Cu Mineralization

The Yidun arc was formed during the Late Triassic in response to the westward subduction of the
Ganzi–Litang oceanic plate. The Late Triassic bimodal volcanic suites and associated VMS-type
deposits developed in the northern Yidun Arc, which can be attributed to a steep subduction.
In contrast, the flat subduction in the southern Yidun Arc produced abundant adakitic porphyry
intrusions and associated porphyry-type Cu deposits. This flat subduction is the most favorable
tectonic setting for slab melting [83,84]. It has been recently proposed that oceanic-slab-derived
adakites are genetically related to porphyry-type Cu–Au deposits [83–91]. Oceanic-slab-derived melts
are considered to have high oxygen fugacity and high Cu concentrations to form adakitic magmas
that may potentially produce porphyry Cu deposit [83–85]. At an oxygen fugacity above FMQ + 2
(FMQ refers to fayalite–magnetite–quartz oxygen buffer), sulfur and chalcophile elements (Cu, Au,
etc.) easily form oxidized ionic compounds (SO4

2–) that cause the Cu to remain in magmas in the
form of sulfate during the magma ascent. By contrast, at an oxygen fugacity below FMQ, sulfur
presents mainly in its reduced form (S2−), which is less soluble in magmas. This leads to a premature
precipitation of metallic elements in the mantle or deep crust, which is not good for the formation
of porphyry Cu deposit [83]. For the Pulang deposit, the QMP associated with Cu mineralization
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has a high oxygen fugacity (f O2 > FMQ + 5.5), and even the QDP of the barren mineralization has
a high oxygen fugacity (f O2 > FMQ + 5.1) [14], indicating that the Pulang Cu deposit formed in a
high oxygen fugacity environment. For another, Cu concentrations in the oceanic crust range from
60 to 130 ppm [92], which is much higher than those of the primitive mantle (30 ppm [93]) and the
continental crust (27 ppm [84]). Therefore, basaltic oceanic-slab-derived melts (oceanic-slab-derived
adakites) have considerably higher Cu content than the lower continental crust melt or mantle-derived
melt [83], which is supported by the higher Cu concentrations for the QDP (113–117 ppm), QMP
(343–5220 ppm), and GP (222–229 ppm) in Pulang. The combination of these factors contributed to the
formation of the subduction-related Pulang porphyry deposit (Figure 13).
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Figure 13. Tectonic setting and metallogenic model diagram of the Pulang porphyry Cu (–Mo–Au)
deposit.

7. Conclusions

According to the LA-ICP-MS zircon U–Pb dating, molybdenite Re–Os dating and whole-rock
geochemistry data, the following conclusions can be drawn:

1. Molybdenite from the Pulang porphyry Cu deposit yields the Re–Os age of 218 ± 2 Ma,
which is in accordance with most of the porphyry-type Cu deposits in the southern Yidun
Arc having mineralization ages of 217–221 Ma. Zircons from the quartz diorite porphyry, quartz
monzonite porphyry, and granodiorite porphyry yield U–Pb ages of 227 ± 2 Ma, 218 ± 1 Ma, and
209 ± 1 Ma, respectively, suggesting a close spatial, temporal, and genetical relationship between
Cu mineralization and quartz monzonite porphyry.

2. The Pulang porphyry intrusions geochemically belong to high silica (HSA) adakitic rocks. These
intrusions derived from the partial melting of subducted Ganzi-Litang oceanic plate that reacted
with peridotite during its ascent through the mantle wedge.

3. The Pulang deposit shows similar geological characteristics to the most other porphyry-type Cu
deposits in the southern Yidun Arc. These porphyry-type Cu deposits are considered to be related
to the westward subduction of the Ganzi-Litang oceanic lithosphere during the Late Triassic.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/3/191/s1,
Table S1: LA-ICP-MS zircon U–Pb dating data of the porphyry intrusions in the Pulang Cu (–Mo–Au) deposit,
Table S2: Whole-rock major and trace element data of the porphyry intrusions in the Pulang Cu (–Mo–Au) deposit.
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Abstract: The recently discovered Weilasituo Sn-polymetallic deposit in the Great Xing’an Range
is an ultralarge porphyry-type deposit. The mineralization is closely associated with an Early
Cretaceous quartz porphyry. Analysis of quartz porphyry samples, including zircon U-Pb dating
and Hf isotopies, geochemical and molybdenite Re-Os isotopic testing, reveals a zircon U-Pb age of
138.6 ± 1.1 Ma and a molybdenite Re-Os isotopic age of 135 ± 7 Ma, suggesting the concurrence of
the petrogenetic and metallogenic processes. The quartz porphyry has high concentrations of SiO2

(71.57 wt %–78.60 wt %), Al2O3 (12.69 wt %–16.32 wt %), and K2O + Na2O (8.85 wt %–10.44 wt %)
and A/CNK ratios from 0.94–1.21, is mainly peraluminous, high-K calc-alkaline I-type granite and is
relatively rich in LILEs (large ion lithophile elements, e.g., Th, Rb, U and K) and HFSEs (high field
strength elements, e.g., Hf and Zr) and relatively poor in Sr, Ba, P, Ti and Nb. The zircon εHf(t) values
range from 1.90 to 6.90, indicating that the magma source materials were mainly derived from the
juvenile lower crust and experienced mixing with mantle materials. Given the regional structural
evolution history, we conclude that the ore-forming magma originated from lower crust that had
thickened and delaminated is the result of the subduction of the Paleo–Pacific Ocean. Following
delamination, the lower crustal material entered the underlying mantle, where it was partially melted
and reacted with mantle during ascent. The deposit formed at a time of transition from post-orogenic
compression to extension following the subduction of the Paleo–Pacific Ocean.

Keywords: zircon U-Pb dating; molybdenite Re-Os dating; zircon Hf isotopes; Weilasituo Sn-polymetallic
deposit; Inner Mongolia

1. Introduction

The southern Great Xing’an Range (SGXR) in southeastern Inner Mongolia is part of the eastern
section of the Central Asian Orogenic Belt (Xing’anling Mongolian Orogenic belt). The SGXR
is a superimposed compound structural region that has experienced processes associated with
the evolution of the Paleo–Asian Ocean and the subduction of the Paleo–Pacific Ocean [1–3].
Multistage tectonic, magmatic, sedimentary and metamorphic events characterize the metallogenic
background of the SGXR and have resulted in the development of extensive granitic plutonic rocks,
intermediate-acidic volcanic-sedimentary rocks and Paleozoic strata [4–6]. Additionally, these events
have given rise to associated porphyry-type molybdenum deposits, magmatic hydrothermal vein-type
Sn-polymetallic (Pb-Zn-Ag) deposits, and skarn-type Pb-Zn-Ag deposits (Figure 1). The metallogenic
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ages of these deposits are mostly concentrated in the (I) Mid-Triassic (244–234 Ma; e.g., the Laojiagou
Mo deposit and Baiyinnuoer Ag-Zn deposit; [7,8]), (II) Early to Mid-Jurassic (179 Ma; e.g., the
Mengentaolegai Ag-Pb-Zn deposit; [9]), (III) Late Jurassic (150–153 Ma; e.g., the Budunhua Cu deposit,
Hashitu Mo deposit, Jiguanshan Mo deposit, Zhanzigou Mo deposit, Maodeng Cu-Sn deposit and
Aonaodaba Ag-Cu deposit, [10–13]), and (IV) the early stage of the Early Cretaceous (141–133 Ma;
the Dajing Sn-polymetallic deposit, Weilasituo Sn-polymetallic deposit, Bairendaba Pb-Zn-Ag deposit,
Huanggang Sn-Fe deposit, Haobugao Fe-Zn deposit, Chamuhan Sn-polymetallic deposit, Anle Ag-Sn
deposit, Aolunhua Mo deposit, Banlashan Mo deposit, Yangchang Mo deposit, Hongshanzi Mo
deposit, Xiaodonggou Mo deposit, and Gangzi Mo deposit; [1,7,14–24]).
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the southern Great Xing’an Range (modified after [26]).

The Weilasituo deposit is a large recently discovered porphyry-type Sn-polymetallic deposit in
the SGXR. Notably, most Sn-polymetallic deposits in this area are hydrothermal vein-type deposits and
the porphyry-type Sn-polymetallic deposits are rare. The Weilasituo porphyry-type Sn-polymetallic
deposit has estimated reserves of 93,127 t Sn at 1.35%, 15,800 t W at 0.44%, 32,540 t Zn at 1.63% and
9175 t Cu at 1.91% [16]. Recent studies have examined the geological characteristics, geochemistry,
geochronology, and metallogenic mechanism of the Weilasituo Sn-polymetallic deposit [16,17,27,28],
and have applied several geochronological methods to constrain the timing of petrogenesis and
metallogenesis. The zircon U-Pb ages of the quartz porphyry are 138± 2 Ma and 135.7± 0.9 Ma [16,27].
The molybdenite Re-Os isochron ages are 135 ± 11 Ma and 125.7 ± 3.8 Ma [16,27]. The cassiterite U-Pb
ages of the disseminated mineralization and vein-like mineralization are 138 ± 6 Ma and 135 ± 6 Ma,
respectively [17]. Geochemical studies have determined the mineralized rock (i.e., the quartz porphyry)
is a highly differentiated I-type granite by fractional crystallization [17].
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In this contribution, we present LA-ICP-MS zircon U-Pb ages, molybdenite Re-Os ages, new
whole-rock elemental compositions of the quartz porphyry and in situ zircon Hf isotopic data for
the Weilasituo Sn-polymetallic deposit. We integrate these data with the results of previous research,
enabling us to constrain the petrogenesis of the quartz porphyry and the mineralization timing of the
deposit to evaluate the relationships between magmatism and metallogeny.

2. Regional Geology

The Weilasituo Sn-polymetallic deposit is located in the SGXR and is separated from the northern
edge of the North China Block by the Xar Moron Fault to the south, from the Songliao Basin by
the Nenjiang Fault to the east and from the Erguna-Xing’an Block by the Erlianhaote-Hegenshan
Fault to the north (Figure 1B). Tectonically, this deposit forms part of the eastern side of the Central
Asian Orogenic Belt (Figure 1A). From the Paleozoic through the Triassic, the area was influenced
by the evolution of the Paleo–Asian Ocean [29], and experienced multiple collisions, accretion and
regional extension events [30–33]. The SGXR was influenced by the subduction of the Paleo–Pacific
Ocean during the Mesozoic [11,32], resulting in collision-related compression after extension, and also
widespread late Mesozoic granitoids and volcanic rocks [11,33,34].

The oldest strata in the area consist of a Paleozoic, intermediate to high-grade metamorphic
complex termed the “Xilin hot complex”, which comprises amphibolite, plagioclase-bearing gneiss,
mica schist and biotite-bearing granitic gneiss. In addition, Ordovician, Silurian, Devonian and
Carboniferous clastic sedimentary, volcanic and carbonate rocks also crop out in the area [22].
The Permian volcanic-sedimentary strata are composed of carbonaceous clastic, volcanic and carbonate
rocks [35].

The Paleozoic strata are intruded by Hercynian–Yanshanian granitic plutons and are overlain by
Mesozoic volcanic-sedimentary sequences [36]. Paleozoic granitoids, tonalite, diorite and granodiorite,
are chiefly located in the western part of the SGXR (Figure 1A), and the ages of zircon U-Pb
range 321–237 Ma [28]. These granitoids comprise a post-subduction, high-potassium calc-alkaline
magmatic suite and were generated under the geodynamic regime produced by the slab break-off
of the Paleo–Asian Ocean [37]. The Mesozoic granitoids include monzogranite, granodiorite, and
syenogranite, with ages ranging 150–131 Ma [28]. these granitoids show positive εNd values,
suggesting that the pre-existing juvenile and ancient crustal components underwent remelting,
recycling, and redistribution [38].

Mesozoic volcanic-sedimentary sequences are the stratigraphically highest rocks in the SGXR
(Figure 1B). From bottom to top, these volcanic rocks can be subdivided into Manketouebo, Manitu,
Baiyingaolao, and Meiletu Formations [39,40]. Zircon U-Pb ages show that Mesozoic volcanic activity
occurred throughout the SGXR and began in the Late Jurassic and peaked in the Cretaceous [26].
Geochemically, these volcanic rocks are diverse, including trachyandesites, basaltic trachyandesites,
rhyolites and trachytes, with smaller quantities of dacites and basalts [26]. The chemical properties
of the mafic-intermediate rocks are similar to basalts formed in an intraplate extensional zone.
The mafic-intermediate rocks have the characteristics of slightly enriched Sr isotope ratios and weakly
depleted to slightly enriched Nd isotope ratios. These features show that the mafic-intermediate rocks
were derived from weakly depleted to enriched continental lithospheric mantle [41].

3. Deposit Geology

In addition to the extensively exposed Holocene strata, the other rocks in the area include the
Xilin hot complex, quartz diorite, cryptoexplosive breccia and buried quartz porphyry (Figure 2A,B).
The Xilin hot complex is a combination of brown amphibole–plagioclase and biotite–plagioclase gneiss,
both intensely metamorphosed and deformed. The quartz diorite is less extensively exposed and
subject to NE-trending faults [42]. The cryptoexplosive breccia is spatially linked with the quartz
porphyry in the upper part and it usually occurs at the contact between the Xilin hot complex and the
quartz porphyry [17]. The buried quartz porphyry, whose overall morphology is unknown to date, lies
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approximately 400 m beneath the surface. The quartz porphyry samples recovered from a drillhole
have an off-white color, a massive structure and a porphyritic texture (Figure 3A,B). The main minerals
are K-feldspar (65%–70%), quartz (25%–27%) and biotite (3%–5%).
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The faults in the area trend primarily NE–SW and secondarily sub-E–W (Figure 2B). They are
developed in the quartz diorite and, as the main ore-controlling structures, provided spaces for
mineralization. The NE-trending faults F1, F2, F3 and F4 strike 20◦–43◦, dip from 18◦–35◦, and extend
approximately 30–900 m with widths of 0.3–14 m. The E–W-trending faults (F5 and F6), located
above or outside of the quartz porphyry, strike 85◦–115◦, dip 20◦–25◦, and extend approximately
20–800 m [17].

Mineralization and Alteration

The mining area is currently under mineral exploration, and ores have been encountered and
verified by drilling. Ore bodies in the area come in three forms: (I) shallow quartz vein-type ore bodies,
(II) moderate-depth cryptoexplosive breccia-type ore bodies, and (III) deep quartz porphyry-type ore
bodies (Figure 2B).

Fifteen shallow quartz vein-type ore bodies of medium size or greater have been detected.
These vein-like or stratiform subparallel ore bodies strike 25◦–205◦, dip towards 115◦ at 11◦–54◦, and
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exhibit a fairly simple morphology with basically continuous strike and some branching-reconnecting
along dip. These orebodies extend 32–1400 m horizontally and 43–1300 m vertically, and their
thicknesses range from 0.1 to 13 m. The cryptoexplosive breccia-type ore bodies are found in the
cryptoexplosive breccia. Their morphology is associated with the internal structural morphology of the
cryptoexplosive breccia. Local quartz vein-type ore bodies are found to cut the breccia-type ore bodies,
adding to the complexity of these ore bodies. The quartz porphyry-type ore bodies found at the upper
contact of the quartz porphyry bodies occur in lenticular form and are morphologically similar to the
ore bodies above the quartz porphyry bodies, and those found inside the quartz porphyry bodies occur
in a vein-like form. Seven ore bodies of industrial size, represented by Sn #200 (Figure 2B), represent
more than 80% of the total quartz porphyry-type ore-body resources in the area. The ore bodies vary
in size, extending dozens of meters to 400 m horizontally and 70 m vertically. Their thickness ranges
from 1 to 10 m.

Three types of mineralization that are recognized in the Weilasituo deposit: stockwork
mineralization, disseminated mineralization and vein-like mineralization. Stockwork mineralization
exists both inside and outside the quartz porphyry and inside the cryptoexplosive breccia pipe.
Disseminated mineralization occurs in the quartz porphyry. Vein-like mineralization occurs outside
the quartz porphyry and inside the cryptoexplosive breccia pipe.

The mineralization level decreases with increasing depth. Stockwork and disseminated
mineralization have resulted in disseminated and vein-like ores (Figure 4A–D). The ore minerals
are mainly cassiterite + wolframite + sphalerite with lower amounts of chalcopyrite + arsenopyrite +
tetrahedrite. Disseminated mineralization is the most important form of mineralization (Figure 4H–L).
Vein-like mineralization is typically found in cracks and faults on top or outside of the quartz porphyry
(Figure 2B) and is responsible for vein-like ores. The ore minerals include cassiterite + wolframite
+ sphalerite and less amounts of chalcopyrite + tetrahedrite + pyrrhotite + molybdenite + galena.
Breccia pipe mineralization occurs in steep breccia pipes (Figures 2B and 4F), with no distinct boundary
with the country rock. Disseminated and spots of cassiterite, chalcopyrite and dark sphalerite occur
commonly as fragments in the breccia, suggesting that the breccia mineralization occurred after the
disseminated mineralization. In addition, vein-like Sn-polymetallic mineralization was found to cut
into the quartz porphyry-related breccia pipe mineralization (Figure 2B), suggesting that vein-like
mineralization occurred after breccia mineralization.

The Sn-polymetallic metallogenic system in the Weilasituo deposit presents a high-to-low-temperature
alteration zone from the quartz porphyry outward. The center of alteration is a Na-Ca-Rb alteration
combination, surrounded by greisenization with high-level Na-Ca-Rb alteration. Stockwork and
disseminated mineralization can be observed, typically in the quartz porphyry-type and breccia-type
ore bodies. The alteration minerals are albite + amazonite + topaz + celestine + muscovite + epidote
+ fluorite (Figure 4A–C). Greisenization alteration mainly occurs in the vein-like orebodies on top
or outside of the quartz porphyry, although some can also be found in the overlying breccia pipes.
The alteration is controlled by fissures and faults [17]. The alteration minerals include muscovite +
quartz + topaz + fluorite + zircon (Figure 4E).

According to field contacts, the ore mineral and gangue mineral combinations, and the
interweaving pattern among veins, are chronologically divided into two stages of mineralization:
early Na-Ca-Rb alteration-induced Sn-W-Rb mineralization and late greisenization-induced Sn-W-Rb
mineralization. The mineral combination of the early stage is cassiterite + sphalerite + wolframite
+ stannite + tetrahedrite + chalcopyrite + arsenopyrite (Figure 4A–C) and that of the latter is quartz
+ cassiterite + muscovite + fluorite + wolframite + loellingite + sphalerite + chalcopyrite + galena +
molybdenite (Figure 4H–L).
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Figure 4. Photographs of mineralization features in the Weilasituo Sn-polymetallic deposit:
(A) Disseminated cassiterite and sphalerite in quartz porphyry; (B) Amazonite in the quartz
porphyry; (C) Cassiterite and galena in the quartz porphyry; (D) Euhedral cassiterite; (E) Typical
greisen with wolframite; (F) Breccia collected from the surface; (G) Cassiterite and sphalerite
intergrowths; (H) Sphalerite, arsenopyrite and tetrahedrite; (I) Cassiterite, sphaletire, arsenopyrite,
pyrrhotite and chalcopyrite; (J) Greisen vein with sphaletire, tetrahedrite and chalcopyrite;
(K) Greisen vein with molybdenite and cassiterite; (L) Greisen vein with cassiterite, arsenopyrite and
chalcopyrite. Abbreviations: Cas—cassiterite, Am—amazonite, Apy—arsenopyrite, Ccp—chalcopyrite,
Gn—galena, Po—pyrrhotite, Qz—quartz, Tet—tetrahedrite, Sp—sphalerite, Mol—molybdenite,
Wol—wolframite, Mus—muscovite.

4. Sampling and Analytical Methods

Unaltered quartz porphyry samples for LA-ICP-MS U-Pb dating, zircon Lu-Hf isotope analysis
and whole rock geochemistry analysis were collected from drillhole ZK809. Molybdenite samples
for Re-Os isotopic analysis were also gathered from drillhole ZK809 of the porphyry Sn-W-Rb
mineralization zone.

4.1. Zircon LA-ICP-MS U-Pb Dating

Two zircon U-Pb isotopic dating samples (ZK809-1 and ZK809-2) were analyzed at the Key
Laboratory for Sedimentary Basin and Oil and Gas Resources, Ministry of Land and Resources.
A GeoLasPro 193 nm laser system and an SF-ICPMS Element 2 were used for ablation and mass
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spectrometry, respectively. High-purity He gas was used as the carrier gas for the ablated material.
The test was conducted with a laser wavelength of 193 nm, a beam spot of 32 µm, a pulse frequency
of 6 Hz, and a laser energy of 6 J/cm2. Before the test, the instrument was tuned to the optimal state
using the NIST610 standard so that the 139La and 232Th signals were the highest and the oxide yield
for 232Th16O/232Th was less than 0.3%. GJ-1 zircon standard specimens were used as external criteria
to calibrate the fractionation and mass discrimination of U-Pb isotopes, and Plěsovice zircon standard
specimens were used as control specimens to monitor the stability of the analytical process. A set of
standard specimens was inserted every five samples. Laser sampling of each sample included 20 s of
background acquisition, 50 s of ablation sampling and 10 s of cell flushing. ICPMSDataCal was used
to process the analysis data offline [43].

4.2. Molybdenite Re-Os Dating

Five molybdenite Re-Os isotope dating samples (ZK809-1 to ZK809-5) were obtained by separating
the molybdenite samples collected from the drillhole (in basically the same way as for zircon) to a size
far smaller than 2 mm to avoid decoupling. Re-Os isotopic testing was conducted at the Re-Os isotopic
laboratory of the National Geological Test Center. A TJA X-series ICP-MS was used to determine
isotopic ratios. For low Re-Os samples, a Thermo Fisher Scientific HR-ICP-MS Element 2 was used.
For Re, mass numbers 187 and 185 were selected, and mass number 190 was used to monitor Os.
For Os, mass numbers 186–190 and 192 were selected, and mass number 185 was used to monitor
Re. Blank values of Os, Re and 187Os measured by the TJA X-series ICP-MS were (0.0031 ± 0.0005) ×
10−9, (0.00023 ± 0.00008) × 10−9, and (0.00039 ± 0.00005) × 10−9, respectively, which were far smaller
than the Os and Re measurements from the samples and the standard specimens and were therefore
insignificant with respect to the test results. Common Os was calculated through the measured
192Os/190Os ratio according to the atomic and isotopic abundance charts. The uncertainties in Os and
Re concentrations included weighing errors for the samples and thinner, calibration errors for the
thinner, fractionation calibration errors for mass spectrometry, and isotopic ratio measurement errors
for the samples in question. The confidence degree can reach 95%. The uncertainties in the model age
also included this uncertainty (1.02%). The confidence degree was 95%. National standard materials
(GBW04435 (JDC)) were used as standard specimens to monitor the reliability of the chemical process
and analysis data. The principles and processes of Re-Os isotope analysis are detailed in Du et al. [44].

4.3. Whole Rock Geochemistry

Eight collected samples were crushed to 200-mesh powder. Major elements were analyzed on an
Axios MaxX fluorescence spectrometer. FeO was titrated through a 50-mL burette. The sample was first
placed in a Li2B4O7 solution at a ratio of 1:5, melted at 1050–1250 ◦C, formed into thin glass sections
and analyzed with approximate accuracies of 1% for SiO2 and 2% for other oxides. Rare earth elements
(REEs) and trace elements were analyzed on an X-series 2 instrument. A sample of whole-rock powder
(200 mesh) weighing 50 mg was placed in a Teflon flask, dissolved with HNO3 and HF solutions for 2
days, further dissolved by adding HClO4, dried by distilling, and then diluted to 50 mL with a 5%
HNO3 solution before being analyzed for trace elements. During analysis, two GBW series specimens
were measured: one for calibrating Li, Ba, Cr, V, Co, Ni, Zn, Cu, Ga, Sr, Rb, Cs, Ba, Pb, U, Th, Sc, Y
and REEs and the other for calibrating Mo, W, Nb, Ta, Hf and Zr. The analysis errors were less than
5%. Major elements, trace elements and REEs were measured at the testing center of the Shenyang
Geological Survey Center, Ministry of Land and Resources.

4.4. Zircon Lu-Hf Isotope

In situ analysis of the zircon Hf isotope composition of the quartz porphyry from the Weilasituo
deposit was conducted at the State Key Laboratory for Mineral Deposits Research, Nanjing University
using a Neptune Plus MC-ICP-MS equipped with a New Wave UP193 laser microprobe.
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The data acquisition and instrumental conditions were similar with Wu et al. [45]. The analyses
were mainly conducted with a repetition rate of 8 Hz and a beam diameter of 35 mm. Ar and He
carrier gases were used to transfer the ablated sample from the laser ablation cell to the ICP-MS torch
through the mixing chamber. Atomic masses 172, 173, 175–180 and 182 were measured simultaneously
in the static collection mode. Corrections of isobaric interferences of 176Lu and 176Yb on 176Hf were
based on, Wu et al. [45], and Yang et al. [46]. The performance conditions and analytical accuracy were
monitored by the 91500 and Mud Tank zircon standards (176Hf/177Hf = 0.282507 ± 6 [47]). The initial
Hf values (εHf) were calculated by using the decay constant of 1.865 × 10−11 per year [48] for 176Lu
and the chondritic model with 176Lu/177Hf = 0.0332 and 176Hf/177Hf = 0.282772 [49]. Depleted mantle
Hf model ages (TDM) were calculated by using the 176Lu/177Hf ratios of the zircon. These ages refer to
a model of depleted mantle with a current 176Hf/177Hf ratio of 0.28325 which is similar to the average
of MORB [50], which has a 176Lu/177Hf ratio of 0.0384 [51] and assumes an average continental crust
ratio (fCC) of −0.55 [52].

5. Results

5.1. Zircon U-Pb Dating

Pb isotopic age analysis was conducted on 52 zircon grains from the two quartz porphyry
samples (ZK809-1 and ZK809-2). The analytical results are shown in Table 1. All the zircon grains
analyzed are idiomorphic crystals that are 35–100 µm long. The aspect ratios are approximately
3:1–1:1 (Figure 5). As the U and Th concentrations are exceptionally high (for most of the analysis
points, U is 8721–48,802 × 10−6 but can reach 165,623 × 10−6; and Th is 819–13,033 × 10−6 but can
reach 734,544 × 10−6), most of the zircon grains from the two samples display weak zonal structures
(Figure 5). Those showing obvious zones yield ages older than 189 Ma, suggesting they are inherited
zircons. The Th/U ratio lies mostly in the 0.10–0.38 range, which also points to a magmatic origin.
The zircon 206Pb/238U surface harmonic ages for sample ZK809-1 are 137–140 Ma, and the weighted
average age is 138.0 ± 1.1 Ma (MSWD = 0.33; n = 12). The 206Pb/238U surface harmonic ages for
sample ZK809-2 are 137–142 Ma, and the weighted average age is 138.6 ± 1.1 Ma (MSWD = 0.49;
n = 15). Both ages represent the crystallization of the quartz porphyry. Both samples yield older ages
(Figure 6A,C) for the inherited zircons.
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5.2. Molybdenite Re-Os Geochronology

Table 2 presents the Re-Os isotopic results of nine molybdenite samples from the deposit. The test
results indicate that w(Re) = 55.2–712.5 ng/g, w(Os) = 0.152–9.222 ng/g, w(187Re) = 34.71–447.80 ng/g,
and w(187Os) = 0.0216–1.041 ng/g. As the relative concentration of common Os is higher than that
of 187Os, the isochron age (135 ± 7 Ma) was interpreted as the formation time of the molybdenite
(Figure 7), which indicates that mineralization of the Weilasituo Sn-polymetallic deposit occurred in
the early stage of the Early Cretaceous.
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5.3. Major and Trace Elements

Whole-rock geochemical measurements of quartz porphyry samples from the Weilasituo deposit
are shown in Table 3. The samples are rich in silicon, alkalis and aluminum. The analyses indicate SiO2,
Na2O + K2O and Na2O/K2O ranges of 71.57 wt %–78.60 wt %, 8.85 wt %–10.44 wt %, and 1.37–2.94.
Therefore, these rocks belong to the high-K calc-alkaline series (Figure 8A, [53]). The Al2O3 values vary
from 12.69 wt %–16.32 wt %, the A/CNK values range from 0.94 to 1.21, and the A/NK values range
from 1.40 to 1.75, indicating that these samples are high-K calc-alkaline, weakly meta aluminous to
peraluminous rocks (Figure 8B; [54]). In the TAS diagram (Figure 8C; [55]), the data points plot within
the granite zone; in the Na2O-K2O diagram (Figure 8D; [56]), some of the samples plot within the
potassium zone, while the remainder plot within the sodium zone. The quartz porphyry is relatively
poor in Mg, with Mg concentrations ranging from 0.09 wt %–0.19 wt %.
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The REE analytical results (Table 3) indicate relatively low total REE contents in the quartz
porphyry (∑REE = 27.45–44.75 ppm). The standard REE chondrite-normalized diagram shows a
relatively flat “seagull” pattern (Figure 8E), with light REE (LREE)/heavy REE (HREE) ratios of
1.48–3.91 and (La/Yb)N values of 0.37–1.09. The samples are rich in LREEs and poor in HREEs.
The samples show distinct negative Eu anomalies (δEu = 0.01–0.46), suggesting that the magmatic
evolution in the provenance involved long-term fractional crystallization with plagioclase as the main
mineral phase [59].

On the standard trace element primitive mantle-normalized diagram (Figure 8F), the quartz
porphyry samples display similar variations with very low Sr contents (3.09–17.45 ppm) and fairly high
Yb contents (3.25–7.64 ppm), suggesting that the provenance pressure was less than 0.8–1.0 GPa [60].
The samples are relatively rich in large-ion lithophile elements (LILEs) such as Rb, Th, U, K as well
as the high field strength elements (HFSEs) Hf and Zr and relatively poor in Ba, P, Sr, Ti and Nb,
suggesting significant differentiation in the provenance of the quartz porphyry and implying the
involvement of subduction zone processes.

5.4. Lu-Hf Isotopes

After zircon LA-ICP-MS U-Pb dating, microscale zircon Lu-Hf isotope analysis was conducted on
the quartz porphyry samples from the Weilasituo deposit (ZK809-1 and ZK809-2). The analytical results
are shown in Table 4. The zircons in the quartz porphyry have the similar Hf isotopic compositions.
The 176Hf/177Hf and εHf(t) values at the 25 measuring points are 0.282742–0.282882 and 1.90–6.90,
respectively. The εHf(t) isotopic calculations all plot between the chondritic meteorite and depleted
mantle evolution lines (Figure 9B), as well as in the Phanerozoic igneous region of the eastern Central
Asian Orogen (Figure 9A). The gray figures are quoted from [20,61,62]. At all the analysis points, TDM2

vary from 1069 to 747 Ma. As the zircon fLu/ Hf value is substantially lower than that in felsic crust
(0.72, [63]) and mafic crust (0.34, [64]) and the TDM2 is close to the age of the source materials retained in
the crust, the result indicates that the quartz porphyry magma originated from lower crustal materials.
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6. Discussion

6.1. Magmatic-Metallogenic Age Context

The determination of the precise age of mineralization and closely associated intrusions is
essential for understanding genetic processes and locating economic deposits [65,66]. Presently, several
high-precision and accurate isotopic dating methods exist to determine petrogenetic and metallogenic
ages, such as zircon U-Pb [16,25], molybdenite Re-Os [16,25], and cassiterite U-Pb dating [17].

The zircon LA-ICP-MS U-Pb ages we obtained are 138.0± 1.1 Ma and 138.6± 1.1 Ma, which agree
with the zircon U-Pb age of the quartz porphyry (138 ± 2 Ma and 135.7 ± 0.9 Ma) and the cassiterite
age of the disseminated mineralization (138 ± 6 Ma) obtained by previous studies [16,17]. In addition,
the molybdenite Re-Os isochron age (135 ± 7 Ma) we obtained also agrees with the molybdenite Re-Os
isochron age (135 ± 11 Ma), and the cassiterite U-Pb age of the vein-like mineralization (135 ± 6 Ma)
obtained by previous studies. Taking into account previous findings, we assume a petrogenetic age
range of 138.0–138.6 Ma, which coincides with the age of the disseminated mineralization (138± 6 Ma).
The vein-like mineralization formed at 135 ± 7 Ma, which was slightly later than the disseminated
mineralization. These results indicate that the petrogenesis, as well as the metallogenesis, of the deposit
occurred during the early Early Cretaceous. The petrogenetic ages of the various deposits found in the
area have been widely examined and summarized over the past years. The results mostly correspond
to the Mid-Triassic, Early to middle Jurassic and Early Cretaceous [67], with the Early Cretaceous
becoming the most prevalent age. The Early Cretaceous deposits include more hydrothermal Pb-Zn-Ag
(Sn-Cu), skarn-type Pb-Zn-Ag (Sn-Fe) and porphyry-type Cu-Mo deposits than porphyry-type Sn
(W) deposits.

The study area lies at the eastern end of the Central Asian Orogen, which is sandwiched between
the North China Block and the Siberian Plates. The study area was influenced by the evolution and
closure of the Paleo–Asian Ocean during the Paleozoic and by the circum-Pacific tectonic domain
from the Mesozoic to the Cenozoic [27,68]. Many studies have disconnected the magmatism of late
Mesozoic in the SGXR from the subduction of the Pacific Plate [4,69], however, it is evident that the Early
Cretaceous magmatism occurred throughout East China. This evidence suggests that the geodynamics
underlying the formation of granite during this period must be taken into account. We believe the
Pacific Plate played an important role in this magmatism [70]. During the Early Cretaceous, northern
China is thought to have experienced a post-orogenic extensional collapse, an environment of post-arc
extension closely followed by the subduction of the Paleo–Pacific Plate [26,71–73]. In the Nb-Y tectonic
discrimination diagram, the sample points plot within the volcanic arc + syn-collisional granite fields
(Figure 10C). In the Rb-Y + Nb diagram, the sample points are all distributed within the syn-collisional
granite field (Figure 10D).

As discussed above, we have dated the petrogenesis and metallogenesis of the Weilasituo deposit
to the early stage of the Early Cretaceous and conclude that the deposit was affected by the Early
Cretaceous compression associated with the Paleo–Pacific Plate.
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6.2. Petrogenesis and Magma Source

It is of great significance to determine the genetic type of granitoids so that one can understand
the magma source, magmatism, and tectonic setting [75,76]. According to the (Zr + Nb + Ce +
Y)-FeOT/MgO diagram (Figure 11A) and the SiO2-FeOT/MgO diagram (Figure 11B), the quartz
porphyry from the Weilasituo deposit exhibit no characteristics of A-type granites. In addition, the
rocks are rich in silica (average SiO2 = 73.07 wt %) and alkalis (average Na2O + K2O = 9.71 wt %) with
Na2O/K2O ratios from 1.37 to 2.94, Al2O3 from 12.69 wt % to 16.32 wt %, and A/CNK ratios from 0.94
to 1.21. These features are typical of high-K calc-alkaline peraluminous granite. The low MgO content
(<0.3 wt %) is also indicative of S-type granites [77].

In all the samples, the P-contents of quartz porphyry is very low (0.010%–0.043%) and P2O5

decreases with increasing SiO2 (Figure 11C), while Th increases with Rb (Figure 11D), both of which
are important gauges for discriminating I-type granites [77]. The Nb/Ta ratios of the quartz porphyry
mostly range from 2.65 to 3.62 (<5) in Table 3, which is a sign of differentiation of peraluminous
granite [78]. In the Nb-Nb/Ta diagram and Ta-Nb/Ta diagram (Figure 12A,B), the degree of
differentiation of the quartz porphyry samples reaches more than 90%. The Zr/Hf ratios of quartz
porphyry range from 1.36 to 3.65 (<25), and the U and Th concentrations are high in zircon, which
are typical features of highly differentiated granite [79]. In the Zr-Zr/Hf diagram (Figure 12C),
the ratio of Zr/Hf decreases with decreasing Zr content. In the Nb-Y/Ho diagram (Figure 12D),
the Y/Ho ratio decreases with the increasing Nb content. The above two characteristics are typical of
highly differentiated granite [80]. Additionally, the relatively low total REE contents, the relatively
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flat “seagull” pattern in the standard REE chondrite-normalized diagram (Figure 8E), the relatively
abundant LREEs with LREE/HREE ratios of 1.48–3.91 (suggesting distinct differentiation), the very
low contents of Sr (<400 ppm), the high contents of Yb (>2 ppm), (La/Yb)N = 0.37–1.09, the intensely
negative Eu anomalies (δEu = 0.01–0.46, Figure 8F) and the relatively high abundances of the LILEs
Rb, U, Th, and K compared to the relatively low abundances of Ba, P, Sr, Ti are all indicative of a highly
differentiated I-type granite [81].
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Overall, we assume that the metallogenesis-related quartz porphyry in the deposit is a
peraluminous, high-K calc-alkaline I-type granite as previously stated by Wang et al. [17].

Using the bulk rock Zr composition to represent the melt composition (Table 3) in the model
of Watson and Harrison [83], zircon-saturation temperatures (TZircon) were calculated for the quartz
porphyry of the Weilasituo deposit. The TZircon of the quartz porphyry ranges from 616◦ to 727◦

(averaging 678◦), thus corresponding to a low TZircon value. In general, highly fractionated granitic
magmas generally feature high primary temperatures or large amounts of various volatiles during the
later stage. Although the TZircon of the quartz porphyry is low, the hydrothermal fluid of the Weilasituo
depositwas characterized by high-Na, high-F contents [17], which would have been favorable for the
differentiation of the quartz porphyry. In addition, volatiles in the residual melt, such as H2O, Li, F,
and Cl, tend to increase with crystallization [84], thus promoting the differentiation of magma.
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Partial melting test results for common crustal rocks have revealed that this type of granite can be
produced by the partial melting of water-bearing calc-alkaline to high-K calc-alkaline rocks, and mafic
to intermediate metamorphic rocks in the earth’s crust. In theory, granitoids can forme in many ways,
including assimilation-fractional crystallization, magma mixing, or melting of the lower crust [85].
Magma mixing generates supercooled particles and magmatic inclusions [86]. However, no dioritic
inclusions were found in the Weilasituo granites. Hence, the granites did not experience significant
magma mixing. The zircons from the Weilasituo granites yield 206Pb/238U ages that are younger
than 200 Ma and Th/U values that are greater than 0.1. These data suggest that the zircons were not
inherited as a result of contamination by the surrounding host rocks or assimilation. Furthermore, the
La-La/Sm diagram (Figure 10A) and the Th-Th/Nd diagram (Figure 10B) also illustrate the presence
of partially melted magma in the quartz porphyry from the deposit. All these findings confirm that
partial melting controlled the formation of the magma [87].

The Hf isotope composition of the Late Cretaceous granite in this area is summarized. The Hf
isotope composition is the same as that of other rocks from the same era, suggesting that these rocks
shared the same magma source. The εHf(t) value of the rock is positive, and the TDM2 model ages
are 1069–747 Ma, and thus exhibit a large range. Therefore, the materials in the source region mainly
came from the juvenile lower crust with some degree of mixing with mantle source materials, which is
consistent with the conclusions based on the Sr-Nd isotope [17].

These data suggest that the subduction of the Paleo–Pacific Plate caused the lower crust to thicken
and delaminate. The delaminated material then entered the underlying mantle, where it partially

328



Minerals 2019, 9, 104

melted. As the resulting magma ascended, it reacted with the mantle before intruding into the shallow
crust and solidifying in the form of the quartz porphyry.

6.3. Metallogenic Implications

Because the mineralization of the deposit occurred after the intrusion of the quartz porphyry,
the mineralization had an inherently close genetic, spatial and temporal relationship with the quartz
porphyry [17]. Thus, the ore-forming fluids of Sn-polymetallic mineralization were derived from the
highly differentiated quartz porphyry.

Sn, W and Rb are highly incompatible elements. These elements are much more abundant in
the crust than in the mantle [88]. Partial melting can lead to the enrichment of these elements in the
presence of favorable complexing agents [89].

Chen et al. [90] and Chen and Fu [91] discussed the mechanism of granitic magma formation
via the partial melting of thickened lower crust and established three models. (1) During a major
period of continent orogenic movement, the strong collision between continental plates compresses and
shortenes the crust, resulting in thickening and shearing of the lower crust. The temperature rise caused
by the thickening of the lower crust and the heat generated by tectonic shearing may lead to partial
melting of the lower crust, potentially assisted by the addition of external fluids. (2) After the main
orogenic movement, the crust is in the state of tectonic decompression, which affects the thickening of
the crust. This process leads to the dehydration of water-bearing minerals, and the addition of these
fluids causes the partial melting of the crust. (3) After the main orogenic movement, gravitational
instability results in lithospheric delamination of over-thickened crust results in mantle upwelling and
the under-plating of the lower crust. These events cause partial melting of the lower crust.

At least in the late Mesozoic, the Great Xing’an Range had the characteristics of a post-collisional
environment from the existing paleomagnetic evidence [92]. In recent years, studies in this region have
found mafic granulite xenoliths and mafic-ultramafic cumulate xenoliths from the Early Mesozoic
(based on 40Ar-39Ar ages, whole-rock K-Ar isochron ages, and Rb-Sr whole-rock isochron ages in a
range of 220 to 237 Ma) and the late Mesozoic (based on zircon U-Pb ages in a range of 120 to 140 Ma).
These rocks are believed to be the result of both upwelling and asthenospheric underplating [93].
Therefore, we believe that the granites associated with the Weilasituo are the result of the third
mechanism discussed above.

Based on geochronological and geochemical research on the intermediate-acidic intrusive
rocks exposed in the area and given the deposit geology and regional tectonics, we assume the
following diagenetic and metallogenic dynamic processes. From the Late Jurassic to the Early
Cretaceous, the subduction of the Paleo–Pacific Ocean caused the lower crust to thicken and delaminate.
The delaminated material then entered the underlying mantle, where it partially melted. The roof
of a magma chamber can become enriched in Sn, W, Mo and other elements by convection-driven
thermogravimetric diffusion [94]. During the subsequent ascent of this magma, a portion mixed with
remelted old crust and became calc-alkaline magma, which rose to the shallow crust and was emplaced
in weak locations resulting from local extension, corresponding to the quartz porphyry emplacement.
This process caused the ore minerals, Sn in particular, to leach out of the quartz porphyry (Figure 13A).
During 138–135 Ma, due to the local extension, fractures and faults developed in the surrounding rocks
above the quartz porphyry, and these fractures acted as conduits for the continuous upward migration
of fluid. The increase in fluid pressure eventually exceeded the lithostatic pressure of the surrounding
rocks, leading to cryptoexplosion and the formation of the breccia pipe. After the emplacement of
the quartz porphyry, a large amount of metal-rich magmatic volatiles were released (Figure 13B).
Because the magma was rich in Cl and F, Sn tendeds to migrate in the form of SnCl2. The high F
activity in the magma lowereds the viscosity and enableds the segregation of a less viscous, highly
enriched residual fluid [95]. At approximately 135 Ma, ore-bearing hydrothermal fluid passed through
the fractures, cleavages, and faults, and reacted with the surrounding rocks (“Xilin hot complex”) as
follows: SnCl2 + 3(Na,K)A1Si3Os + 2H20→ SnO2(cassiterite) + KAl3Si3O10(OH)2 + 6SiO2 + 2NaCl
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+ H2. Sn crystallized as cassiterite and was accompanied by the precipitation of other metallogenic
elements. These processes formed the Weilasituo Sn-polymetallic deposit (Figure 13C).
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Figure 13. (A) Schematic model of the Late Jurassic to Early Cretaceous geodynamic evolution
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Sn-polymetallic deposit during 138–135 Ma. (C) Schematic model for the Weilasituo Sn-polymetallic
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7. Conclusions

Integrating zircon U-Pb and Re-Os dating, whole-rock geochemistry, and Hf isotopic data
presented here with the results of previous research leads to the following conclusions:

(1) The zircon U-Pb ages of the ore-forming porphyry (quartz porphyry) samples from the Weilasituo
Sn-polymetallic deposit are 138.0 ± 1.1 Ma and 138.6 ± 1.1 Ma; the molybdenite Re-Os age is
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135 ± 7 Ma. These ages date the metallogenesis of the deposit to the early stage of the Early
Cretaceous at a time of transition from post-orogenic compression to extension following the
subduction of the Paleo–Pacific Ocean.

(2) The geochemistry data show that the ore-forming porphyry (quartz porphyry) of the deposit has
high concentrations of SiO2, Al2O3, and K2O+Na2O, and is a peraluminous, high-K calc-alkaline
highly differentiated I-type granite by partial melting. Quartz porphyry has εHf(t) values ranging
from 1.90 to 6.90, corresponding to the TDM2 of 1069–747 Ma. The magmas were sourced from
the juvenile lower crust mixed with mantle.

(3) The ore-forming fluids of Sn-polymetallic mineralization were derived from partial melting of
highly differentiated quartz porphyry. The interaction between ore-bearing hydrothermal fluids
and surrounding rocks (“Xilin hot complex”) results in the precipitation of ore-forming elements.
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Abstract: The Hongshan deposit is one of the largest Cu-polymetallic deposits in the Zhongdian area,
southwest China. Two types of Cu–Mo ores, mainly developed in the skarns, have been recognized in
the Hongshan deposit, i.e., massive or layered skarn and vein-type, with the former being dominant.
The highly andraditic composition of garnet (Adr100 to Adr64Gr32) and diopsidic composition of
pyroxene (Di90Hd9 to Di1Hd99) indicate the layered skarn ores are of magmatic-hydrothermal
origin that formed under oxidized conditions. Sm–Nd dating of garnet yield a well-constrained
isochron age of 76.48 ± 7.29 Ma (MSWD = 1.2) for the layered skarn ores. This age was consistent
with the Re–Os age for the pyrrhotite from the layered skarn ores, and thereby indicated that the
layered skarn mineralization was formed in the Late Cretaceous, rather than in the Triassic as was
previously thought. The coincidence of the geochronology from the layered skarn ores and vein-type
mineralization further indicated that both ores were the result of a single genetic event, rather than
multiple events. The recognition of the Late Cretaceous post-collisional porphyry–skarn Cu–Mo–W
belt in the Zhongdian area exhibited a promising prospecting potential.

Keywords: skarn mineralogy; high fugacity; garnet Sm–Nd dating; Late Cretaceous; Hongshan
skarn deposit

1. Introduction

The Zhongdian Cu-polymetallic area, situated in the southern segment of the Yidun arc
(Figure 1a,b), is commonly regarded as one of the most fertile regions for porphyry and skarn
copper deposits in China [1–3]. Many of the porphyry copper deposits in the Zhongdian area
(Figure 1c), such as Pulang (803.85 Mt with 0.52% Cu, 0.18 g/t Au, [4,5]), Xuejiping (54.15 Mt with
0.53% Cu, 0.06 g/t Au), Langdu (1.67 Mt with 6% Cu), Chundu, and Lannitang (36 Mt with 0.50%
Cu, 0.45 g/t Au) deposits were formed in the Late Triassic as a result of westward subduction of the
Garzê–Litang oceanic crust [4,5]. Recently, the recognition of some Late Cretaceous porphyry–skarn
deposits, represented by the Hongshan Cu–Mo, Tongchanggou Mo–Cu, Xiuwacu W–Mo, and Relin
W–Mo deposits, has drawn much attention on the collision-related metallogeny of the Zhongdian
area [6–9].

The Hongshan deposit is one of the largest Cu-polymetallic deposit in the Zhongdian area
(Figure 1c) with contained metals of 0.64 t Cu, 5769 t Mo, 7532 t W, 323 t Ag, and 25262 t Pb + Zn [10].
Generally, two types of ores, namely the major layered skarn Cu-polymetallic ores and later vein-type
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Cu–Mo mineralization, have been formed [9,11]. Trace elements of pyrite and pyrrhotite from
both types display distinct signatures and could plausibly indicate different origins [10]. Previous
research proposed a two-stage model for the genesis of the Hongshan deposit with Triassic skarn
Cu-polymetallic ores overprinted by Late Cretaceous vein-type Cu–Mo mineralization [10,11]. The age
of later vein-type Cu–Mo mineralization has been well-constrained by molybdenite Re–Os and zircon
U–Pb ages [9,11,12]. The mineralization age of the layered skarn Cu-polymetallic ores, however, has
been poorly constrained. Zu et al. reported a Cretaceous age for the layered skarn ores using Re–Os
dating on pyrrhotite [9]; however, the closure temperature of Re–Os systems for pyrrhotite is as low
as 400 ◦C and might have undergone osmium diffusion or resetting in the presence of a later stage
overprint event [13,14]. Thus, the timing of the layered skarn ores is still one key problem with the
two-stage model.

A number of studies have indicated that garnets are useful geochemical tracers and can be
used in geochronological studies [15,16]. In this contribution, we report systematic petrography and
geochemistry of the main skarn mineral and Sm–Nd isotope systematics of garnet for layered skarn
ores in the Hongshan deposit. The results, combined with the previous data, allow us to constrain
the mineralization age of the skarns and to explain the genesis and geologic setting of the Hongshan
Deposit. The implications for Cretaceous metallogeny in the Zhongdian area are also discussed.
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Figure 1. (a) Tectonic map sketch showing the distribution of principal continental blocks and sutures of
Southeast Asia. The location and outline of the Yidun island arc are indicated. (b) Tectonic framework
of the Sanjiang Tethyan domain and location of the southern Yidun arc. (c) Geological map showing
the distribution of porphyry and skarn deposits in the southern Yidun arc. Modified from Zu et al. and
Deng et al. [1,17].
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2. Geological Setting

The Zhongdian area is located at the southern end of the Yidun island arc, forming a significant
metallogeny belt in the Sanjiang Tethyan metallogenic domain (Figure 1b) [15,16]. The main tectonic
framework of the Yidun arc is defined by the Garzê–Litang suture belt to the south and east and the
major Dege–Xiangcheng fault to the west separates it from Zhongzan massif (Figure 1c) [9,18].

The southern Yidun arc witnessed a complex tectonic evolution history including Triassic
oceanic crustal subduction, Jurassic–Cretaceous continental collision, and Cenozoic regional strike-slip
faulting [18–20]. In the Triassic, westward subduction of the Garzê–Litang ocean led to the formation of
the Yidun arc in the eastern part of the Zhongzan block, accompanied by the formation of voluminous
volcanic and granitic rocks with ages mainly from 238 to 210 Ma (Figure 1c) [20,21]. These volcanic
and granitic rocks host numerous mineral deposits, such as the Gacun volcanic massive sulfide
(VMS) Ag-polymetallic deposit and porphyry–skarn deposits that were formed in a compressional
setting (Figure 1c), in association with subduction of different angles [22]. When the Garzê–Litang
ocean closed completely at the end of the Triassic, the Yidun island arc collided with the Yangtze
block, accompanied by the emplacement of sparsely distributed granites from 138 to 75 Ma. Mineral
deposits formed in this period of time, such as the Xiuwacu, Relin, Hongshan, and Tongchanggou
deposits [8,23]. During the Cenozoic, a remote response to the Indian–Asian continental collision
caused intracontinental strike-slip processes with the emplacement of alkaline granite intrusions and
associated Au mineralization within the southern Yidun arc, including the Yaza and Bengge deposits
(Figure 1c).

3. Geology of the Hongshan Deposit

The Hongshan Cu-polymetallic deposit is located in the central part of the Zhongdian area
(Figure 1c). The main country rocks of the deposit comprise mainly a thick Triassic sequence of
crystalline limestone, siltstone, gray to very dark gray argillaceous slate, and interlayered andesitic
tuff of the Upper Triassic Qugasi formation (Figure 2). These rocks underwent contact thermal and
replacement metamorphism with the development of extensive hornfels, marble and skarn throughout
the deposit and surrounding areas (Figure 3).

Sparse felsic dikes and offshoots are exposed in the Hongshan deposit area. Diorite porphyries are
the most widely distributed, and occur mainly in the southeastern and northern parts of the deposit
area with SHRIMP U–Pb ages of 214 ± 2 Ma [17]. However, a direct contact between these porphyries
and the orebodies has not been observed in the Hongshan deposit (Figure 2a). Quartz monzonite
porphyry outcrops only as three small intrusions in the middle of the Hongshan area; a small part
of the quartz monzonite porphyries have been altered to endoskarn near contact zones with marble
(Figure 3a). Boreholes CK 17-2 and CK 17-4 have revealed concealed mineralized stocks that may
be larger than the outcrops (Figure 2b,c) [17]. Previous dating suggests that the quartz monzonite
porphyry and the concealed granite porphyry were formed in Late Cretaceous with zircon U–Pb ages
of 77–81 Ma [12,17,23].

The copper orebodies in the study area are sheet-like, tabular, or lenticular; are subparallel to
the main NNW-striking structures in the deposit area; and are hosted by skarn and hornfels zones.
Individual orebodies generally strike NNW and range from 30 to 1223 m in length along strike, 20 to
420 m in width along the dip direction, and 3.9 to 19.6 m in thickness. Based on mineral assemblages
and ore textures, two types of Cu–Mo ores, mainly developed in the skarns, have been recognized,
i.e., massive or layered skarn (Figure 3a) and vein-type, with the former being dominant. Some
other ore types are also present: hydrothermal Pb–Zn ores in the periphery of the Hongshan deposit
(Figure 2a), and Mo–Cu porphyry ores associated with concealed intrusions at depth [17]. The alteration
and mineralization in the Hongshan deposit can be divided into three alteration stages. The early
stage (stage 1) is characterized by the alteration of wallrocks to albite–biotite–quartz–andalusite
hornfels and massive, sage-green diopside hornfels (Figure 3d–f). In the skarn stage (stage 2),
the interaction between the magmatic hydrothermal fluids and marble resulted in diverse assemblages
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of calc–silicate skarn minerals including garnet, diopside, wollastonite, and magnetite. The early
retrograde alteration stage (stage 3a) is characterized by hydrosilicate minerals and sulfide minerals
overprinting on the calcsilicate minerals, forming the massive and disseminated skarn ores (Figure 3b,c).
The quartz–sulfide stage (stage 3b) featured a variety of quartz–sulfide veins overprinting skarns and
hornfels. Marble-hosted hydrothermal Pb–Zn mineralization scattered on the periphery of the Cu–Mo
skarn orebodies (Figure 2a), exhibiting a clear mineralization zoning.
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The spatial zonation of the skarn minerals in the Hongshan deposits are also apparent with at
least three associations. The endoskarns are only present within the quartz monzonite porphyry
and have a mineral assemblage of garnet, diopside, and vesuvianite (Figure 3a) [17]. Exoskarns are
more widely developed with a mineral assemblage of garnet, diopside, fluorite, and actinolite in
the massive or layered skarn ores (Figure 3b,c). Minor distal skarns are scattered in the periphery
of the main orebodies and associated with marble, hornfels, or wollastonite (Figure 3d–f). Garnet is
the most abundant mineral in different assemblages and several different garnet generations can be
optically distinguished. Garnets in the endoskarns are reddish, fine-grained, anisotropic, and have
dodecahedral and/or polysynthetic twinning (Figure 3a). Garnets in the exoskarns are isotropic and
euhedral, anisotropic (Figure 3j,k), and display evident oscillatory zoning (Figure 3g–i). The epitaxial
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growth with oscillatory zoning exoskarn garnets indicate these garnets might have formed during
different stages (Figure 3g). Garnets from the distal skarns are greenish, brown, and rarely reddish in
color without apparent oscillatory zonings (Figure 3l).Minerals 2019, 9, x FOR PEER REVIEW 5 of 17 
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Figure 3. Photographs and photomicrographs showing characteristics of skarn ores in the Hongshan
deposit. (a) Garnet in endoskarn in contact with residual quartz monzonite porphyry. (b) Massive or
layered skarn ores with dense disseminated pyrrhotite in exoskarn. (c) Euhedral garnet in exoskarn ores
with dense disseminated pyrrhotite and chalcopyrite. (d) Greenish-brown garnet in distal skarns along
the marble. (e) Reddish-brown distal skarn in pyroxene hornfels. (f) Brown eduhedral garnet along
with marble and wollastonite. (g–k) Garnets in the exoskarns are isotropic and euhedral, anisotropic,
and display evident oscillatory zoning. (l) Garnet from distal skarn lacks of apparent oscillatory zonings.
Ccp: chalcopyrite, Dio: diopside, Grt: garnet, Po: pyrrhotite, Qtz: quartz, Ser: sericite, Wo: wollastonite

4. Sampling and Analytical Methods

Polished sections were used to study skarn minerals following by electron microprobe analyses on
representative garnet, pyroxene, and tremolite (actinolite). Major element analyses of these minerals
were carried out at the China University of Geosciences (Beijing) using a Shimadzu EPMA-1600.
An accelerating voltage of 25 kV, a beam current of 20 nA, and a beam diameter of 1 µm were applied.
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Natural minerals and synthetic oxides were used as standards, and all data were corrected using
standard ZAF correction procedures.

Ten skarn-bearing samples from the layered skarn ores in the Hongshan deposit were collected
to pick pure garnet separates from high precision Sm–Nd isotope systematic analyses. Pure garnet
separates were handpicked under a binocular microscope to select grains similar in appearance to the
chips of the 60–80 mesh size crushed by agate mortar, and then powered to <200 mesh size. Sm–Nd
isotopic analyses were performed on a ISOPROBE-T thermal ionization mass spectrometry (TIMS) at
the Beijing Research Institute of Uranium Geology.

5. Analytical Results

5.1. Mineral Composition

Electron microprobe analyses show that garnets from the deposit form a grossular–andradite
solid solution and dominated with andradite (Tables 1–3). Forty-nine spots on garnet grains from
exoskarn from this study range from almost pure andradite (Adr100) to Adr64Gr32 with less than 5%
of other types of garnets (Figure 4a). They contain significant less Al contents than the garnets from
endoskarn (Adr22–57Grs78–43) and from distal skarn (Adr14–60Grs86–40) [24]. Oscillatory zoned garnets
are generally chemically zoned with fluctuation-ore repeated changes of FeOT content and Al2O3

content (Figure 5). The invariably negative correlation between FeOT and Al2O3 compositions also
indicate the common existence of grossular–andradite solid solution (Figure 5).
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Figure 5. Variation of FeOT and Al2O3 content from core to margin in the garnet grains from the
layered skarn ores.

The pyroxene (12 spots) from the Hongshan deposit are mainly diopside in composition, with
minor hedenbergite and rarely johannsenite (Figure 4b). The composition of the pyroxene from the
exoskarn has large variations with Di90Hd9 to Di1Hd99 (Table 4).

The prograde garnet, pyroxene, and wollastonite are commonly overprinted by retrograde
tremolite, actinolite, epidote, and minor chlorite. The actinolite minerals (6 spots) in this study belongs
to ferro-actinolite with high amounts of MgO (19–22 wt %) and FeOT (5–11 wt %) (Table 5).
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5.2. Sm–Nd Dating Result

The Sm and Nd concentrations and isotopic ratios of garnets from the Hongshan deposit are listed
in Table 6 and plotted in Figure 6. All the 10 analyzed samples showed a roughly linear correlation
with an isochron age of 60.91 ± 4.94 Ma (MSWD = 26) (Figure 6a) using IsoplotR [25]. Three garnet
samples (D21-5, D48-13, and KT2-4296-6) deviate the isochron line and could plausibly represent the
incorporation of other minerals or/and affected by later perturbation despite detailed petrography
study before analyzing (Figure 6a). The remaining 7 samples revealed a well-constrained isochron age
of 76.48 ± 7.29 Ma (MSWD = 1.2) (Figure 6b), which represents the crystallization time of the garnet.
The uncertainty of ±7.29 Ma is due to low 147Sm/144Nd ratios (<0.30) rather than low precision of the
Nd isotope ratios.
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Table 5. Electron microprobe analyses of actinolite from the Hongshan deposit (wt %).

Samples SiO2 TiO2 Al2O3 FeO Cr2O3 MnO MgO CaO Na2O K2O Total

Diopside–actinolite
skarn

KT12-4170-19

55.08 0.02 1.11 8.03 0.13 0.11 20.08 12.53 0.30 0.04 97.43
54.43 0.22 1.46 7.98 0.12 0.15 19.86 12.90 0.30 0 97.42
54.76 0 1.32 7.07 0 0.09 20.32 12.88 0.33 0 96.77

Actinolite skarn
KT2-4296-11

55.03 0.46 2.12 4.72 0.06 0.13 21.48 12.92 0.45 0.01 97.38
56.23 0.03 0.93 4.95 0.09 0.13 21.95 13.09 0.25 0.02 97.67
53.91 0.17 0.55 10.89 0.13 0.30 18.44 12.16 0.35 0.12 97.02

Cations on the basis
of 23 oxygens Si Ti Al Fe3+ Fe2+ Cr3+ Mn Mg Ca Na K

KT12-4170-19
7.71 0 0.18 0.41 0.53 0.01 0.01 4.19 1.88 0.08 0.01
7.64 0.02 0.24 0.40 0.54 0.01 0.02 4.16 1.94 0.08 0
7.70 0 0.22 0.35 0.49 0 0.01 4.26 1.94 0.09 0

KT2-4296-11
7.63 0.02 0.35 0.25 0.30 0.01 0.02 4.44 1.92 0.12 0
7.76 0 0.15 0.31 0.27 0.01 0.02 4.52 1.94 0.07 0
7.69 0.02 0.09 0.52 0.78 0.02 0.04 3.92 1.86 0.10 0.02

Table 6. Sm–Nd concentrations and isotopic ratios of the garnet from the Hongshan deposit.

Sample Sm (µg/g) Nd (µg/g) 147Sm/144Nd 143Nd/144Nd Standard Error εNd (t)

KT3-4033-7 5.760 44.50 0.0784 0.512127 0.000006 −8.78
WY-4296-1 0.192 1.12 0.1040 0.512128 0.000006 −8.81
KT2-4296-6 1.780 9.73 0.1105 0.512194 0.000006 −6.64

7ZK16-1 0.480 2.82 0.1030 0.512138 0.000006 −9.02
D40-6 12.900 49.10 0.1592 0.512155 0.000006 −8.84
D40-8 12.500 33.00 0.2300 0.512202 0.000006 −9.05
D21-5 0.873 5.22 0.1012 0.512073 0.000006 −0.97

D48-13 3.060 6.99 0.2648 0.512178 0.000006 −8.52
KT2-4235-10 0.503 2.39 0.1269 0.512135 0.000007 −9.11
KT2-4170-21 1.890 12.40 0.0922 0.512120 0.000007 −9.04

6. Discussion

6.1. Mineralogy and Geochemistry of Skarn Minerals

The identification and classification of the skarn deposits were based on their mineralogy [26].
The Hongshan deposit is featured with layered or stratabound Cu ores with their occurrence in
accordance with the host volcano-sedimentary wall rocks of the Qugasi Formation, which has led to the
conception of sedimentary or SEDEX origin for these ores [10,11]. However, the pervasively distributed
skarn minerals, e.g., andraditic garnet (Figure 4a), diopside–hedenbergite pyroxene (Figure 4a),
actinolite, in the layered Cu ores are similar to the typical skarn Cu deposits as a result of interaction
between felsic intrusion and surrounding carbonate rocks [26]. The lithologic or bedding contacts
may provide highly permeable and/or reactive layers for the infiltration and lateral movement of the
skarn-forming fluids [27]. Other evidences including the vertical zonation of skarn minerals, from
top to bottom, are biotite hornfels–pyroxene hornfels, marble, wollastonite skarn (Wo > Pyx–Grt),
pyroxene skarn (Pyx > Grt), garnet skarn (Grt > Pyx), pyroxene skarn, pyroxene hornfels, and biotite
hornfels [6].

The chemical composition of the skarn minerals can also be used to evaluate the oxidation state
of the mineralization fluids [27]. Many skarn Cu deposits contain a high abundance of chalcopyrite,
bornite, pyrite, and magnetite ± hematite, which are believed to have formed from a high oxygen
fugacity environment [26]. However, the large proportions of pyrrhotite (>60% sulfide) in the
Hongshan deposit tends to be much more reduced than other skarn Cu deposits [28]. The highly
andraditic composition of garnet (Adr100 to Adr64Gr32, Figure 4a) and diopsidic composition of
pyroxene (Di90Hd9 to Di1Hd99, Figure 4b) indicate the prograde skarn minerals are formed under
oxidized conditions as other skarn Cu deposits [26]. This suggest that the initial fluids during the
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prograde stage are inherently oxidized as other skarn Cu deposits and the rapid descent of the fugacity
in the retrograde stage could be led by other effective factors.

6.2. Timing of Mineralization

The layered skarn Cu ores and vein-type Mo–Cu ores are two dominant ores in the Hongshan
deposit. The age of the vein-type Mo–Cu ores have been precisely constrained by molybdenite Re–Os
ages, ranging from 77 to 81 Ma [9,11,12]. However, the age of the layered skarn Cu ores is still in
dispute. The existence of Triassic intrusions in the deposit area led some authors to argue the main
layered skarn ores were formed in the Triassic [29], similar with the Pulang and Xuejiping porphyry Cu
deposits in the Zhogndian area [4]. Re–Os dating with pyrrhotite, however, yielded a Late Cretaceous
age with large error 79 ± 16 Ma [9]. Considering the low closure temperature of Re–Os systems in the
pyrrhotite (as low as 400 ◦C) [30], a more robust and convincing method should be considered.

Garnet crystals grow between 400 ◦C and ~700 ◦C [31] and the primary growth ages can survive
from wide range of P–T metamorphism, such as amphibolite metamorphism [15,16]. The strong
preference of the garnet lattice for Sm over Nd makes Sm–Nd dating in garnet as a highly suitable
chronometer for more than 30 years [16]. The garnets in the Hongshan deposit showed consistent
or typical oscillatory zonations (Figure 5), indicating they were formed from a single hydrothermal
system that underwent chemical fluctuation. The low 147Sm/144Nd ratios of 0.07 to 0.26 for the garnet
samples (Table 6) in the Hongshan deposit indicated some silicate inclusions, such as epidote and
pyroxene, might not be completely removed when compared with the inclusion-free garnet with
high 147Sm/144Nd ratios (>1) [16,32]. Since these inclusions grew in isotopic equilibrium with the
surrounding garnet and rock matrix during prograde metamorphism, the requirements of isochron
dating are fulfilled. Therefore, the well-constrained isochron age of 76.48 ± 7.29 Ma (MSWD = 1.2)
(Figure 6b) revealed from seven garnet separates can represent the crystallization time of the garnet.
This age was consistent with the Re–Os age for the pyrrhotite from the layered skarn ores, and thereby
indicated that the layered skarn mineralization was formed in the Late Cretaceous, rather than in the
Triassic as previously thought [9]. The coincidence of the geochronology from the layered skarn ores
and vein-type mineralization further indicated that both ores were the result of a single genetic event,
rather than multiple events [10,11]. The development of endoskarn in the quartz monzonite porphyry
(Figure 3a) and granite porphyry indicated the Cu–Mo mineralization in the Hongshan deposit was
plausibly related to the syntectonic intrusions.

6.3. Implication for the Regional Metallogeny

The metallogenic age of the Hongshan deposit is constrained from the Sm–Nd dating of garnet and
previous data to be Late Cretaceous. The Hongshan skarn Cu–Mo deposit, associated with the Xiuwacu
quartz vein W–Mo, Relin quartz vein W–Mo, and Tongchanggou porphyry Mo–Cu deposit [8,33–35],
thus defined a roughly N–S trending Late Cretaceous porphyry belts in the Zhongdian area, locally
overlapping the Late Triassic porphyry belt (Figure 1c). Numerous geochemical research on the related
intrusions revealed that the Zhongdian area in the Late Cretaceous underwent post-collisional extension
event, which was also recently recognized as an optimal setting for the formation of porphyry–skarn
deposits [36–38]. During post-collisional extension setting, remobilization of chalcophile metals from
metasomatized mantle lithosphere have led to the generation of fertile magmas capable of forming
porphyry–skarn Cu–Mo–W deposits in the Zhongdian area [17,33].

7. Conclusions

Two types of Cu–Mo ores, mainly developed in the skarns, have been recognized in the Hongshan
deposit, i.e., massive or layered skarn (Figure 3a) and vein-type, with the former being dominant.
The highly andraditic composition of garnet (Adr100 to Adr64Gr32) and diopsidic composition of
pyroxene (Di90Hd9 to Di1Hd99) indicate the layered skarn ores are magmatic-hydrothermal origin that
formed under oxidized conditions. Sm–Nd dating of garnet yielded an isochron age of 76.48 ± 7.29 Ma
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for the layered skarn ores, indicating the Hongshan deposit was formed in the Late Cretaceous
in a unified system rather than from multiple mineralization events. The recognition of the Late
Cretaceous post-collisional porphyry–skarn Cu–Mo–W belt in the Zhongdian area exhibits a promising
prospecting potential.
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Abstract: In the eastern Hegenshan-Heihe suture zone (HHSZ) of NE China, Cu-Au hydrothermal
mineralization at the newly discovered Hongyan deposit is associated with the Shanshenfu
alkali-feldspar granite (SAFG). Zircon U-Pb dating showed that the inner phase and outer phase of
the SAFG were formed at 298.8 ± 1.0 Ma and 298.5 ± 1.0 Ma, respectively. Whole rock geochemistry
suggests that the SAFG can be classified as an A-type granite. Halfnium isotopes and trace elements
in zircon suggest that the SAFG has high Ti-in-zircon crystallization temperature (721–990 ◦C), high
magmatic oxygen fugacity and largely positive εHf(t) (from +6.0 to +9.9). We proposed that the SAFG
was derived from crustal assimilation and fractional crystallization of juvenile crust metasomatized
by subducting oceanic crust. The high oxygen fugacity of the SAFG suggests the chalcophile elements
(e.g., Cu, Au) remained in the magma as opposed to the magma source. An arc-related juvenile source
favors enrichment of Cu and Au in the resulting magma. Combined, these magmatic characteristics
suggest Cu ± Au exploration potential for magmatic-hydrothermal mineralization related to the
SAFG, and similar bodies along the HHSZ. The results obtained combined with regional geological
background suggest that the Permian A-type granites and related mineralization along the HHSZ
were formed in a post-collisional slab break-off process.

Keywords: Hegenshan-Heihe suture zone; Cu-Au hydrothermal mineralization; Hongyan deposit;
Permian A-type granite; granite petrogenesis; magmatic oxygen fugacity; post-collisional slab
break-off

1. Introduction

Since the introduction of the A-type granite classification by Loiselle and Wones [1], rocks of
this type have been studied extensively due to their important geodynamic significance, complicated
petrogenesis and economic potential [2–13]. It has been recognized that A-type granites can be formed
in a variety of extensional regimes, such as continental back-arc extension, post-collisional extension
or within-plate settings [2,14]. In recent years, there have been many studies on the origin and
oxidation state of A-type granites and their relationships to mineralization [7–10,12,13]. In general,
previous workers have related oxygen fugacity and a degree of magma contamination to different
types of mineralization [7–10]. High magmatic oxygen fugacity and juvenile magma sources such
as mantle-derived crust or partial melting of an oceanic slab have been related to Cu-Mo-Au-Pb-Zn
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mineralization [7,8,10]. Low magmatic oxygen fugacity, and wall-rock interaction or assimilation of
continental crust are associated with W-Sn mineralization [7–9]. The oxidation state and petrogenesis
of A-type granites has important geological significance, not only for regional tectonic evolution, but
also for understanding the metallogenic process related to A-type granites. Decoding this petrogenetic
intricacy, inherent geodynamic background and the related metallogenic process requires the use of
an integrated whole rock geochemical and zircon chemical approach. Zircon chemistry relates to
crystallization temperature and oxygen fugacity (f o2) of magma [15–18], the composition of parental
melts [19,20], source-rock type and crystallization environment [21–23]. The refractory nature and
low elemental diffusion [24] mean that zircon chemistry remains unchanged through most geological
processes, such as hydrothermal alteration, providing a powerful tool for documenting magmatic
conditions (e.g., magma source and f o2) and the resulting behavior of elements such as Cu [25–28].

In northeastern China (NE China), numerous Permian A-type granitoids (260–300 Ma)
have been identified along the Hegenshan-Heihe suture zone (HHSZ) in the past two decades
(Figure 1a,b) [3,4,29–32]. These A-type granites are on the eastern side of the larger Central Asian
Orogenic Belt (CAOB, Figure 1a). Previous studies have provided mineralogical and geochemical
constraints on the types (A2 type), sources (crust-mantle mixing or crustal sources) and tectonic
settings (post-orogenic extension or post-collisional extension) of the Permian A-type granites along the
HHSZ [3,4,29–32]. Newly discovered hydrothermal deposits are associated with these Permian A-type
granites, including Aoyoute Cu-polymetallic deposit (287 Ma), Bayandulan Cu-polymetallic deposit
(284 Ma) and Ataiwula Cu-polymetallic deposit (276 Ma) [32]. Despite a clear relationship between
Permian A-type granitoids and mineralization, there is debate about the petrogenesis and tectonic
setting of these rocks, and influence of the magma source and magmatic oxygen fugacity on the related
metallogenic process needs further research. The newly discovered Hongyan Cu-polymetallic deposit
is located in the northeastern part of the HHSZ (Figure 1c), and contains Cu-polymetallic hydrothermal
mineralization clearly associated with a Permian A-type granitoid. The deposit and surrounding
rocks provide a good opportunity to study the petrogenesis and tectonic setting of Permian A-type
granitoids and their possible relationship with hydrothermal mineralization.

In this paper, we present zircon U-Pb ages, trace elements data and Hf isotope data with whole
rock major and trace element data from Permian A-type granite in the Hongyan Cu-polymetallic
deposit. We then use these data to discuss the oxidation state, petrogenesis and tectonic setting of
these rocks. The results provide new insights into the petrogenesis and tectonic setting of Permian
A-type granites along the HHSZ, and highlight the exploration potential of these rocks.
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2. Regional Geology

The Xing-Meng Orogen Belt (XMOB) is located in the eastern part of the CAOB, and was formed in
the Permian through the collision between the Siberia block and North China block (Figure 1a) [34,36,37].
The XMOB is further subdivided by several NE-striking faults into different microcontinental massifs
or terranes, including the Ergun massif, the Xing’an terrane, the Songliao terrane, the Jiamusi terrane
and the Liaoyuan terrane (Figure 1b). These terranes have undergone EW-trending tectonic evolution
of the Paleo-Asian Ocean during the Paleozoic and NNE-trending tectonic evolution of the western
Pacific Ocean during the Mesozoic and Cenozoic.

The HHSZ is a suture zone resulting from the collision of the Xing’an and Songliao terranes
(Figure 1b). The outcropping strata in the northern Xing’an terrane and its adjacent area can be
approximately divided into four units (Figure 1c) [38,39]: (1) Sporadic distribution of Precambrian
crystalline basement rocks composed of granulites, gneisses and schists; (2) extensive exposure of early
Paleozoic metamorphosed volcanic and sedimentary rocks consisting of schist, sandy slate, marble
and andesite, which are formed in continental margin and arc accretion settings; (3) the late Paleozoic
units are similar to the early Paleozoic units but with lower metamorphic grades, such as the extensive
distribution of the Baoligaomiao volcanic succession that represents Carboniferous subduction-related,
mature, continental arc volcanism [40]; and (4) Mesozoic continental intermediate-felsic volcanic
and sedimentary rocks, and Cenozoic sedimentary basin strata. Intense magmatic activity occurred
along the HHSZ, which can be divided into the Caledonian, Hercynian, Indosinian and Yanshanian
periods [41]. The Caledonian granitoids, consisting of granodiorite and quartz diorite, are sporadically
distributed in the Luomahu and Duobaoshan areas. The Hercynian granitoids including granodiorite,
monzogranite and alkali-feldspar granite are widely distributed on the northern side of the HHSZ.
The Indosinian granitoids, consisting of monzogranite, syenogranite and two-mica granite, are widely
distributed on both sides of the HHSZ. The Yanshanian granitoids, being composed of quartz diorite,
granodiorite, tonalite and biotite granite, exhibit a sporadic distribution (Figure 1c) [4,42].

Intense hydrothermal activity was associated with these periods of magmatism, and resulted
in various types of hydrothermal deposits, primarily including skarn Cu-polymetallic deposits
(e.g., Sankuanggou and Xiaoduobaoshan), porphyry Cu-(Mo-Au) deposits (e.g., Duobaoshan and
Tongshan) and epithermal Au deposits (e.g., Shangmachang, Beidagou, Sandaowanzi, Tianwangtaishan
and Zhenguang, Figure 1c) [34,43,44], which constitute the northeastern segment of the Xing’an
Cu-Mo-Fe-Pb-Zn-Au belt [37,45]. These deposits are located in a nearly NE-trending band along the
HHSZ and its secondary NE- and NW-trending faults (Figure 1c).

3. Deposit Geology

The Hongyan Cu-polymetallic deposit comprises three orebodies (from E125◦01′28” to E125◦06′30”,
from N49◦33′30” to N49◦42′30”; Figure 2), located in the northeastern part of the HHSZ (Figure 1c).
Paleozoic and Mesozoic volcanic rocks are widespread near the deposit (Figure 2). Paleozoic volcanic
rocks mainly include the Upper Carboniferous–Lower Permian Baoligaomiao Formation, which is a
suite of continental volcanic rocks composed of rhyolitic tuff, andesitic tuff and basalt [46]. Mesozoic
volcanic rocks are subdivided into the Lower Jurassic Manitu Formation, the Upper Cretaceous
Baiyingaolao Formation and Damoguaihe Formation. The Manitu Formation comprises dacitic
ignimbrite and dacite. The Baiyingaolao Formation is mainly composed of rhyolite, rhyolitic volcanic
breccias and rhyolitic ignimbrite. The Damoguaihe Formation is mainly composed of conglomerate,
fine sandstone and tuff breccias [46]. Steeply dipping brittle faults are dominantly NE-trending (e.g., F1
and F2), NWW-trending (e.g., F3, F4, F5, F6, F7 and F9) and E-trending faults (e.g., F8). The Shanshenfu
alkali-feldspar granite (SAFG) with an exposed area of ~75 km2 dominates plutonic rocks. The SAFG
intrudes Paleozoic volcanic rocks with an irregular contact and is covered by Mesozoic volcanic rocks
and Quaternary sediments (Figure 2).

356



Minerals 2019, 9, 309Minerals 2019, 9, x FOR PEER REVIEW 
 5 of 26 

 

 
Figure 2. Geological sketch of the Hongyan Cu-polymetallic deposit [46]. 

The SAFG comprises an inner medium-grained phase and outer fine-grained phase (Figure 2). 
The boundary between the phases is gradational. The inner phase contains subhedral perthite (50%–55%), 
anhedral quartz (30%–35%), plagioclase (5%–10%), hornblende (0%–5%) and muscovite (0%–5%, 
Figures 3a and 4a). The outer phase comprises subhedral perthite (55%–60%), anhedral quartz (25%–30%), 
plagioclase (5%–10%), hornblende (0%–5%) and muscovite (0%–5%, Figures 3b and 4b). Accessory 
minerals are magnetite (Figure 4d), zircon and apatite. 

The SAFG is pervasively altered by potassic (Figure 3c) and quartz-sericite alteration (Figure 4c), 
and is accompanied by some disseminated Cu mineralization (Figure 4d). Cu-polymetallic mineralization 
generally occurs as quartz veins and veinlets in the SAFG and the Baoligaomiao Formation, which is 
structurally controlled by tensile cracks and NWW-striking faults, respectively (Figure 2). Three vein-
shaped mineralized bodies are identified in the Hongyan Cu-polymetallic deposit, which from north 
to south are No. I, II and III, respectively [46] (Figure 2): The No. I ore body hosted in the outer phase 
of the SAFG develops NWW-trending ore veins with a length of 250 m, an average thickness of 3.1 
m and Cu grades of 0.5%–1.5%; the No. II ore body hosted in the Baoligaomiao Formation develops 
NWW-trending and N-dipping ore veins with a length of 220 m, an average thickness of 2.3 m and 
Cu, Au and Ag grades of 0.4%–1.2%, 0.34–2.21 g/t and 0.76–21.6 g/t, respectively; the No. III ore body 
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Figure 2. Geological sketch of the Hongyan Cu-polymetallic deposit [46].

The SAFG comprises an inner medium-grained phase and outer fine-grained phase (Figure 2). The
boundary between the phases is gradational. The inner phase contains subhedral perthite (50%–55%),
anhedral quartz (30%–35%), plagioclase (5%–10%), hornblende (0%–5%) and muscovite (0%–5%,
Figures 3a and 4a). The outer phase comprises subhedral perthite (55%–60%), anhedral quartz
(25%–30%), plagioclase (5%–10%), hornblende (0%–5%) and muscovite (0%–5%, Figures 3b and 4b).
Accessory minerals are magnetite (Figure 4d), zircon and apatite.
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The SAFG is pervasively altered by potassic (Figure 3c) and quartz-sericite alteration (Figure 4c),
and is accompanied by some disseminated Cu mineralization (Figure 4d). Cu-polymetallic
mineralization generally occurs as quartz veins and veinlets in the SAFG and the Baoligaomiao
Formation, which is structurally controlled by tensile cracks and NWW-striking faults, respectively
(Figure 2). Three vein-shaped mineralized bodies are identified in the Hongyan Cu-polymetallic
deposit, which from north to south are No. I, II and III, respectively [46] (Figure 2): The No. I ore
body hosted in the outer phase of the SAFG develops NWW-trending ore veins with a length of
250 m, an average thickness of 3.1 m and Cu grades of 0.5%–1.5%; the No. II ore body hosted in the
Baoligaomiao Formation develops NWW-trending and N-dipping ore veins with a length of 220 m, an
average thickness of 2.3 m and Cu, Au and Ag grades of 0.4%–1.2%, 0.34–2.21 g/t and 0.76–21.6 g/t,
respectively; the No. III ore body hosted in the Baoligaomiao Formation develops NWW-trending and
N-dipping ore veins with a length of 215 m, an average thickness of 1.8 m and Cu, Au and Ag grades
of 0.5%–1.35%, 0.27–2.62 g/t and 0.64–16.2 g/t, respectively.
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Stage II disseminated chalcopyrite–pyrite–quartz mineralization; (e) Stage II quartz–pyrite–chalcopyrite–
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pyrite, Ccp—chalcopyrite, Bn—bornite, Gn—galena, Cc—calcite, Fl—fluorite. 

Figure 3. Hand specimen photos of the Shanshenfu alkali-feldspar granite and Stage I–III
mineralization from the Hongyan Cu-polymetallic deposit. (a) Medium-grained alkali-feldspar
granite (inner phase); (b) fine-grained alkali-feldspar granite (outer phase); (c) Stage I
K-feldspar–quartz–pyrite vein; (d) Stage II disseminated chalcopyrite–pyrite–quartz mineralization;
(e) Stage II quartz–pyrite–chalcopyrite–bornite vein; (f) Stage II quartz–pyrite–bornite vein; (g) Stage II
quartz–bornite–galena vein; (h) Stage III quartz–calcite vein; (i) Stage III quartz–calcite–fluorite
vein. Qz—quartz, Kf—K-feldspar, Py—pyrite, Ccp—chalcopyrite, Bn—bornite, Gn—galena,
Cc—calcite, Fl—fluorite.
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(Figures 3c and 4e). Stage II is the main ore-forming stage and mainly distributed in the three ore 
bodies, which is represented by the widespread occurrence of quartz, chalcopyrite and pyrite minerals as 
veins or veinlets with minor bornite, covellite, galena and sphalerite (Figures 3d–g and 4f–h). 
Chalcopyrite replaces early bornite and is commonly intergrown with pyrite and galena (Figure 4g 
and 4h). Chalcopyrite and pyrite are partly replaced by covellite (Figure 4f). Gold mineralization is 
most commonly hosted within sulfide minerals in this stage, and visible gold can be found in the quartz 
veins (Figure 4i). Stage III is mainly distributed in No. II and III ore bodies, which is characterized by the 
appearance of calcite and quartz with minor fluorite as veins or veinlets (Figure 3h–i). Small amounts 

Figure 4. Transmitted light (a–c) and reflected light (d–i) microphotographs of the
Shanshenfu alkali-feldspar granite, hydrothermal alteration features and metal mineral assemblages.
(a) Medium-grained alkali-feldspar granite (inner phase); (b) fine-grained alkali-feldspar granite (outer
phase); (c) widespread alteration of quartz, sericite and epidote in the granite; (d) chalcopyrite and
magnetite in fine-grained alkali-feldspar granite (outer phase); (e) pyrite and magnetite in Stage I
K-feldspar–quartz–pyrite vein; (f) chalcopyrite intergrown with pyrite replaced by the covellite in
Stage II quartz vein; (g) chalcopyrite replace bornite in Stage II quartz vein; (h) chalcopyrite intergrown
with galena in Stage II quartz vein; (i) visible gold intergrown with galena in Stage II quartz vein.
Py—pyrite, Ccp—chalcopyrite, Bn—bornite, Gn—galena, Mt—magnetite, Cv—covellite, Au—native
gold, Qz—quartz, Per—Perthite, Mus—Muscovite, Hbl—Hornblende, Ser—sericite, Ep—epidote.

4. Mineralization and Alteration in Ore Bodies

Based on our field and petrographic observations, the main ore minerals are chalcopyrite and pyrite,
with minor bornite, covellite, galena, sphalerite, magnetite and native gold. The most common gangue
minerals are quartz, K-feldspar, sericite, muscovite, chlorite, epidote, calcite and fluorite. Silicification
is well developed and closely related to sulfide mineralization. Based on hydrothermal alteration
mineral assemblages, we identify three stages of mineralization (Figure 5): Quartz ± K-feldspar ±
pyrite (Stage I), quartz + chalcopyrite ± pyrite ± bornite ± sphalerite ± galena (Stage II) and quartz
+ carbonate ± fluorite (Stage III). Stage I is widely distributed in No. I and II ore bodies, which
is defined by the occurrence of quartz and K-feldspar with minor pyrite and magnetite as veins
(Figures 3c and 4e). Stage II is the main ore-forming stage and mainly distributed in the three ore bodies,
which is represented by the widespread occurrence of quartz, chalcopyrite and pyrite minerals as veins
or veinlets with minor bornite, covellite, galena and sphalerite (Figures 3d–g and 4f–h). Chalcopyrite
replaces early bornite and is commonly intergrown with pyrite and galena (Figure 4g,h). Chalcopyrite
and pyrite are partly replaced by covellite (Figure 4f). Gold mineralization is most commonly hosted
within sulfide minerals in this stage, and visible gold can be found in the quartz veins (Figure 4i).
Stage III is mainly distributed in No. II and III ore bodies, which is characterized by the appearance
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of calcite and quartz with minor fluorite as veins or veinlets (Figure 3h–i). Small amounts of pyrite
occur in quartz-calcite veins, and gold mineralization is less in this stage. The presence of fluorite
mineralization has been reported to be closely related to A-type granites [47,48]. Combined, the
development of Cu-polymetallic mineralization in the SAFG and widespread K-feldspar alteration and
fluorite mineralization in ore bodies suggest that these ore-forming hydrothermal fluids are mainly
derived from the SAFG.
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5. Analytical Methods

5.1. Zircon U-Pb Dating Analysis

The sample SF-1 from the inner phase and the sample SF-5 from the outer phase were collected for
geochronology (Figure 2). Zircon grains were separated using conventional heavy liquid and magnetic
techniques, and then handpicked under a binocular microscope. Handpicked zircon grains were
mounted on adhesive tape, enclosed in epoxy resin and polished so that approximately half of each
zircon is exposed. To study interior textures of zircons cathodoluminescence (CL) images were collected
with a JEOL JXA-8100 electron microprobe (TESCAN MIRA 3 LMH FE-SEM, TESCAN, Brno, Czech
Republic) at the State Key Laboratory of Geological Processes and Mineral Resources, China University
of Geosciences, Wuhan. Zircon U-Th-Pb measurements were done under a 32 µm diameter laser beam
at the same laboratory using a Geo-Las 2005 System. An Agilent 7500a ICP-MS (Agilent, Santa Clara,
CA, USA) instrument was used to acquire ion-signal intensities with a 50 mJ/pulse 193 nm ArF-excimer
laser at 10 Hz and a homogenizing, imaging optical system (MicroLas, Göttingen, Germany). The
data acquisition for each analysis took 100 s (40 s on background and 60 s on signal). Detailed
instrumentation and analytical accuracy description were given by Liu et al. [49,50]. Time-dependent
drifts of U-Th-Pb isotopic ratios were corrected using a linear interpolation (with time) for every six
analyses according to the variations of external standard zircon 91,500 (2 zircon 91,500 + 6 samples +

2 zircon 91,500) [50]. The ages are calculated by inhouse software ICPMSDataCal (version 6.9, China
University of Geosciences) [49] and concordia diagrams were made by Isoplot/Ex ver3.0 [51]. Errors
on individual analyses are quoted at the 1σ level, whereas errors on weighted mean ages are quoted at
the 2σ (95% confidence) level. Trace element compositions of zircon are calibrated against GSE-1G
combined with internal standardization 29Si [50].

Zircon Ce and Eu anomalies, Ti-in-zircon temperatures and magmatic oxygen fugacity (f o2)
were calculated using the trace element compositions of zircons collected during the same analysis
interval as U-Pb dating. The method for calculating these parameters has been described in Ferry and
Watson [16] and Trail et al. [17,18]. CGDK software [52] was used for plotting data.
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5.2. Zircon Lu-Hf Isotopes Analysis

In-situ zircon Hf isotopic analyses were conducted using a Neptune Plus MC-ICP-MS (Thermo
Fisher Scientific, Germany) equipped with a Geolas 2005 excimer ArF laser ablation system (Lambda
Physik, Göttingon, Germany) at the state Key Laboratory of Geological Processes and Mineral
Resources, China University of Geosciences (Wuhan). All data were acquired on zircon in single
spot ablation mode at a pulse rate of 20 Hz at 200 mJ with a spot size of 44 µm in this study. Each
measurement consisted of 20 s of acquisition of the background signal followed by 50 s of ablation
signal acquisition. Detailed operating conditions for the laser ablation system and the analytical method
are the same as description by Hu et al. [53]. The 176Hf/177Hf ratios of the standard zircon (GJ1) were
0.282013 ± 0.000022 (2σ, n = 276), in agreement with recommended values within 2σ error [54,55].
Offline selection and integration of analyte signals, and mass bias calibrations were performed using
ICPMSDataCal [50].

5.3. Whole-Rock Major and Trace Element Analyses

Three samples from the inner phase (from SF-1 to SF-3) and three samples from the outer phase
(from SF-4 to SF-6) were collected for major and trace element determinations. All the samples are
unaltered and unweathered. Geochemical analyses were carried out at the Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences (GIG-CAS). Major element oxides were analyzed using
a Rigaku RIX 2000 X-ray fluorescence spectrometer (XRF, Panalytical, Almelo, The Netherlands),
and analytical uncertainties are mostly between 1% and 5% [56]. Trace elements were obtained by
inductively coupled plasma-mass spectrometry (ICP-MS, Perkin Elmer Elan 9000, Perkin, Waltham,
MA, USA) after acid digestion of samples in high-pressure Teflon vessels, and detailed procedures are
described by Li et al. [56]. The USGS and Chinese National standards AGV-2, GSR-1, GSR-2, MRG-1,
BCR-1, W-2 and G-2 were chosen for calibrating element concentrations of the analyzed samples.
Analytical precision of REE and other incompatible element analyses is typically 1%–5%.

6. Results

6.1. Zircon U-Pb Ages

The zircon U-Pb ages for 23 zircons are shown in Table 1. Most of the zircon grains from two
samples (SF-1 and SF-5) are euhedral and prismatic, and are relatively transparent and colorless. They
have a length between 61 µm and 179 µm, with length to width ratios between approximately 1:1–3:1
(Figure 6a,b). CL images show that most zircons have magmatic oscillatory overgrowth rims, although
a few zircons with high uranium contents are dark brown and turbid (Figure 6a,b). Most zircons
have high Th/U ratios >0.5, which are typical of an igneous origin. Twelve spot analyses of zircons
from sample SF-1 yield 206Pb/238U ages of 297 Ma to 300 Ma (Figure 6c) with a weighted mean age of
298.8 ± 1.0 Ma (MSWD = 0.27) for all 12 analyses. Eleven spot analyses from sample SF-5 yield
206Pb/238U ages between 297 Ma and 300 Ma (Figure 6d) with a weighted mean age of 298.5 ± 1.0 Ma
(MSWD = 0.36) for all 11 analyses. These ages are coeval and are interpreted as the crystallization age
for the SAFG.
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Eu anomalies ranging from 0.01 to 0.09 and from 0 to 0.38, respectively and Ti contents ranging from 
8.6 ppm to 58.3 ppm and from 4.8 ppm to 173 ppm, respectively. Typical igneous zircon has Ti values 
≤75 ppm [21]. One grain in our study has high Ti value (SF5-9 = 173 ppm). A value this high is unusual 
for igneous zircon and may be the result of inclusions (e.g., ilmenite) in the analysis; this analysis is 
excluded from the following discussion. The temperature of the melt during zircon crystallization 
was calculated by the Ti-in-zircon thermometer [16] as shown in the following Equation (1): 𝑇 (℃) = 4800/(5.711 − lg( 𝑇𝑖 ) − 𝑙𝑔(𝑆𝑖 ) + lg(𝑇𝑖 )) – 273 (1) 

As quartz is one of the major mineral phases in the SAFG, the activity of silica (Sia) is set to 1. 
Due to the absence of rutile in the SAFG, the activity of titanium (Tia) is conservatively estimated to 
be 0.6 [15,57]. The calculated Ti-in-zircon temperatures for the inner phase (sample SF-1) and the 
outer phase (sample SF-5) are in the range of 773 °C to 990 °C (average of 854 °C) and 721–919 °C 
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Figure 6. Zircon cathodoluminescence (CL) images and zircon U-Pb concordant curves for SF-1 from
the inner phase (a,c) and SF-5 from the outer phase (b,d) of the Shanshenfu alkali-feldspar granite.

6.2. Zircon Trace Element, Ti-in-Zircon Temperature and Oxygen Fugacity

Trace element compositions of zircons are listed in Table 2, and the corresponding
chondrite-normalized REE patterns are plotted in Figure 7. The zircons of sample SF-1 and SF-5 have
ΣREE contents ranging from 3815 ppm to 10,727 ppm and 1411 ppm to 8447 ppm, respectively, Ce
anomalies ranging from 1.2 to 276 (average of 86) and from 1.7 to 215 (average of 44), respectively,
Eu anomalies ranging from 0.01 to 0.09 and from 0 to 0.38, respectively and Ti contents ranging from
8.6 ppm to 58.3 ppm and from 4.8 ppm to 173 ppm, respectively. Typical igneous zircon has Ti values
≤75 ppm [21]. One grain in our study has high Ti value (SF5-9 = 173 ppm). A value this high is unusual
for igneous zircon and may be the result of inclusions (e.g., ilmenite) in the analysis; this analysis is
excluded from the following discussion. The temperature of the melt during zircon crystallization was
calculated by the Ti-in-zircon thermometer [16] as shown in the following Equation (1):

Tzircon
(◦

C
)
= 4800/(5.711− lg(Tizircon) − lg(Sia)+lg(Tia))−273 (1)

As quartz is one of the major mineral phases in the SAFG, the activity of silica (Sia) is set to 1. Due
to the absence of rutile in the SAFG, the activity of titanium (Tia) is conservatively estimated to be
0.6 [15,57]. The calculated Ti-in-zircon temperatures for the inner phase (sample SF-1) and the outer
phase (sample SF-5) are in the range of 773 ◦C to 990 ◦C (average of 854 ◦C) and 721–919 ◦C (average of
841 ◦C, Table 2), respectively. A new calibration has been presented by Trail et al. [17,18] to determine
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the oxygen fugacity of magmatic melt based on the incorporation of cerium into zircon and Ti-in-zircon
temperature, which can be expressed by the following empirical equation:

ln
( Ce

Ce∗
)

D
= (0.1156± 0.0050) × ln( fo2) +

13860± 708
T(K)

− 6.125± 0.484 (2)

where f o2 represents oxygen fugacity, and T is absolute temperature calculated by revised Ti-in-zircon
thermometry. The Ce anomaly can be estimated by the following equation:

( Ce
Ce∗
)

D
≈
( Ce

Ce∗
)

CHUR
=

CeN√
LaN · PrN

(3)

where CeN, LaN and PrN are chondrite-normalized values for Ce, La and Pr in zircon, respectively.
The lg(f o2) values for the zircons of the inner phase and the outer phase are in the range of −21.3

to −3.4 (average of −10.3) and from −24.2 to −2.7 (average of −13.1), respectively, with corresponding
∆FMQ values of −8.4 to +10.6 (average of +3.1) and from −9.4 to +10.6 (average of +0.7), respectively
(Table 2).
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Figure 7. Chondrite-normalized REE patterns for the zircons from the Shanshenfu alkali-feldspar
granite. (a) SF-1 (inner phase); (b) SF-5 (outer phase). Normalization values for chondrite are from
McDonough and Sun [58].

6.3. Zircon Lu–Hf Isotopes

The analytical results on Hf isotopes for zircons are listed in Table 3. The εHf(t) values are
calculated using their U-Pb ages. Seven spots from the inner phase show a range of initial 176Hf/177Hf
ratios from 0.282955 to 0.283052 and εHf(t) values from +6.5 to +9.9, with the two-stage Hf model ages
(TDM2) from 394 Ma to 587 Ma. Nine spots from the outer phase show a range of initial 176Hf/177Hf
ratios from 0.282941 to 0.283029 and εHf(t) values from +6.0 to +9.1, with TDM2 from 441 Ma to 614 Ma.
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6.4. Whole-Rock Major and Trace Element Analyses

The major- and trace-element compositions of the SAFG are shown in Table 4 as weight percent (wt %)
for major oxides and as parts per million (ppm) for all trace elements. According to the QAP ternary
diagram [64] (Figure 8a), all samples classify as alkali-feldspar granite. They are characterized by high
SiO2 (74.89–76.83 wt %), Al2O3 (12.34–12.85 wt %) and alkali earths (Na2O + K2O = 8.17–8.81 wt %)
with low MgO (0.09–0.16 wt %) and CaO (0.08–0.24 wt %). They exhibit a high-K calc-alkaline,
peraluminous and high-silica content, with A/CNK (molar Al2O3/CaO + Na2O + K2O) ranging from
1.04 to 1.12 and A/NK (molar Al2O3/Na2O + K2O) from 1.06 to 1.14 (Figure 8b,c). The inner phase has
slightly higher SiO2 content with lower Fe2O3, TiO2, CaO and P2O5 than the outer phase (Table 4).
This may indicate that SAFG cooled from the margin into the centre and that this cooling process
resulted in a slightly more evolved inner phase. Both phases exhibit enriched REEs (except Eu) with
total REE ranging from 147 ppm to 357 ppm. They are characterized by slightly enriched light REE
(LREE, (La/Yb)N = 2.02–6.57) and flat heavy REE (HREE, (Gd/Yb)N = 0.6–1.27) with strong negative
Eu anomalies (δEu = 0.05–0.12, Figure 9b). All samples are enriched in large-ion lithophile elements
(LILEs, e.g., Rb, Th, U and K), high-field-strength elements (HFSEs, e.g., Nb, Ta, Zr and Hf), and exhibit
strong depletion of Ba, Sr, P and Ti (Figure 9a).

Table 4. Major oxides and trace elements of the Shanshenfu alkali-feldspar granite.

Sample The Inner Phase The Outer Phase

SF-1 SF-2 SF-3 SF-4 SF-5 SF-6

SiO2 76.83 75.23 76.02 76.22 74.89 75.36
Al2O3 12.34 12.56 12.78 12.67 12.85 12.54
Fe2O3 1.51 1.48 1.37 1.64 2.13 1.95
CaO 0.08 0.11 0.09 0.19 0.21 0.24
MgO 0.14 0.12 0.11 0.16 0.09 0.12
Na2O 3.71 4.08 3.87 3.67 4.23 4.13
K2O 4.46 4.31 4.42 4.87 4.53 4.68
TiO2 0.15 0.27 0.19 0.17 0.25 0.31
MnO 0.06 0.08 0.04 0.11 0.05 0.06
P2O5 0.03 0.08 0.04 0.06 0.11 0.08
LOI 0.45 0.67 0.54 0.24 0.48 0.37
Total 99.98 99.56 99.71 100.32 99.67 99.48

La 52.3 22.6 45.5 58.8 27.2 40.1
Ce 161 54.2 101.3 174.5 72.3 89.6
Pr 14.75 6.58 13.2 15.1 7.22 12.6
Nd 53.6 20.8 44.2 51.3 29.1 45.5
Sm 12.8 5.13 9.35 11.26 7.32 9.81
Eu 0.34 0.15 0.13 0.42 0.17 0.21
Gd 10.72 5.82 7.62 10.11 9.61 6.97
Tb 1.91 1.28 1.18 1.83 2.36 1.11
Dy 12.3 10.44 7.61 12.28 13.12 6.5
Ho 2.54 2.35 1.51 2.57 2.68 1.27
Er 8.57 7.42 4.83 7.93 6.68 5.24
Tm 1.25 1.11 0.68 1.17 0.97 0.72
Yb 8.65 8.03 4.97 8.21 7.32 5.16
Lu 1.4 1.28 0.83 1.32 1.15 0.88
Ga 21.2 19.7 22.6 24.3 21.8 18.9
Rb 177 153.5 172 181.5 167 148
Ba 60.2 107 171 58.6 123 86
Th 16.3 17.51 14.2 17.1 18.2 13.6
U 3.79 3.65 3.48 2.87 3.67 3.13
Ta 2.23 2.65 2.31 2.95 2.46 2.33
Nb 43.7 49.1 44.3 48.2 46.2 44.7
Sr 8.3 14.8 22.4 24.1 15.3 18.7
Zr 358 435 647 248 487 276
Hf 11.9 13.1 18.4 10.8 13.9 11.2
Y 70.4 75.1 81.8 54.2 78.3 63.1

ΣREE 342 147 243 357 187 226
∆Eu 0.09 0.08 0.05 0.12 0.06 0.08
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7. Discussion

7.1. Genetic Type and Magmatic Oxygen Fugacity

The SAFG has high SiO2 (74.89–76.83 wt %), total alkalis (K2O + Na2O = 8.17–8.81 wt %) and low
P2O5 (0.03–0.11 wt %) contents (Table 4). It is enriched in HFSE (e.g., Nb, Ta, Zr and Hf) and REEs
(except Eu), and is depleted in Sr, Ba, P, Ti and Eu (Figure 8c). These geochemical features are common
for A-type granites [4]. An A-type granite classification is also supported by the elevated Ga content of
all samples such that they plot in the A-type field on the discrimination diagram of Whalen et al. [67]
(Figure 10a) and the within-plate-granite field on the diagram Y vs. Nb of Pearce et al. [68] (Figure 10b).
Chondrite normalized REE patterns of zircons show they are depleted in LREE and enriched in
HREE, and exhibit strong positive Ce anomalies (δCe = 1.22–275.99) and deep negative Eu anomalies
(δEu = 0.1–0.38, Figure 7), which are typical of unaltered magmatic zircons [19]. Positive Ce anomalies
may be related to a relatively oxidized melt with favorable incorporation of Ce4+ while negative Eu
anomalies may be resulted from plagioclase fractionation in magma composition [17,18]. Due to the
close relationship between the Ce anomaly in zircon and the oxidation state of the melt from which
the zircon crystallizes [17,18], zircon can indicate the f o2 of magmas. By plotting the Ti-in-zircon
temperatures and the logarithmic oxygen fugacities on T vs. lg(f o2) diagram (Figure 10c) that can be
divided by the curves of some specific mineral oxidation buffers such as magnetite-hematite (MH),
fayalite-magnetite-quartz (FMQ) and iron-wustite (IW) into several oxygen fugacity fields [17], nearly
two thirds of the data points plot above the FMQ buffer (Figure 10c), which indicates oxidized magmatic
conditions. The presence of magnetite (Figure 4d) and absence of significant amounts of ilmenite also
suggest the oxidized magmatic conditions for the SAFG [12].
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VAG—volcanic arc granites, WPG—within plate granites, COLG—collisional granites, ORG—oceanic
ridge granites; (c) magmatic oxygen fugacity (f o2) of the Shanshenfu alkali-feldspar granite, MH, FMQ
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7.2. Petrogenesis and Implications for Mineralization

Several petrogenetic models have been proposed for the origin of A-type granites, including
(1) extreme fractional crystallization of mantle-derived tholeiitic or alkaline basaltic magmas [6,69];
(2) low-degree partial melting of lower-crustal granulites with depletion of incompatible elements [70];
(3) anatexis of underplated I-type tonalitic crustal source [12,71,72]; and (4) hybridization between
anatectic crustal and mantle-derived magmas, such as crustal assimilation and fractional crystallization
of mantle-derived magmas, or of mixing between mantle-derived and crustal magmas [72–74]. The
zircons of the SAFG exhibit high εHf(t) values (from +6.0 to +9.9) and young TDM2 (394–614 Ma, Table 3),
which is consistent with juvenile crustal sources. Thus, we can rule out the possibility of partial melting
of lower-crustal granulites, which would have a more isotopically evolved signature. The Ti-in-zircon
temperatures of the SAFG are between 721–990 ◦C, which suggests that anatexis of underplated I-type
tonalitic crust is unlikely to be the source because that process cannot provide the required high
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temperature needed for the formation of A-type granites [6,75]. In addition, this magma source is not
compatible with the observed elemental variations (e.g., Nb, Ta, Ti, P, Sr and Eu) in the SAFG [66]. Due
to the absence of spatially or temporally associated alkaline mafic rocks in the study area [76], alkaline
basaltic juvenile crust is not a suitable source for the SAFG. Thus, Two petrogenetic models that may
explain the characteristics reported here for the SAFG are discussed further: (1) Extreme fractional
crystallization from mantle-derived tholeiitic magma, and (2) hybridization between anatectic crustal
and mantle-derived magmas.

Numerous studies suggest that the high magmatic oxygen fugacity is closely related to the nature
of magma source regions [30,77,78]. The SAFG not only has similar U-Pb age and εHf(t) values to
late Carboniferous arc intrusions from northern inner Mongolia (Figure 11a,b), but also has the high
oxygen fugacity similar to arc magmas that can range from FMQ to FMQ + 6 [77]. The chemistry of
zircon is related to the magma from which the zircon crystallized, two recent discrimination diagrams
proposed by Grimes et al. [22] suggest zircon with relatively higher U or lower Yb or Y are sourced
from continental crust, whereas zircon with lower U or higher Yb or Y are sourced from ocean crust.
In Figure 11c,d, most of the studied zircons plot in the field of ocean crust zircon or in the intersection
between continental zircon and ocean crust zircon. The evidence above suggest that arc-related juvenile
crust is a possible source for the SAFG. This magma source of Permian A-type granites in the CAOB
has been proposed by previous studies [76,79]. The depletion of Nb, Ta, Ti, P, Sr and Eu in the SAFG
indicates contamination and metasomatism by subducting oceanic crust [80]. This is also consistent
with peraluminous nature and muscovite reported in mineralogy. Therefore, we propose that the SAFG
was derived from the crustal assimilation and fractional crystallization of juvenile crust metasomatized
by subducting oceanic crust. This magma source is similar to charnockitized juvenile crust proposed
by previous studies [79,81–83].

Based on related studies conducted on Cu-Au-Mo hydrothermal deposits, the link between
oxidized felsic magmas and mineralization is well recognized [13,27,73,78,84]. Sun et al. [27,78]
documented that sulfur in melt exists mainly as SO and SO2 at high f o2 and as S2− at low f o2.
Numerous experiments suggested that the partition coefficients of chalcophile elements (e.g., Cu, Au
and Mo) between silicate melt and pyrrhotite are positively correlated with f o2 [84–86]. Therefore,
high f o2 of the SAFG favors transmission of the chalcophile elements (e.g., Cu and Au) of the
source region into the melt together with oxidized sulfur, rather than into the sulfides (reduced
sulfur) [17,25,26,38,78,87]. With the decrease of temperature and pressure, hydrous magma can release
a water-rich volatile phase to form a magmatic-hydrothermal ore-forming system [88]. Mao et al. [89]
revealed the magmatic-hydrothermal mineralization process of the SAFG in detail through the study
of melt-fluid inclusions. In this process metals such as Cu can be effectively enriched in the fluid
phases after magmatic fractional crystallization due to high f o2 and high exsolution temperature of the
SAFG [89], consequently facilitating subsequent Cu-polymetallic hydrothermal mineralization.
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Griffin et al. [62]. The fields for Carboniferous arc intrusions from northern inner Mongolia, early
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7.3. Extensional Setting for Cu-Polymetallic Mineralization

Recent studies suggest that Cu-polymetallic mineralization associated with extensional setting
in the XMOB was mainly formed in the early Cretaceous [10,91–93]. The extensional setting for
Cu-polymetallic mineralization in the Permian is rarely reported. Therefore, the clear tectonic setting of
the Permian A-type granites associated with Cu-polymetallic mineralization along the HHSZ is of great
significance for regional tectonic evolution and prospecting. The SAFG with an age of 298 Ma is not only
contemporary with immense alkali granites from southern Mongolia [94], but also coincident with the
equivalents in the central inner Mongolia [79] and Erguna-Xing’an terrane of NE China [4,34]. Eby [2]
divided the A-type granites into A1 and A2 groups. The A1 group is emplaced in anorogenic settings
such as plumes, hotspots or continental rift zones. The A2 group is related to a cycle of subduction-zone
or continent-continent collision magmatism in crust and emplaced in a variety of tectonic settings.
In our study, the SAFG plots in the A2 field on the Nb-Y-3Ga diagram of Eby [2] (Figure 12a), and plot
in the post-collisional setting on the Y + Nb versus Rb plot of Pearce et al. [68] (Figure 12b). Such an
environment is also supported by the previous studies for other Permian A-type granitoids along the
HHSZ [4,78,95]. The SAFG together with the other Permian A2-type granites [3,4,29–31] are commonly
found with Carboniferous calc-alkaline I-type plutons along the HHSZ [36]. The increase in granitoid
alkalinity with time indicates the tectonic transition from an earlier arc setting to a later extensional
setting [96]. Similar tendency also occurs in southern Mongolia [94,95] and central inner Mongolia [79].
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Previous studies suggest that the ocean along the Hegenshan-Heihe was closed during the late
Carboniferous, which could be proved by the following evidences: (1) The Hegenshan ophiolite was
emplaced before the early Permian, most likely between 300 Ma and 335 Ma [97,98]; (2) Permian
and Carboniferous submarine turbidite strata with predominant magmatic arc source exists along
the HHSZ [99]. However, the last Paleo-Asian ocean was not closed along the HHSZ during the
late Carboniferous but closed along the Solonker-Xra Moron-Changchun suture during the late
Permian–early Triassic [100]. This is well evidenced by late Permian to early Triassic post-orogenic
magmatic rocks form belts along the Solonker-Xra Moron-Changchun suture [73,75]. Taking into
account the fact that the Permian A2-type granites (260–300 Ma) are strikingly sparse and small in
volume, and show a NE-trending migration together with the widespread occurrence of Permian
volcanic rocks of island arc affinity and late Permian terrestrial sediments along the HHSZ [4], the
post-collisional slab break-off process along the HHSZ during the Permian was generally proposed
by previous studies [74,101]. Such tectonic regime is also evidenced by contemporaneous thermal
metamorphism recorded by the Xilinhot metamorphic complexes in northern inner Mongolia [36],
which once represented a segment of fore-arc basin [36]. In addition, the corresponding change can be
observed in sedimentary style and clastic provenance of the early Permian strata from central inner
Mongolia [102] and southern Mongolia [103]. The hallmark features of post-collisional slab break-off

event is well recorded in numerous Phanerozoic cases [72,101,104], including transition in magmatic
affinity from I-type to A-type, a narrow linear zone of magmatism, thermal metamorphismand change
in uplift rate and concomitant sedimentary style [105]. All these features fit relatively well with the
corresponding expressions along the HHSZ during Permian [4,36,102,103]. This unusual tectonic
regime not only terminates a prolonged northward subduction of the Paleo-Asian ocean, but also
heralds the amalgamation between the Songliao terrane and the Liaoyuan terrane along the Ondor
Temple-Xar Moron suture zone.

The age of ore-related A-type granite in the Hongyan Cu-polymetallic deposit is consistent with
the mineralized A-type granites in the southwestern part of the HHSZ [32], which suggests that these
A-type granites associated with mineralization are formed in the same extension setting. During the
Permian, the HHSZ was characterized by post-collisional extensional tectonism with the slab break-off,
which not only caused upwelling of asthenospheric mantle and resulted in partial melting of the
overlying lithospheric mantle and the juvenile arc crust [79], but also provided the thermal flux to form
some narrow extensional magmatic channels, subsequently followed by A-type magmatism and related
mineralization deposition along the HHSZ. Thus, the Permian A-type granites with arc-related juvenile
crustal source and high f o2 along the HHSZ have great potential for prospecting Cu-polymetallic
hydrothermal deposits, and deserve more attention in future exploration.
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8. Conclusions

Based upon geochronological and geochemical data from the SAFG, we suggest the following:
(1) LA-ICP-MS U-Pb zircon dating shows the inner phase and outer phase of the SAFG were

formed at 298.8± 1.0 Ma and 298.5± 1.0 Ma, respectively. This makes the SAFG an early Permian pluton.
(2) The SAFG is a typical A-type granite with high magmatic oxygen fugacity. The source for

the SAFG magma includes both crustal assimilation and fractional crystallization of juvenile crust
metasomatized by subducting oceanic crust.

(3) The oxidized magmatic conditions favor transport and enrichment of chalcophile elements
(e.g., Cu and Au) while the arc-related juvenile source favors Cu and Au enrichment. Combined, these
magmatic characteristics suggest related magmatic-hydrothermal mineralization may be restricted to
Cu ± Au.

(4) Combined with regional geological background, the Permian A-type granites and related
mineralization along the HHSZ were formed in post-collisional extensional tectonism with the
slab break-off.
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Abstract: Mass alkaline magmatic activities in Western Shandong during the late Mesozoic controlled
the mineralization processes of gold and rare earth element (REE) polymetallic deposits in the region.
The Chishan alkaline complex is closely associated with the mineralization of the Chishan REE deposit,
which, as the third largest light REE deposit in China following the Baiyenebo (Inner Mongolia)
and Mianning (Sichuan) deposits, is considered a typical example of alkaline rock mineralization
throughout the North China Craton. To determine how the Chishan alkaline complex and REE deposit
interact with each other, a systematic study was conducted on the petrology, rock geochemistry,
zircon U–Pb geochronology, Lu–Hf isotopes of the quartz syenite, and alkali granite contained in
the Chishan alkaline complex. The results reveal that the deposits feature similar geochemical
characteristics typical of an alkaline rock series—both are rich in alkali, high in potassium,
metaluminous, and poor in Ti, Fe, Mg, and Mn. In terms of REEs, the deposits are strongly
rich in light REEs but poor in heavy REEs, with weak negative Eu anomalies. In terms of trace
elements, they are rich in large ion lithophile elements Ba, Sr, and Rb but poor in high field-strength
elements Nb, Ta, and Hf. Zircon LA-ICP-MS U–Pb dating indicated that the quartz syenite and alkali
granite formed in Early Cretaceous at 125.8 ± 1.2 Ma and 127.3 ± 1.0 Ma, respectively; their εHf(t)
values are −22.67 to −13.19, with depleted model ages (TDM) ranging from 1296 Ma to 1675 Ma
and crustal model ages (TDM

C) of 2036–2617 Ma. The Chishan alkaline complex originated from
partial of the EM I-type (enriched mantle I) lithospheric mantle with assimilation of ancient crustal
materials. The complex is of the same origin as the REE deposit, and developed in an extensional
setting that resulted from plate subduction and lithospheric thinning and upwelling in the eastern
area of the North China Craton.

Keywords: Chishan alkaline complex; rock geochemistry; zircon U–Pb dating; Lu–Hf isotopes

1. Introduction

In late Mesozoic, the tectonic regime of the North China Craton changed from an extrusional
to an extensional environment. The mass lithospheric thinning [1–8] and extensive uptrusion

Minerals 2019, 9, 293; doi:10.3390/min9050293 www.mdpi.com/journal/minerals379



Minerals 2019, 9, 293

of asthenospheric mantle materials led to violent magmatic activities, accompanied by the mineralization
of gold and rare earth elements (REE) polymetallic deposits [9–13]. Intense and frequent magmatic
activities dating back to 130–120 Ma, in particular, controlled the formation of a large number
of deposits [14–16]. In East China’s Shandong Province, the acidic magmas to the east of the Yishu
fault zone, such as the Guojialing-style granite, controlled the formation of large-sized gold deposits in
Eastern Shandong (e.g., the Linglong, Rushan, and Wulongshan gold deposits) and the polymetallic
deposits in the eastern part of Eastern Shandong (e.g., Meishan and Taocun iron deposits) [11,14,17–22].
The alkaline magmas to the west of the fault zone controlled the formation of gold and REE deposits in
Western Shandong [14,20,22]. Examples include the Longbaoshan alkaline complex, which controlled
the mineralization of the Longbaoshan gold deposit [23,24], and the Chishan alkaline complex,
which controlled the mineralization of the Chishan REE Deposit [25–30]. These alkaline magmas usually
originate from the upper mantle and have experienced complicated underplating, contamination,
and evolution, recording the tectonic evolution and lithospheric thinning of the North China Craton
during late Mesozoic.

The Chishan alkaline complex in Western Shandong is closely associated with the mineralization
of the Chishan REE deposit which, as the third largest light REE (LREE) deposit in China following
the Baiyenebo (Inner Mongolia) and Mianning (Sichuan) deposits, is considered as a typical example
of alkaline rock mineralization throughout the North China Craton [25], and valued by scientific research
institutes and mining enterprises [25,27,28,31–35]. In particular, the recent discovery of the REE
mineralization bodies from the neighboring Shagou (Xuecheng) and Longbaoshan (Zaozhuang)
alkaline complexes has triggered a considerable interest in this alkaline magmatic rock series.
However, despite the understandings on the formation age [25,35] and geochemistry [28,32,33] of this
complex, the lack of systematic research still limits further identification of the local tectonic magma
evolution and REE accumulation processes of the area.

In this study, we attempted to discuss the magmatic origin, evolution, and tectonic setting
of these alkaline magmas through a systematic study on the petrology, geochemistry, zircon U–Pb
geochronology, and Lu–Hf isotopes of the Chishan alkaline complex, with a view to further gain insights
into the mechanisms behind the lithospheric thinning of the North China Craton and the genetic
connections between alkaline rocks and polymetallic deposits.

2. Regional Geology

The Chishan alkaline complex lies near the Chishan village about 18 km southeast of Weishan
County of Zaozhuang City, Shandong Province. Tectonically, this complex belongs to the Luxi Block
at the southeastern margin of the North China Craton and the west side of the Tanlu fault zone
(Figure 1a) [28,29]. The Luxi Block is bounded by the Tanlu fault zone to the east, the Liaocheng-Lankao
fault zone to the west, the south of the Qihe-Guangrao fault to the north, and the Fengpei fault to
the south (Figure 1b) [36–45]. The exposed formations in the study area include the Neoarchean Taishan
rock group, Paleozoic Cambrian to Permian carbonate and clastic rocks, Mesozoic Triassic to Cretaceous
clastic and volcanic rocks, and Cenozoic clastic rocks (Figure 1b), with the Neoarchean granodiorite
constituting the crystalline basement. In this area, the Yanshanian intermediate-to-alkaline complexes
consisting of diorite porphyrite, syenite, syenite porphyrite, diabase, and lamprophyre mostly occur
in forms of batholiths, stocks, or dykes. The representative rock bodies include the Shagou, Tongshi,
Chishan, and Longbaoshan volcanic–intrusive complexes composed of monzonitic–orthofelsic rocks.
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bedrock outcrops at the Chishan hilltop. The Chishan alkaline complex is primarily controlled by 

tectonic faults. Tectonic fissures in the rocks are often filled up by rare earth veins and occur in the 

NW orientation as single veins, spiderwebs, or disseminations (Figure 2) [46]. 

Figure 1. Simplified geological map showing the major tectonic units in China (a) and regional
geological sketch of Western Shandong (b). (a) Geologic and tectonic map of China and the location
of Luxi Block, modified after [40]. (b) Geological map of the Luxi Block, modified after [37].

The principal part of the Chishan alkaline complex comprises quartz syenite, aegirine quartz
syenite, and alkali granite. The complex stretches in the NE–SE orientation, intruding into the early
granodiorite and interfacing with the country rock like irregular branches. Varying degrees of alkaline
metasomatism can be observed along most parts of the contact. The outcrop of this complex, occupying
an area of an area of 0.5 km2, is almost fully covered by Quaternary except for sporadic bedrock
outcrops at the Chishan hilltop. The Chishan alkaline complex is primarily controlled by tectonic faults.
Tectonic fissures in the rocks are often filled up by rare earth veins and occur in the NW orientation
as single veins, spiderwebs, or disseminations (Figure 2) [46].
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Figure 2. Regional geological map of the Chishan alkaline complex, modified after [46].

3. Petrology and Petrography

The quartz syenite is grayish white or light flesh pink in color (Figure 3a), porphyroid or
porphyritic in texture, and massive in structure. The mineral components mainly include K-feldspar,
plagioclase, quartz, with portions of hornblende. Microscopy revealed a fine-grained porphyritic
texture. The phenocrysts primarily include K-feldspar (±10%) and a small amount of hornblende (±1%).
The matrix, which is primarily composed of K-feldspar (±53%), plagioclase (±10%), quartz (±10%),
and hornblende (±5%), exhibits a xenomorphic platy, columnar-granular, or irregular granular shape,
and 0.01–1.0 mm grain size. The K-feldspar phenocrysts, which mainly consists of orthoclase, features
a platy or irregular granular texture and 1.8–2.5 mm grain size, with detectable Carlsbad twinning
(Figure 3c) and zonal structures, and are mostly clayized. The hornblende (±1%) phenocrysts are
columnar in shape, approximate 1.2 mm in grain size, green to olive green in color (Figure 3c,e),
and have been partly replaced by epidote and chlorite. The quartz occurs interstitially between feldspar
grains (Figure 3e).
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include orthoclase (±65%), microcline (±10%), quartz (±20%), and small fractions of biotite (±3%) and 

epidote (±1%). Accessory minerals include sphene and magnetite. The orthoclase is subhedral 

columnar or granular in shape with Carlsbad twinning (Figure 3d) and evident perthitic texture. The 

microcline is subhedral columnar in shape and 1–5 mm in grain size with crosshatch twinning (Figure 

3d). The quartz is xenomorphic granular in shape and approximates 0.02–1.2 mm in grain size; a 

portion of the quartz occurs interstitially between other minerals in fine granular forms (Figure 3f). 

Figure 3. Petro-mineralogical diagram of the Chishan alkaline complex: (a) Quartz syenite; (b) alkali granite;
(c) Carlsbad twins of the syenite; (d) crosshatch twins of the microcline; (e) hornblende occuring
in columnar form; (f) quartz occurs interstitially between the feldspar grains. The (c) and (e) photos under
the microscope refer to the sample present in (a); the (d) and (f) photos under the microscope refer to
the sample present in (b). Qz-quartz; Or-orthoclase; Pl-plagioclase; Amp-amphibole; Mc-microcline.

The alkali granite features fine-grained granite texture and massive structure (Figure 3b).
Microscopy revealed a fine-grained, subhedral granular texture. The main mineral components
include orthoclase (±65%), microcline (±10%), quartz (±20%), and small fractions of biotite (±3%)
and epidote (±1%). Accessory minerals include sphene and magnetite. The orthoclase is subhedral
columnar or granular in shape with Carlsbad twinning (Figure 3d) and evident perthitic texture.
The microcline is subhedral columnar in shape and 1–5 mm in grain size with crosshatch twinning
(Figure 3d). The quartz is xenomorphic granular in shape and approximates 0.02–1.2 mm in grain size;
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a portion of the quartz occurs interstitially between other minerals in fine granular forms (Figure 3f).
The biotite is layered with about 0.1–1 mm by 0.02–0.2 mm in grain size, and notably pleochroism;
the rock is reddish brown to sepia and appears as sandy beige or olive green to green. Some of the biotite
is associated with epidote.

4. Samples and Analysis

All 12 samples used for our study originated from the fresh alkaline rocks of the Chishan REE
deposit. Six samples were quartz syenite, and the other six were alkali granite. Ten samples were
collected from the −160 m level of the deposit, and two were obtained from the surface outcrop.
Figure 2 shows the exact sampling locations. Except for samples 18CS-01 (quartz syenite) and 18CS-27
(alkali granite) on which zircon dating analysis was performed, the total rock major and trace element
analyses were performed on all other 10 samples.

4.1. Total Rock Major and Trace Element Analysis

The total rock major and trace element analyses were performed by Beijing Createch Testing
Technology Co., Ltd. (Beijing, China). Ten fresh quartz syenite and alkali granite samples were
crushed to smaller than 200 mesh. For the major elements, the lithium borate plus lithium nitrate
melting method and X-ray fluorescence spectrometry (XRF-1800) with an accuracy higher than 1% were
used. For the trace elements, the lithium borate melting method and quantitative inductively-coupled
plasma (ICP) spectrometry (Agilent 7500ce) with an accuracy better than 5% were used. For REEs,
the ICP–MS (Agilent 7500ce ICP-MS) with an accuracy of better than 5% was used. Table 1 presents
the analysis results.

4.2. Zircon U–Pb Dating

Monomineral separation for zircon dating was completed by the Fengze Source Rock and Mineral Test
Technology Co., Ltd. (Langfang, China); target fabrication, transmittance and reflectance measurement,
and cathode luminescence (CL) photography and testing were all completed by Beijing Createch Testing
Technology Co., Ltd. (Beijing, China). Further details about the target fabrication and testing are
described in the work of Song et al. [47]. All of the zircons were studied with micrographs and cathode
luminescence (CL) images to illustrate their microstructures. The zircon U–Pb compositions were
determined using a sensitive high-resolution laser ablation multi-collector inductively-coupled plasma
source mass spectrometer (AnalytikJena PlasmaQuant MS Elite ICP-MS) composed of an ESI NWR 193 nm
FX laser and a Neptune mass spectrometer. Helium was used as the gas carrier for denudation material.
The analytical spot sizes were 35 µm, but each spot was rastered over 120 µm for three minutes to
remove common Pb on the zircon surfaces. Five consecutive scans were performed for each zircon spot.
The analysis process is described in the work of Yuan et al. [48]. The final test data were processed with
ICP–MS DataCal [49]. Finally, the U–Pb age concordia plot was developed, and the weighted average
ages were calculated using ISOPLOT 3.70 [50]. Table 2 presents the analysis results.

4.3. Zircon Lu–Hf Isotopes

Zircon Hf isotopes were measured with a Neptune system in or near the same position used for
U–Pb dating analysis. The laser and mass spectrometers used were the same as previously described
for zircon U–Pb dating test. The analysis conditions, models of instruments, and analysis processes
are described in the work of Geng et al. [51]. During the analysis, the εHf(t) values were calculated
by relying on the zircon U–Pb ages at the measuring points. For the purpose of this study, the 176Lu
decay constant of 1.867 × 10–11 year−1 [52], chondrite 176Lu/177Hf ratio of 0.0332, and 176Hf/177Hf
ratio of 0.282772 were used [53]. The depleted mantle model age (TDM) was calculated at the present
176Lu/177Hf ratio of 0.0384 and 176Hf/177Hf ratio of 0.28325 of the depleted mantle [54]. The formulas
for calculating are shown below [55]. In the formulas, f cc, f s and f DM respectively represent the f Lu/Hf
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of the large continental crust, sample, and depleted mantle, and T is the crystallization age of zircon.
Table 3 provides the analysis results.

εHf(0) = ((176Hf/177Hf)S/(176Hf/177Hf)CHUR,0 − 1) × 10,000; (1)

εHf(t) = ((176Hf/177Hf)S − (176Lu/177Hf)S × (eλ
t − 1))/((176Hf/177Hf)CHUR,0

− (176Lu/177Hf)CHUR × (eλ
t − 1)) − 1) × 10,000;

(2)

THf1 = 1/λ × ln[1 + ((176Hf/177Hf)S − (176Hf/177Hf)DM)/((176Lu/177Hf)S − (176Lu/177Hf)DM)]; (3)

THf2 = THf1 − (THf1 − t)((f cc − f s)/(f cc − f DM)); (4)

f Lu/Hf = (176Lu/177Hf)S/(176Lu/177Hf)CHUR − 1. (5)

5. Results

5.1. Analysis Results of Total Rock Major and Trace Elements

Major element analysis (Table 1) indicated that the quartz syenite features a SiO2 content
of 69.02–71.72%, a Na2O + K2O content of 8.87–10.94%, and MgO, CaO, and Fe2O3 contents
of 0.15–0.49%, 0.73–1.59%, and 0.48–1.92%, respectively. The rock is relatively high in SiO2, rich in alkali,
low in Ti (with a TiO2 content of 0.06–0.17%), and rich in Al (with an Al2O3 content of 13.51–16.12%).
On the total alkali versus silica (TAS) diagram, the quartz syenite falls within either the quartz
monzonite or granite zone (Figure 4a). The aluminum saturation index (A/CNK) of 0.80–1.00
suggests that the quartz syenite belongs to the metaluminous series. On the A/NK–A/CNK diagram,
all the samples fall within the metaluminous zone (Figure 4b). The quartz syenite features an alkalinity
rate (AR) of 2.58–9.02. On the AR–SiO2 diagram (Figure 4c), the rock samples were projected into
the alkaline rock zone, signifying that the quartz syenite belongs to the alkaline rock series.

The alkali granite features a similar major and trace element geochemistry as the quartz syenite,
with a SiO2 content of 64.07–71.66%, a Na2O + K2O content of 7.62–8.35%, and MgO, CaO, and Fe2O3

contents of 0.62–1.55%, 2.32–4.14%, and 0.73–2.16%, respectively. The rock is relatively high in SiO2,
rich in alkali, low in Ti (with a TiO2 content of 0.19–0.40%), and rich in Al (with an Al2O3 content
of 14.07–16.75%). On the TAS diagram, the alkali granite typically falls within either the quartz syenite
or granite zone (Figure 4a). The A/CNK value mostly falls within 0.75–1.00. On the A/NK–A/CNK
diagram, the peralkaline contents are mostly found in the metaluminous zone (Figure 4b). The alkali
granite exhibits an AR of 2.58–9.02. On the AR–SiO2 diagram (Figure 4c), the rock samples were
projected into the alkaline rock zone, except for a few that fall within the strongly alkaline rock zone.
Hence, the rocks in this complex are alkaline rocks.

The trace element analysis of the Chishan alkaline complex indicated that the rocks are rich in
large ion lithophile elements (LILEs) Ba, Sr, and Rb but poor in high field-strength elements (HFSEs) Nb,
Ta, and Hf. The primitive mantle-normalized spidergram (Figure 5b) indicates a similarly incompatible
element distribution pattern between the quartz syenite and alkaline granite of the Chishan alkaline
complex. Both minerals exhibit remarkable positive k anomalies, strong negative Sr and Ti anomalies,
and positive Ba and Zr anomalies.

The Chishan alkaline complex features a high total REE (
∑

REE) value, with the quartz syenite
featuring an average

∑
REE value of 692.18 × 10–6 and the alkali granite yielding an average

∑
REE

of 247.61 × 10−6. The complex is extremely rich in LREEs. The LREE/HREE ratio ranges from 11.00
to 51.17 with an average of 29.88. The (La/Yb) N value is 13.70–231.51; the δEu value is 0.84–1.24,
exhibiting a negative Eu anomaly. The δCe value is 1.01–1.23, exhibiting an unremarkable Ce anomaly.
On the chondrite-normalized REE diagram (Figure 5a), the REE curve displays a visible right-inclined
separation, showing a strong LREE enrichment. The rocks are poor in HREEs (heavy rare earth
elements) and display appreciable LREE/HREE fractionation. This finding suggests that the rocks have
experienced strong LREE/HREE fractionation and are highly rich in LREEs.
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Figure 5. Chondrite-normalized REE patterns and primitive mantle (PM) normalized trace element
spider diagram for quartz syenites (a,b) and alkali granites (c,d) from the Chishan alkalic complex
(chondrite and PM values are from [59]).
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5.2. Zircon U–Pb Dating

In the quartz syenite (18CS-01, Figure 6a), zircons exist as automorphic columns or stumps with
a complete crystal form and smooth surface. Most of the zircons contain zonal texture, suggesting
a magmatic origin. The zircon grains in the sample are large, with clear internal texture, well-arranged
zones, and an aspect ratio of 1:1.5–1:5, which agrees with the description of a magmatic zircon.
In the alkali granite (18CS-27, Figure 6b), the zircons are well automorphic, mostly columnar in
shape with a complete crystal form and smooth surface, and vary in size from 30 µm up to 100 µm.
The zircons contain a clear visible zonal texture, whereas some zircon samples showed inherited zircon
cores. The Th/U values are unexceptionally greater than 0.4. Almost all the zircon samples displayed
the features typical of an alkaline magmatic zircon. Some of the zircons displayed a core-mantle
texture, suggesting inherited growths. In the sample, the zircons feature relatively large grain
sizes, clear internal texture, well-arranged zones, and an aspect ratio of 1:1.5–1:5, which agree with
the description of a magmatic zircon. The measured U and Th contents spanned broadly from 249× 10−6

to 2338 × 10−6 and from 20 × 10−6 to 133 × 10−6, respectively; the measured Th/U values ranged
narrowly from 0.01 to 0.06.
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of quartz syenite (18CS-01); (b) is the CL of alkali granite (18CS-27).

Table 2 presents the valid data of the zircons in samples 18CS-01 and 18CS-27.
The 206Pb/238U–207Pb/235U concordia curve projection was performed on 23 valid data of sample
18CS-01 and 17 valid data of the magmatic zircons in sample 18CS-27; the 206Pb/238U ages were weighted
averaged (Figure 7a–d). The results indicated a concordia age of 125.8 ± 1.2 Ma (MSWD = 1.4) for zircons
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in the quartz syenite and 127.3 ± 1.0 Ma (MSWD = 1.13) for zircons in the alkali granite of the Chishan
alkaline complex.
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Figure 7. Zircon U–Pb age concordia plot of the Chishan alkaline complex. (a) is the concordia plot
of quartz syenite (18CS-01); (b) is the average plot of quartz syenite (18CS-01); (c) is the concordia plot
of alkali granite (18CS-27); (d) is the average plot of alkali granite (18CS-27).

5.3. Zircon Lu–Hf Dating

In situ Hf isotope analysis was conducted on five already-dated zircon samples from the quartz
syenite and from the alkali granite, respectively, at roughly the same points as those used for zircon
U–Pb dating. Table 3 presents the results. Then, the initial ratios and εHf(t) values of zircon Hf
isotopes were calculated with the measured ages. From Table 3, the 176Lu/177Hf ratios were smaller
than 0.002 at all points, suggesting that the zircons have gained no considerable radiogenic Hf after
the complex formation. Consequently, the zircon 176Hf/177Hf ratios can be used to discuss the genetic
information of the complex [55]. As the zircons in the samples show low f Lu/Hf ratios (−0.95–−0.98),
the one-stage model ages of the zircon Lu–Hf isotopes can represent the time at which the source
materials separated from the mantle [60]. Zircons from the quartz syenite (18CS-01) have variable
176Hf/177Hf ratios (0.28225–0.28232) with εHf(t) values ranging from −13.2 to −15.8. Their depleted
model ages (TDM) range from 1296 Ma to 1359 Ma and crustal model ages (TDM

C) from 2074 Ma
to 2186 Ma. Zircons from the alkali syenite (18CS-27) have relatively low and variable 176Hf/177Hf
ratios (0.28206–0.28232) with εHf(t) values ranging from −13.4 to −22.7, depleted model ages (TDM)
ranging from 1324 Ma to 1675 Ma and crustal model ages (TDM

C) of 2036–2617 Ma.
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6. Discussion

6.1. Rock Ages

Zircon U–Pb dating analysis demonstrated that in the Chishan alkaline complex, the quartz
syenite formed at 125.8 ± 1.2 Ma, and the alkali granite formed at 127.3 ± 1.0 Ma, which concurs with
the ages of the quartz syenite (122.4 ± 2.0 Ma) and aegirine quartz syenite porphyrite (130.1 ± 1.4 Ma)
yielded by Liang et al. [35] through LA-MC-ICPMS zircon U–Pb measurement. This finding suggests
that the rock complex formed in Early Cretaceous, which concurs with the ages of the late Mesozoic
magmatic rocks extensively distributed in Eastern China [61]. According to Lan et al. [32], the dolomite
Rb–Sr age of the Chishan REE deposit ores is 119 ± 1.4 Ma, which is a bit later than the emplacement
of this alkaline rock complex, suggesting a close genetic connection between this alkaline rock system
and mineralization of the REE ores in this area.

6.2. Magmatic Sources and Evolution

The Mesozoic Era witnessed three major geodynamic events in the North China lithosphere:
collisional orogeny, tectonic regime transition, and mass lithospheric thinning [11]. Numerous alkaline
intrusions emerged in the North China Craton [23], giving rise to various types of metal deposits.
As the Chishan REE deposit represents a typical example of alkaline rock mineralization throughout
the North China Craton [25], studying the material sources of alkaline rocks bears significance in
the studies of both geodynamic mechanisms and metallogenic relationships.

The quartz syenite and alkali granite in the Chishan alkaline complex are rich in alkali (with a Na2O
+ K2O content of 7.62–10.94%), high in potassium (with a Na2O/K2O content of 0.28–0.89), metaluminous
(with an aluminum saturation index (A/CNK) of 0.75–1.00), and poor in Ti, Fe, Mg, and Mn, which are
typical features of an alkaline rock series. The rocks feature strong LREE/HREE fractionation; the REEs
display a right-inclined distribution pattern with weak positive and negative Eu anomalies (the δEu
is 1.16–4.15). For the similar compositions and close spatial relationship, we regard that quartz syenite
and alkali granite are the members of one intrusion (Chishan alkaline complex).

On the Ta/Yb–Th/Yb diagram (Figure 8) [62], the absolute majority of the rock samples from
the Chishan alkaline complex fall within or near the enriched mantle zone, suggesting a close connection
between the material sources of the Chishan alkaline rocks and enriched mantle. As reported by
Yan et al. [27], the aegirine syenite features a Rb content of 170.46× 10−6–4550.67× 10−6, a 87Rb/86Sr ratio
of 2.6800–0.0500, and a 87Sr/86Sr ratio of 0.71176–0.70780. These findings agree with the geochemistry
of mantle-derived magmas and are close to the features of an EMI (enriched mantle I)-type deposit.
The rocks must have originated from highly enriched mantle-derived materials.

Zircons are well representative of the isotopic composition of magma sources as their high
stability has guarded their Lu–Hf isotopes from magmatic differentiation and late weathering processes.
For this reason, zircon Lu–Hf isotopes are often used for tracing magma sources and magmatic
evolution [55]. Zircon εHf(t) reflects the composition of a magma source. A positive εHf(t) represents
a depleted mantle or a young, new crust overgrowing a depleted mantle and indicates remelting from
the new crust. The negative εHf(t) values of the studied samples might indicate Chishan alkaline
complex was originated from an enriched mantle source or thickened lower crust or a mixed source
region [55,63,64]. Given that the quartz syenite and alkali granite of the Chishan Alkaline Complex
share the same zircon Hf isotopic composition with relatively low εHf(t) values (−17.60–−13.19),
the Hf isotopic compositions fall above the 2.5 Ga continental crust evolutional line on the diagram
for T-εHf(T) (Figure 9), and represent a mixing of mantle sources with remobilized old continental
crust. Also, the results are consistent with those of the contemporary Longbaoshan alkaline complex
(εHf(t) = −19.20 to −14.00) [65], which is believed to be produced by partial melting of the enriched
lithospheric mantle (EMI) [66–69]. Further, there showed some inherited zircons in the alkali granite.
Specially, the ages and Hf isotopes composition of inherited zircon cores could be an important
and critical clue to identify the mantle source of rocks. Although, the ages and Hf isotopes of the inherited
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zircons cores in Chishan complex were not measured this time, the late Archean ages (2.51–2.64 Ga)
with positive εHf(t) values (−0.2 to −6.2) derived from inherited zircon cores of the Longbaoshan
complex [65] suggest that the ancient crust of the North China Craton was also involved in the formation
of those alkaline complex. Thus, it is reasonable to deduce that the Chishan alkaline complex originated
from partial of the EMI-type lithospheric mantle with assimilation of ancient crustal materials.
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Figure 9. Zircon Hf isotope diagram of Chishan alkali complex. Other data sources: Longbaoshan
alkaline complex [65].

Furthermore, in terms of Nd isotopic composition, the εNd(t) value of the Chishan alkaline rocks
is −8.7 to −8.11 [70], the εNd(t) value of the Neoarchean gneiss basement is −25 [70], and the εNd(t)
of the Early Cretaceous (125–127 Ma) basic magmatic rocks (e.g., the Fangcheng basalt and Yinan
gabbro) in Western Shandong, which directly originate from the partial melting of an enriched mantle,
ranges from −15.4 to −12.6 [67,69]. Such a condition indicates that the Chishan alkaline rocks could
never have derived from the crust. Rather, these rocks must have been associated with an enriched
mantle. The εNd(t) value of the perovskite and monazite in the Chishan REE ore veins is −10.1
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to −8.2 [32], which agrees with the Nd isotopic composition of the alkaline rocks, confirming that
the alkaline rocks are of the same origin as the REE ores.

6.3. Tectonic Setting

Intense tectonic activities, including three major geodynamic events (collisional orogeny,
mass lithospheric thinning, and tectonic regime transition within the North China Craton
since the Mesozoic), have resulted in extensive magmatic and metallogenic processes [11,67].
During the Triassic, the collision between the North China and Yangtze Plates gave rise to the Dabie-Sulu
ultrahigh-pressure metamorphic zone. In the Early Jurassic (180–130 Ma), the lithosphere started
thinning. The Yangtze Plate underplated the North China Plate after a deep subduction. Mantle-derived
magmas reached the Tanlu fault zone to the crust–mantle boundary. Crustal thickening and remelting
triggered a string of magmatic processes, giving rise to high K calc-alkaline to high K alkaline rocks.
The lithospheric mantle changed to an EMII-type deposit [67]. In the Early Cretaceous (130–90 Ma),
when Western Shandong was in a backarc extensional environment caused by the subduction
of the Yangtze Plate toward the North China Plate, the lithosphere thinned enormously, and extensive
enriched mantle melting occurred. The tectonic stress regime also changed from extrusion toward
extension. Mass uptrusion of asthenospheric mantle materials, along with mass diagenetic processes,
caused the formation of late Mesozoic alkaline rocks [11,65,71–74].

From the lg(CaO/Na2O + K2O)− SiO2 discrimination diagram (Figure 10a) [75], the rock projection
points of the Chishan alkaline complex mostly fall within the extensional alkaline–alkalilime rock zone,
demonstrating that the rocks formed in an extensional tectonic setting. On the ω(Rb) − ω(Y + Nb)
discrimination diagram (Figure 10b) [76], all the samples fall within the post-collisional granite zone,
and the diagenetic background is an active continental margin. These findings also confirm that
the Chishan alkaline complex formed in an extensional tectonic setting. The source region of the rocks
is closely associated with the tectonic setting of their origin. The source region of post-collisional
granite normally results from the mantle contaminated by a part of the crustal materials. The negative
Nb, Ta, and Ti anomalies in the rocks are comparative to those of an island arc tectonic setting [77],
concurring with the mass lithospheric detachment and thinning background in Eastern China during
the Mesozoic [78–81]. This condition suggests that the formation of the Chishan alkaline complex
was controlled by the lithospheric thinning of the North China Craton; it must have originated from
a backarc extensional setting caused by plate subduction.

Minerals 2019, 9, x FOR PEER REVIEW 19 of 24 

 

6.3. Tectonic Setting 

Intense tectonic activities, including three major geodynamic events (collisional orogeny, mass 

lithospheric thinning, and tectonic regime transition within the North China Craton since the 

Mesozoic), have resulted in extensive magmatic and metallogenic processes [11,67]. During the 

Triassic, the collision between the North China and Yangtze Plates gave rise to the Dabie‒Sulu 

ultrahigh-pressure metamorphic zone. In the Early Jurassic (180–130 Ma), the lithosphere started 

thinning. The Yangtze Plate underplated the North China Plate after a deep subduction. Mantle-

derived magmas reached the Tanlu fault zone to the crust–mantle boundary. Crustal thickening and 

remelting triggered a string of magmatic processes, giving rise to high K calc-alkaline to high K 

alkaline rocks. The lithospheric mantle changed to an EMII-type deposit [67]. In the Early Cretaceous 

(130–90 Ma), when Western Shandong was in a backarc extensional environment caused by the 

subduction of the Yangtze Plate toward the North China Plate, the lithosphere thinned enormously, 

and extensive enriched mantle melting occurred. The tectonic stress regime also changed from 

extrusion toward extension. Mass uptrusion of asthenospheric mantle materials, along with mass 

diagenetic processes, caused the formation of late Mesozoic alkaline rocks [11,65,71–74]. 

From the lg(CaO/Na2O + K2O) − SiO2 discrimination diagram (Figure 10a) [75], the rock 

projection points of the Chishan alkaline complex mostly fall within the extensional alkaline–

alkalilime rock zone, demonstrating that the rocks formed in an extensional tectonic setting. On the 

ω(Rb) − ω(Y + Nb) discrimination diagram (Figure 10b) [76], all the samples fall within the post-

collisional granite zone, and the diagenetic background is an active continental margin. These 

findings also confirm that the Chishan alkaline complex formed in an extensional tectonic setting. 

The source region of the rocks is closely associated with the tectonic setting of their origin. The source 

region of post-collisional granite normally results from the mantle contaminated by a part of the 

crustal materials. The negative Nb, Ta, and Ti anomalies in the rocks are comparative to those of an 

island arc tectonic setting [77], concurring with the mass lithospheric detachment and thinning 

background in Eastern China during the Mesozoic [78–81]. This condition suggests that the formation 

of the Chishan alkaline complex was controlled by the lithospheric thinning of the North China 

Craton; it must have originated from a backarc extensional setting caused by plate subduction. 

 

Figure 10. lg(CaO/(Na2O+K2O)) − SiO2 (a) and Rb – (Y + Nb) (b) discrimination diagrams of the 

Chishan alkaline complex. (a) is from [75], (b) is from [76]. 

  

Figure 10. lg(CaO/(Na2O+K2O))−SiO2 (a) and Rb− (Y + Nb) (b) discrimination diagrams of the Chishan
alkaline complex. (a) is from [75], (b) is from [76].

396



Minerals 2019, 9, 293

7. Conclusions

(1) The Chishan alkaline complex formed in the Early Cretaceous. The quartz syenite and alkali
granite formed at 125.8 ± 1.2 and 127.3 ± 1.0 Ma, respectively, and are closely associated with
the mineralization of the Weishan REE deposit.

(2) The Chishan alkaline complex shows the geochemistry of mantle-derived magmas features
and originated from partial of the EMI-type lithospheric mantle with assimilation of ancient crustal
materials. The complex must be of the same origin as the REE deposit.

(3) The formation of the Chishan alkaline complex developed in an extensional setting that resulted
from subduction of the North China and Yangtze Plates, and lithospheric thinning and upwelling in
the eastern the North China Craton.
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Abstract: The newly discovered Tiantangshan tin polymetallic deposit is located in the southeast
Nanling Range, Cathaysia block, Southeast China. The tin orebodies are mainly hosted in the greisen
and the fractured alteration zones of the tufflava and trachydacite. However, the genetic relationship
between the hidden alkali-feldspar granite and volcanic rocks and the tin mineralization remains
poorly understood. This paper presents SHRIMP zircon U–Pb dating, whole-rock major and trace
element analyses, as well as Nd isotopic data of the trachydacite and alkali-feldspar granite. The
SHRIMP zircon U–Pb dating of the alkali-feldspar granite and trachydacite yields weight mean
206Pb/238U ages of 138.4 ± 1.2, and 136.2 ± 1.2 Ma, respectively. These granitic rocks have high levels
of SiO2 (64.2–75.4 wt%, mostly > 68 wt%), alkalis (K2O + Na2O > 8.3 wt%), REE (except for Eu),
HFSE (Zr + Nb + Ce + Y > 350 ppm) and Ga/Al ratios (10,000 × Ga/Al > 2.6), suggesting that they
belong to the A-type granite. According to the high Y/Nb and Yb/Ta ratios, they can be further
classified into A1 subtype. Their εNd (T) range from −3.8 to −6.5. They were likely generated by
the assimilation-fractional crystallization (AFC) of the coeval oceanic island basalts -like basaltic
magma. This study suggests that the A1 type granite is also a potential candidate for the exploration
of tin deposits.

Keywords: A-type granite; tin mineralization; Tiantangshan tin polymetallic deposit; SE China

1. Introduction

The enrichment mechanism of Sn in tin deposits is of great importance for studies on its
mineralization and may provide useful guidance for tin prospecting. Previous studies have revealed
that most primary tin deposits are closely related to granitic rocks in time and space [1], indicating a
possible genetic relationship. The fractional crystallization of granitic rocks plays a vital role in the
origin of the tin deposit [2], whereas the geochemical heritage of granitic rocks has been shown to
exert a relatively limited influence on tin mineralization [3]. The in situ fractional crystallization of
tin granitic rocks is characterized by significant depletion of Ba and Sr, a drop in the TiO2/Ta ratio [4],
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and an increase in the level of Rb [2]. As result, the resultant tin granitic rocks display a distinct
geochemical specialization in Sn and other incompatible elements (e.g., F, Li, B, Cs) [1]. The extreme
differentiation of these tin granitic rocks suggests that they might represent the most evolved phase
of mantle-derived magmas [3]. Recent studies showed that many major tin deposit-related granitic
rocks can be classified as A-type granite [5–7], which are geochemically characterized by high levels
of K2O, high incompatible trace element contents (including REE, Zr, Nb and Ta), elevated Fe/(Fe
+ Mg) and K2O/Na2O, as well as low concentrations of trace elements compatible in mafic silicate
and feldspar [8,9]. A-type granite can be further divided into two subtypes, A1 and A2, based on
their geochemical differences [10]. The A1-type granite has been postulated to be generated by the
assimilation-fractional crystallization (AFC) of oceanic-island basalt, whereas its A2-type counterpart
is thought to be derived by the partial melting of continental crustal sources [9]. Based on the results
of previous investigations, the A1-type granite may present the highly differentiated mantle-derived
magma [9]. However, its genetic relationship with tin mineralization remains poorly understood.

The Nanling Range, located in the middle area of the South China, is well known for its abundant
tin-polymetallic ore deposits. This region is characterized by widespread and intensive late Mesozoic
magmatism, as well as the associated mineralization. The tin deposits are spatially, temporally
and metallogenically associated with the coeval granites [11]. Most tin granites in the Nanling
Range are metaluminous to weakly peraluminous biotite (hornblende) granite with an A-type granite
affinity [7,12]. They are enriched in Nb, Zr, Ce, Y and HFSEs with relatively high alkali contents [7,12].
Most can be further classified as A2 type granite [13,14]. They have been interpreted as derived from
the partial melting of Precambrian crustal rocks [15]. However, A1-type tin granite in the Nanling
Range is rarely reported in previous studies.

The Tiantangshan tin polymetallic deposit, located in the southeast of the Nanling Range (Figure 1),
has a tin reserve of 25 kt with an average grade of 0.5% and a WO3 reserve of 7 kt with an average
grade of 0.3%. 40Ar/39Ar dating of the biotite that coexists with the cassiterite in the ore samples
yielded an isochron age of 133.5 ± 0.75 Ma [16]. The orebodies are mainly hosted in the greisen and the
fractured alteration zones of tufflava and trachydacite (Figure 2). Further geological examination by
drilling revealed a hidden alkali-feldspar granite underneath the greisen (Figure 3). Nevertheless, the
genetic relationship between tin mineralization and the intrusive-volcanic rocks remains enigmatic.
In this contribution, we present detailed SHRIMP zircon U–Pb dating, whole-rock major and trace
element analyses, as well as Nd isotope data of trachydacite and alkali-feldspar granite in Tiantangshan
deposit to explore their genetic relationships. Our experiment results led us to tentatively conclude
that the alkali-feldspar granite and trachydacite can both be categorized as A1-type generated from
the AFC of the coeval OIB-like basaltic magma. Furthermore, the current study suggests that A1-type
Tiantangshan alkali-feldspar granite is genetically associated with tin mineralization.
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2. Tectonic Settings

2.1. Regional Geology

The South China Block is composed of the Yangtze Block in the north and the Cathaysia Block in the
south. The Cathaysia Block consists of Paleoproterozoic to Early Neoproterozoic metamorphic rocks,
Late Neoproterozoic to Paleozoic continental to neritic marine sediments, and Mesozoic terrestrial
clastics. The South China Block experienced multiple tectono-magmatic events during the Mesozoic,
including its collision with the Indochina Block at ca. 240–230 Ma [17,18], its collage with the North
China block along the Dabie–Sulu orogenic belt at ca. 220–245 Ma [19], and the westward subduction
of the Palaeo–Pacific Plate that likely started in the Late Triassic [15]. These events triggered the
intensive and extensive Mesozoic magmatism as well as the related tin mineralization in SE China [20].
Triassic granitoids are mainly exposed over the inland regions of the South China, whereas their
Jurassic to Cretaceous equivalents are distributed in the form of 600 km wide volcanic-intrusive
complex belt, parallel to the present coastline. Studies have indicated that these granitoids mostly
belong to the (high-K) calc-alkaline series, and can be genetically classified as I- and S-types [20,21].
In addition, Mesozoic A-type granite formed over different periods have also been identified. The
Late Triassic (229–221 Ma) A-type granite occur as an ENE-trending belt, and are coincident with the
Late Triassic mafic magmatism. On the other hand, the Early Jurassic (192–188 Ma), Late Jurassic
(163–153 Ma), Early Cretaceous (141–124 Ma) and Late Cretaceous (101–91 Ma) A-type granite belts
are all NNE-trending in parallel to the present coastline [15]. All these five belts were produced by
repeated slab-advance-retreat of the Palaeo-Pacific plate [15].

The Nanling Range, a major E–W trending W–Sn metallogenic province, is situated within the
northwestern margin of the Cathaysia Block (Figure 1), and includes most of the border areas of Hunan,
Jiangxi, Fujian, Guangdong and Guangxi Provinces. The region is characterized by the late Mesozoic
intensive multistage magmatism and large-scale mineralization of tin, tungsten, and other rare-metals.
The tin polymetallic deposits mainly comprise of skarn and wolframite-bearing quartz veins with
minor greisen types [11,22]. It has been suggested that the formation of these tin-bearing deposits
can be divided into three distinct stages, including the Late Triassic (230–210 Ma), Mid–Late Jurassic
(170–150 Ma) and Early–Mid Cretaceous (120–80 Ma) [22]. The Early Cretaceous tin polymetallic
deposits in the Nanling Range are mainly located in the volcanic basins of Southeast Jiangxi and have
not been vigorously investigated in previous studies possibly due to their comparatively smaller scale.
The Tiantangshan tin polymetallic deposit is located in the southeast region of the Nanling Range, but
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the petrogenesis of the hidden alkali-feldspar granite and trachydacite needs further study, and their
possible genetic relationship with the tin deposit remains enigmatic.

2.2. Geology and Sampling of the Tiantangshan Tin Polymetallic Deposit

The newly explored Tiantangshan tin polymetallic deposit is located in the Mabugang town of
Northeastern Guangdong (Figure 1). The stratigraphic sequence in the Tiantangshan deposit consists
of the Late Jurassic Gaojiping Formation. The Gaojiping Formation is dominated by intermediate felsic
lava and pyroclastic rocks, and can be further divided into three members from bottom to top that
differ in their eruption cycles and the type of rocks that they contain [16]. The first member is more
than 340 m thick and is exposed in the northwest of the mining area (Figure 2), consisting mainly of
rhyolitic ignimbrite with minor breccia-bearing ignimbrite. The second member is about 280 to 350 m
thick and hosts the tin orebodies (Figure 2), with a mineral composition of trachydacite, rhyolitic tuff,
tuffaceous lava and crystal lithic tuff. The third member, over 550 m thick, mainly comprises rhyolitic
breccia-bearing lava and rhyolitic lithic crystal tuff. Drilling reveals the concealed alkali-feldspar
granite underneath the volcanic rocks (Figure 3b). The main structures in the mining area include
NE-striking (F3) and NNE-striking (F2) faults. Three types of W-Sn orebodies can be identified in
the Tiantangshan deposit, including greisen-, quartz vein- and fracture zones veined type. Typical
hydrothermal alterations in the area encompass albitization, silicification, topazization, greisenization,
biotitization, chloritization, sericitization, and fluoritization [16]. According to field and microscopic
observations, the formation of the tin ores can be divided into four stages that can be distinguished by
mineral assemblage: (1) Greisenization stage (stage I), (2) Quartz–cassiterite–wolframite stage (stage
II), (3) Quartz–fluorite–cassiterite–sulfides stage (stage III) and (4) Post-ore stage (stage IV) [16].

In this study, the alkali-feldspar granite and trachydacite samples were collected from the
core which drilled from the ZK422, ZK010 and −711 m underground tunnels. The alkali-feldspar
granite consists of K-feldspar, plagioclase, quartz and biotite with a medium-grained granitic texture
(Figure 4a,b). Greisen is made up of quartz, muscovite, topaz, chlorite, cassiterite, and rare pyrite
(Figure 4c,d). On the other hand, the trachydacite mainly contains phenocrysts and matrix which
consists of alkali-feldspar, plagioclase and quartz (Figure 4e,f).
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Figure 4. (a,c,e) Photographs and (b,d,b) Photomicrographs (under crossed polar) of intrusive-volcanic
rocks in Tiantangshan tin polymetallic deposits: (a) and (b) are alkali-feldspar granite; (c) and (d)
are greisen; and (e) and (f) are trachydacite. Kfs, K-feldspar; Q, quartz; Bt, biotite; Toz, topaz; Mus,
muscovite; Pl, plagioclase; Max, matrix.

3. Analytical Methods

3.1. SHRIMP Zircon U–Pb Dating

Zircon in situ U–Th–Pb isotope analyses were conducted using a SHRIMP-II at the Beijing SHRIMP
Center, Chinese Academy of Geological Sciences, Beijing, China, following the similar analytical
procedure described by [23]. A primary 20–30 µm·O2− ion beam with an intensity of 3–6 nA was used
to bombard the zircon surfaces. The raster time was set to 120–200 s. Each analysis consisted of five
scans. Reference zircons for elemental abundance calibration included 91,500 (U = 91 ppm), SL13 (U =

238 ppm), and M257 (U = 840 ppm) [23–25]. TEMORA with a 206Pb/238U age of 417.0 ± 1.8 Ma was
used for calibration [26]. Data were processed by SQUID and Isoplot [27]. Common Pb corrections
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were based on the measured 204Pb contents. Uncertainties for individual analyses were quoted at 1σ,
whereas the errors for the weighted mean ages were quoted at 2σ (95% confidence).

3.2. Major, Trace Elements and Nd Isotope of Intrusive-Volcanic Rocks

The alkali-feldspar granite and trachydacite samples were crushed and powdered to 200 meshes
in an agate mortar. Whole-rock major and trace elements analyses of the alkali-feldspar granite samples
were performed at the Key Laboratory of Orogenic Belts and Crustal Evolution, Ministry of Education,
School of Earth and Space Sciences, Peking University. Major elements were analyzed with an X-ray
fluorescence spectrometer on fused glass beads. The analytical uncertainty of oxide over 10 wt% is
<1% while that of oxides below 10 wt% is <10%. Detailed methods for trace elements analyses were
presented in [28]. Trace elements were characterized on a PerkinElmer Elan9000/DRCII/DRC-e ICP-MS.
In brief, exactly 50 mg of sample powder were dissolved at 190 ◦C in a closed high-pressure Savillex
Teflon beakers containing a mixture of 1 mL HF + 1 mL HNO3 for 36 h. The resultant solution was
then evaporated to dryness, followed by the addition of 1.5 mL of HNO3, 1.5 mL of HF and 0.5 mL
HClO4. The beaker was subsequently capped and placed in an oven to allow the digestion to proceed
at 180 ◦C for at least 48 h. Once the powders were completely digested, the residue was diluted in
50 mL of 1% HNO3 for further analysis. The international reference samples GSR-1 (granite), GSR-2
(andesite) and GSR-9 (granodiorite) were used as controls. All of trace elements measurement showed
an error below 5%.

Whole rock major and trace elements analyses of the trachydacite samples were conducted at
the Analytical Laboratory of Beijing Research Institute of Uranium Geology, China National Nuclear
Corporation. Whole rock major elements were analyzed by were analyzed on a Philips (Philips PW2404,
Amsterdam, The Netherlands) X-ray fluorescence spectrometer (XRF). The test methods were based on
GB/T 14506-2010 and had a precision that was better than 1% for the oxides over 10 wt% and 10% for the
oxides below 10 wt%. Meanwhile, trace elements were analyzed by inductively coupled plasma mass
spectrometry (ICP−MS) on an Agilent 7500a system using the same procedure described above, with a
measurement uncertainty of 5%. Nd isotope analyses were performed at the Analytical Laboratory
of Beijing Research Institute of Uranium Geology, China National Nuclear Corporation, following a
previously established protocol [29,30]. Briefly, 100 mg of the sample powder was dissolved in a Teflon
beaker containing a mixture of HF + HNO3, followed by the separation and purification of Nd with
conventional cation-exchange. The mass fractionation corrections of 143Nd/144Nd ratios were on the
basis of 146Nd/144 Nd of 0.7219. Total analytical blanks were 5 × 10−11 g for Sm-Nd.

4. Results

4.1. SHRIMP Zircon U–Pb Geochronology

SHRIMP zircon U–Pb dating results of two samples are summarized in Table 1 and illustrated
in Figure 5. The zircons exhibit regular oscillatory magmatic zoning with a size distribution mostly
between 100 and 200 µm and high Th/U ratios in the range of 0.4 to 0.98 (Table 1). Nine analyses of
sample TTS-50 (alkali-feldspar granite) plot in a group on the Concordia curve and yield a weighted
mean 206Pb/238U age of 138.4 ± 1.2 Ma (MSWD = 0.62) (Figure 5a). Eleven analyses for sample TTS-89
(trachydacite) plot in a group on the Concordia curve and yield a weighted mean 206Pb/238U age of
136.2 ± 1.2 Ma (MSWD = 0.49) (Figure 5b).
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Table 1. SHRIMP zircon U–Pb dating for the Tiantangshan alkali-feldspar granite and trachydacite.

Spot U
(ppm)

Th
(ppm) Th/U

206Pb*
(ppm)

207Pb/206Pb ±% 207Pb*/235U ±% 206Pb*/238U ±%
206Pb/238U ±1σ
(Age/Ma)

Sample TTS-50 (alkali-feldspar granite)
1.1 1179 513 0.45 22.1 0.0489 4.8 0.1453 5 0.02155 1.3 137.4 1.7
2.1 1859 976 0.54 35.5 0.0497 5.5 0.1487 5.6 0.02168 1.3 138.3 1.7
3.1 1034 399 0.4 19.6 0.0481 4.9 0.1442 5.1 0.02173 1.3 138.6 1.8
6.1 1241 1099 0.91 23.4 0.0488 3 0.1473 3.2 0.02188 1.3 139.5 1.7
7.1 1005 460 0.47 19.1 0.0496 3.4 0.151 3.7 0.02208 1.3 140.8 1.8
9.1 983 933 0.98 18.2 0.0492 3.5 0.1457 3.7 0.02145 1.3 136.8 1.7

12.1 1058 584 0.57 20.4 0.0485 8.4 0.146 8.5 0.0218 1.3 139 1.8
13.1 789 410 0.54 14.5 0.0482 3.4 0.1423 3.7 0.02139 1.3 136.4 1.8
15.1 1143 767 0.69 21.8 0.048 4.8 0.1443 4.9 0.02182 1.3 139.2 1.8

Sample TTS-89 (trachydacite)
1.1 357 254 0.74 6.53 0.0489 6.5 0.1434 6.7 0.02125 1.4 135.5 1.9
2.1 401 312 0.8 7.48 0.0487 5 0.1453 5.2 0.02164 1.4 138 1.9
4.1 328 225 0.71 6.07 0.0502 7.8 0.148 7.9 0.02136 1.5 136.3 2.0
5.1 260 167 0.66 4.82 0.0478 6 0.1416 6.1 0.02147 1.5 136.9 2.0
6.1 361 228 0.65 6.58 0.0521 7 0.15 7.1 0.02091 1.5 133.4 1.9
7.1 248 208 0.87 4.62 0.0493 11 0.146 11 0.0214 1.6 136.5 2.1
8.1 226 176 0.8 4.16 0.0478 10 0.14 10 0.02123 1.6 135.4 2.1
9.1 224 167 0.77 4.14 0.0503 13 0.148 13 0.02132 1.7 136 2.3

10.1 487 311 0.66 8.98 0.0473 7.8 0.139 7.9 0.02125 1.4 135.5 1.9
11.1 147 117 0.82 2.7 0.0477 6.9 0.1401 7 0.02133 1.6 136 2.2
12.1 305 266 0.9 5.72 0.0477 4.4 0.1427 4.6 0.0217 1.4 138.4 1.9

All the spots are localized on the around the zircon rims, common lead corrected using 204Pb, 206Pb* is radiogenic
lead. The error estimate is 1σ.
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4.2. Major, Trace Elements of Whole Rocks

The alkali-feldspar granite samples have SiO2 contents of 73.0–75.4 wt% (Tables 2 and 3), and are
characterized by relatively high heavy rare earth elements (HREEs), significant depletion of Eu, Ba and
Sr, as well as notable negative Eu, Ba and Sr anomalies (Figure 6a,b). In comparison, the trachydacite
contain lower abundances of SiO2 that range from 68.5 to 70.0 wt.%, and are enriched in light rare earth
elements (LREE) but depleted in HREEs with notable negative Eu anomalies (Figure 6c). Furthermore,
the trachydacite samples are enriched in large ion lithophile elements (LILE) and depleted in high field
strength elements (HFSE), while showing notable negative Ta–Nb and Ti anomalies (Figure 6d).
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Table 2. Major (wt%), trace element (ppm), Nd isotope compositions and TDM2(Nd) ages of the
Tiantangshan alkali-feldspar granite and trachydacite.

Sample TTS-44 TTS-45 TTS-47 TTS-48 TTS-49 TTS-50

Rock Type Alkali-feldspar Granite

wt % ±wt % wt.% ±wt % wt % ±wt % wt % ±wt % wt % ±wt % wt % ±wt %

SiO2 75.2 0.8 73.0 0.7 73.7 0.7 75.4 0.8 74.8 0.7 75.2 0.8
TiO2 0.10 0.01 0.11 0.01 0.10 0.01 0.11 0.01 0.10 0.01 0.11 0.01

Al2O3 12.7 0.1 13.7 0.1 13.2 0.1 12.8 0.1 12.8 0.1 12.9 0.1
FeO 1.11 0.11 2.2 0.2 1.65 0.17 1.65 0.17 1.31 0.13 1.37 0.14

Fe2O3 1.58 0.16 2.36 0.24 1.99 0.20 1.72 0.17 1.53 0.15 1.58 0.16
FeOT 2.54 0.25 4.32 0.43 3.45 0.35 3.20 0.32 2.69 0.27 2.79 0.28
MnO 0.04 0.004 0.10 0.01 0.11 0.01 0.06 0.01 0.05 0.005 0.04 0.004
MgO 0.15 0.02 0.19 0.02 0.08 0.01 0.06 0.01 0.08 0.01 0.05 0.01
CaO 0.65 0.07 0.99 0.10 0.89 0.09 0.48 0.05 0.58 0.06 0.62 0.06

Na2O 3.31 0.33 2.80 0.28 3.26 0.33 4.10 0.41 4.80 0.48 4.52 0.45
K2O 5.13 0.51 5.49 0.55 5.55 0.56 4.58 0.46 4.59 0.46 4.23 0.42
P2O5 0.02 0 0.02 0 0.01 0 0.02 0 0.02 0 0.02 0
LOI 0.93 1.12 0.90 0.56 0.67 0.54

ppm ± ppm ppm ± ppm ppm ± ppm ppm ± ppm ppm ± ppm ppm ± ppm

Rb 754 38 851 43 749 37 670 34 806 40 616 31
Ba 68.1 3.4 61.2 3.1 75.6 3.8 50.1 2.5 63.9 3.2 54.3 2.7
Th 59.0 3.0 65.5 3.3 64.8 3.2 64.2 3.2 74.5 3.7 64.3 3.2
U 18.9 0.9 16.9 0.8 19.9 1.0 12.0 0.6 18.9 0.9 18.7 0.9

Nb 117 6 143 7 122 6 136 7 132 7 123 6
Ta 20.3 1.0 23.9 1.2 18.1 0.9 18.8 0.9 16.9 0.8 17.3 0.9
Zr 177 9 204 10 203 10 212 11 169 8 199 10
Hf 10.6 0.5 12.3 0.6 12.5 0.6 12.8 0.6 12.3 0.6 11.3 0.6
Sr 16.5 0.8 26.8 1.3 20.5 1.0 16.1 0.8 20.1 1.0 21.2 1.1
Y 73.0 3.7 77.6 3.9 78.1 3.9 74.4 3.7 77.6 3.9 84.0 4.2
Pb 26.1 1.3 14.2 0.7 51.5 2.6 22.4 1.1 39.3 2.0 26.7 1.3
La 55.7 2.8 56.9 2.8 59.7 3.0 60.1 3.0 55.1 2.8 59.4 3.0
Ce 109 5 111 6 116 6 113 6 109 5 113 6
Pr 12.9 0.6 13.0 0.7 13.4 0.7 13.3 0.7 12.9 0.6 13.7 0.7
Nd 44.8 2.2 40.3 2.0 45.1 2.3 46.7 2.3 45.0 2.3 49.1 2.5
Sm 8.99 0.45 8.27 0.4 9.18 0.46 9.55 0.48 8.87 0.44 10.2 0.5
Eu 0.20 0.01 0.22 0.01 0.23 0.01 0.18 0.01 0.26 0.01 0.21 0.01
Gd 8.20 0.41 8.27 0.41 8.59 0.43 8.59 0.43 8.35 0.42 9.07 0.45
Tb 1.86 0.09 1.84 0.09 1.95 0.10 1.95 0.10 1.99 0.10 2.10 0.11
Dy 11.8 0.6 11.9 0.6 11.7 0.6 11.4 0.6 12.7 0.6 13.1 0.7
Ho 2.50 0.13 2.65 0.13 2.60 0.13 2.57 0.13 2.77 0.14 2.80 0.14
Er 7.10 0.36 7.73 0.39 7.68 0.38 7.25 0.36 8.37 0.42 8.17 0.41
Tm 1.41 0.07 1.55 0.08 1.54 0.08 1.48 0.07 1.77 0.09 1.54 0.08
Yb 8.66 0.43 9.85 0.49 9.81 0.49 9.29 0.46 11.3 0.6 10.2 0.5
Lu 1.13 0.06 1.31 0.07 1.32 0.07 1.27 0.06 1.50 0.1 1.37 0.07
Ga 28.9 1.4 32.1 1.6 31.3 1.6 32.1 1.6 31.7 1.6 31.7 1.6
W 6.22 0.31 8.71 0.44 5.76 0.29 4.83 0.24 3.00 0.15 4.41 0.22
Sn 18.3 0.9 27.8 1.4 31.5 1.6 19.2 1.0 21.3 1.1 17.1 0.9
Cu 2.77 0.14 2.40 0.12 2.87 0.14 2.05 0.10 2.06 0.10 1.84 0.09
Zn 325 16 537 27 250 13 52.4 2.6 87.7 4.4 50.3 2.5
Mo 0.81 0.04 0.97 0.05 0.63 0.03 0.44 0.02 0.43 0.02 0.54 0.03
REE 274 281 290 289 280 292

LREE 231 236 245 245 231 244
HREE 42.7 45.1 45.2 43.8 48.8 48.4

LREE/HREE 5.42 5.24 5.41 5.59 4.74 5.04
(La/Yb)N 4.61 4.14 4.37 4.64 3.50 4.18
δEu 0.07 0.07 0.08 0.06 0.09 0.07

147Sm/144Nd 0.1212 0.1240 0.1230 0.1236 0.1255
143Nd/144Nd 0.512352 0.512379 0.512275 0.512354 0.512374
±2σ 0.000006 0.000006 0.000012 0.000007 0.000009
εNd(T) −4.2 −3.8 −5.8 −4.2 −3.9

TDM2(Nd)(Ma) 1277 1238 1402 1277 1249

±wt %, ± ppm: analytical uncertainty.
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Table 3. Major (wt%), trace element (ppm), Nd isotope compositions and TDM2(Nd) ages of the
Tiantangshan alkali-feldspar granite and trachydacite.

Sample TTS-51 TTS-56 TTS-60 TTS-41 TTS-89

Rock Type Alkali-feldspar Granite Trachydacite

wt % ±wt % wt % ± wt % wt % ± wt % wt % ± wt % wt % ± wt %

SiO2 75.3 0.8 69.9 0.7 64.2 0.6 70.0 0.7 68.5 0.7
TiO2 0.10 0.01 0.27 0.03 0.64 0.06 0.32 0.03 0.26 0.03

Al2O3 12.8 0.1 14.7 0.1 15.1 0.2 15.0 0.1 14.7 1.5
FeO 1.37 0.14 1.65 0.17 2.83 0.28 1.14 0.11 1.98 0.20

Fe2O3 1.47 0.15 1.62 0.16 2.74 0.27 1.17 0.12 1.76 0.18
FeOT 2.69 0.27 3.46 0.35 5.90 0.59 2.44 0.24 3.97 0.40
MnO 0.04 0.004 0.16 0.02 0.12 0.01 0.03 0.003 0.08 0.01
MgO 0.04 0.004 0.38 0.04 0.42 0.04 0.31 0.03 0.22 0.02
CaO 0.63 0.06 0.45 0.04 1.55 0.15 0.65 0.07 1.31 0.13

Na2O 4.16 0.42 3.42 0.34 5.03 0.50 3.50 0.35 2.36 0.24
K2O 4.72 0.47 6.32 0.63 4.94 0.49 6.74 0.67 6.57 0.66
P2O5 0.01 0 0.04 0 0.07 0.01 0.06 0.01 0.05 0
LOI 0.61 0.74 1.38 0.74 1.37

ppm ± ppm ppm ± ppm ppm ± ppm ppm ± ppm ppm ± ppm

Rb 709 35 757 38 1222 61 863 43 819 41
Ba 49.8 2.5 548 27 396 20 329 16 257 13
Th 68.3 3.4 37.2 1.9 44.1 2.2 34.4 1.7 36.5 1.8
U 21.5 1.1 6.10 0.31 5.90 0.30 6.80 0.34 6.30 0.32

Nb 116 6 52.1 2.6 49.3 2.5 45.3 2.3 43.4 2.2
Ta 16.6 0.8 3.70 0.19 2.50 0.13 2.70 0.14 2.40 0.12
Zr 163 8 248 12 224 11 184 9 155 8
Hf 8.8 0.4 7.60 0.38 6.90 0.35 5.70 0.29 5.30 0.27
Sr 18.6 0.9 120 6 106 5 74.9 3.7 97.2 4.9
Y 83.8 4.2 50.4 2.5 49.0 2.4 27.4 1.4 41.1 2.1
Pb 37.5 1.9 40.8 2.0 149 7 21.6 1.1 23.1 1.2
La 59.8 3.0 83.2 4.2 91.4 4.6 92.3 4.6 97.5 4.9
Ce 115 6 169 8 181 9 186 9 209 10
Pr 13.8 0.7 17.6 0.9 19.4 1.0 19.8 1.0 22.0 1.10
Nd 44.7 2.2 63.0 3.2 68.8 3.4 68.6 3.4 76.4 3.8
Sm 9.41 0.47 10.1 0.5 12.1 0.6 12.0 0.6 12.4 0.6
Eu 0.20 0.01 1.07 0.05 0.91 0.05 0.63 0.03 0.70 0.04
Gd 8.89 0.44 8.70 0.44 9.28 0.46 8.38 0.42 9.37 0.47
Tb 2.10 0.11 1.36 0.07 1.38 0.07 1.06 0.05 1.29 0.06
Dy 12.5 0.6 7.99 0.40 7.85 0.39 4.85 0.24 6.84 0.34
Ho 2.76 0.14 1.62 0.08 1.56 0.08 0.84 0.04 1.30 0.07
Er 8.02 0.40 4.70 0.24 4.57 0.23 2.26 0.11 3.59 0.18
Tm 1.53 0.08 0.72 0.04 0.72 0.04 0.32 0.02 0.52 0.03
Yb 10.0 0.5 4.57 0.23 4.78 0.24 2.14 0.11 3.26 0.16
Lu 1.30 0.07 0.71 0.04 0.72 0.04 0.34 0.02 0.50 0.03
Ga 29.8 1.5 21.3 1.1 23.2 1.2 20.3 1.0 23.2 1.2
W 4.20 0.21 11.4 0.6 29.7 1.5 19.4 1.0 29.7 1.5
Sn 21.0 1.0 6.59 0.33 24.9 1.2 9.11 0.46 45.1 2.3
Cu 2.77 0.14 3.21 0.16 35.1 1.8 4.02 0.20 199 10
Zn 55.6 2.8 46.7 2.3 390 20 35.2 1.8 315 16
Mo 0.26 0.01 3.59 0.18 13.0 0.7 12.2 0.6 3.03 0.15

REE 293 375 405 400 434
LREE 246 344 374 380 408
HREE 47.1 30.4 30.9 20.2 26.7

LREE/HREE 5.23 11.3 12.1 18.8 15.3
(La/Yb)N 4.30 13.1 13.7 31.0 21.5
δEu 0.07 0.34 0.25 0.18 0.21

147Sm/144Nd 0.1272 0.0981
143Nd/144Nd 0.512336 0.512216
±2σ 0.000009 0.000007
εNd(T) −4.7 −6.5

TDM2(Nd)(Ma) 1311 1460

±wt %, ± ppm: analytical uncertainty.
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4.3. Nd Isotopes of Whole Rocks

The alkali-feldspar granites exhibit relatively narrow Nd isotopic compositions with εNd (T)
ranging from −3.8 to −5.8 (Figure 7), whereas the average εNd (T) of trachydacite is comparatively
lower at −6.5. All the granitic rocks yield Mesoproterozoic TDM2 ages between 1.06 and 1.40 Ga.
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5. Discussion

5.1. Duration of the Magmatism and Hydrothermal Activities

Unlike zircon U–Pb age, biotite 40Ar/39Ar ages tend to reflect the cooling history of the minerals
rather than their crystallization. In addition, they generally do not record early magmatic and
hydrothermal events at >350 ◦C. The time intervals between zircon U–Pb ages and biotite 40Ar/39Ar
ages could indicate a prolonged magmatic-hydrothermal process and cooling history. Previous
40Ar/39Ar dating of biotite coexisting with cassiterite in the Tiantangshan deposit yielded an isochron
age of 133.5 ± 0.75 Ma [16]. In our present study, the 206Pb/238U ages of the alkali-feldspar granite
and trachydacite in the same deposit are measured to be 138.4 ± 1.2 and 136.2 ± 1.2 Ma, respectively.
Evidently, these felsic rocks have slightly older emplacement ages when compared to the biotite
40Ar/39Ar data. An alternative interpretation is that the relatively low closure temperature of the biotite
rendered it sensitive and vulnerable to thermal events, which could result in apparent diffusive argon
loss. Compared to the zircon U–Pb ages, the younger biotite 40Ar/39Ar ages imply a possible thermal
disturbance. However, the biotite 40Ar*/39Ar ratios are relatively consistent in each fractionation
across different heating steps and yield similar apparent ages with a flat age spectrum [16]. The
plateau ages have a close relationship with the isochron ages [16]. The observation thus precludes the
possibility of a subsequent thermal disturbance. The biotite 40Ar/39Ar geochronology is sufficiently
reliable to constrain the timing of cooling. The average biotite 40Ar/39Ar age is ~3 million years
younger than that of alkali-feldspar granite, which corresponds to the estimated duration from magma
emplacement to biotite Ar-Ar closure. We therefore hypothesize that the Tiantangshan tin polymetallic
deposit experienced a prolonged magmatic-hydrothermal process that might have lasted for at least
3 million years.

Recent advances in the dating of tin deposits, such as the employment of zircon or cassiterite
U-Pb, Molybdenite Re-Os and muscovite or biotite Ar-Ar isotopic ages, have enabled researchers to
characterize the magmatic-hydrothermal process and cooling history of tin deposits with excellent
precision. The biotite 40Ar-39Ar plateau age (135.1 ± 0.8 Ma) is ~3 million years younger than the zircon
U–Pb age of the biotite monzonitic granite porphyry in the Feie’shan W-Sn deposit (139.2 ± 1.7 Ma) [35].
The muscovite 40Ar/39Ar plateau age (140.6±1.0 Ma) is ~4 million years younger than the cassiterite
U–Pb age (145.8 ± 0.6 Ma) in the Xiling tin deposit [36]. Two muscovite samples collected from greisen
W-Mo-Be ores and W-Mo-bearing muscovite-quartz stockwork ores yield 40Ar/39Ar plateau ages of
146.85 ± 0.8 Ma and 146.31 ± 0.75 Ma, respectively, which are both ~6 million years younger than
that of the granite in the Xiatongling W-Mo-Be deposit (154.7 ± 1.7 Ma) [37]. The Sn–Nb–Ta bearing
Jinzhuyuan granite in limu mining district show a U–Pb age of 218.3 ± 2.4 Ma with a muscovite
40Ar/39Ar plateau age of 212.4 ± 1.4 Ma and isochron age of 213.2 ± 2.2 Ma [38]. The magmatic
crystallization, ore formation, and the related alteration all occurred over a short interval of less than
6 million years in the Taoxikeng tungsten deposit [39].

5.2. Genetic Type, Origin and Tectonic Background of the Tiantangshan A-Type Granite

Both the Tiantangshan alkali-feldspar granite and trachydacite exhibit a strong A-type
affinity [10,34,40,41], as evidenced by their enrichment in REEs (except for Eu, Figure 6) and HFSEs (Zr
+ Nb + Ce + Y > 350 ppm), depletion in Ba and Sr (Figure 6), as well as high Ga/Al ratios (Figure 8a).
The relatively low Yb/Ta and Y/Nb ratios further indicate that these granitic rocks should be classified
as A1 subtype (Figure 8b).
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A-type magmas were suggested to result from the partial melting of specific crustal
protoliths [34,40,42] or from the extensive fractional crystallization from mantle-derived basaltic
magmas [43]. The A1 subtype generally share similar Nb/Ta and Y/Nb ratios as oceanic-island basalts,
whereas their counterparts bear a geochemical resemblance to average crust and island-arc basalts [9]
(Figure 8b). The Tiantangshan alkali-feldspar granite and trachydacite belong to the A1 subtype and plot
in the OIB field, presumably indicating that they were derived from an OIB-like source. Furthermore,
the Nd isotopic compositions of these granite are similar to those of coeval (~140 Ma) OIB-like mafic
rocks in northern Guangdong (−5.89 to 5.16), suggesting that they might have derived from the AFC of
basaltic magmas (Figure 7). The fact that of the alkali-feldspar granite and OIB share similar Nb/Ta and
Y/Nb ratios strongly implies that they may represent the mantle differentiates with less continental crust
contamination in their origin. The evolved elemental ratios of the trachydacite suggest that they were
contaminated with continental crust to a greater extent than the alkali-feldspar granite (Figure 9). This
is further supported by the fact that the trachydacite exhibit high εNd(t) and negative Nb-Ta anomalies
(Figure 7). Taken together, we conclude that the Tiantangshan A1-type granite were generated from
the AFC of the coeval OIB-like mafic magma. The A-type granite is hypothesized to have formed
at extensional tectonic background [9,40]. The Late Mesozoic magmatism and mineralization of SE
China are generally considered to be related to the subduction of the Palaeo-Pacific plate, for which a
number of models have been proposed [20,44–46]. More recently, a new repeated slab-advance-retreat
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model of the Palaeo-Pacific plate was developed based on geochronological and geochemical data of
Late Triassic to Early Jurassic mafic rocks and Early Jurassic A-type granites in southern Jiangxi and
western Fujian Provinces [15]. According to this repeated slab-advance-retreat model, the formation of
the Early Cretaceous (141–124 Ma) A-type granite belt (Figure 1) was a result of the regional extension
caused by the progressive slab rollback. Our new data presented in this paper lent further support to
this model. The origin of the Early Cretaceous Tiantangshan A-type granite suggests the development
of a back-arc extension along the Early Cretaceous A-type granite belt since the beginning of Early
Cretaceous as a consequence of slab rollback [15]. Such an extension caused lithosphere thinning and
the concomitant asthenosphere upwelling. The underplating of basaltic magma could trigger partial
melting of the thinned lower-crust rocks, leading to the formation of the Early Cretaceous A2 type
granites. On the other hand, the AFC of the underplated basaltic magma could subsequently give rise
to the Tiantangshan A1 type granite. Therefore, the Tiantangshan tin polymetallic deposit might have
generated in an extensional tectonic regime caused by slab rollback of the Paleo–Pacific Plate.
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5.3. A-Type Granite and Tin Mineralization

Magmatic differentiation plays a crucial role in the formation of tin bearing granite [3]. The in situ
fractional crystallization of tin granitic rocks is characterized by a remarkable decrease in the level
of Rb and depletion of Ba and Sr [2]. Consistent with this, the Tiantangshan alkali-feldspar granite
generally exhibit low abundance of Sr and Ba, as well as increased levels of SiO2, suggesting that
they were derived from fractional crystallization. Continued fractional crystallization in the rest of
the melts led to enrichment of Sn, W, Ta, Rb, Cs, F and Li, as well as depletion of Ti, U, Th, Ba, Sr,
Zr. Among these elements, Ti and Ta are representative of distinct enrichment or depletion. TiO2/Ta
ratio is, thus, a good indicator of the evolution degree of granitic magma differentiation [4]. Moreover,
Rb and Li may be affected by the hydrothermal processes, whereas Ta and Ti are relatively stable.
The TiO2/Ta ratios show a progressive decline from 4900 in the less differentiated granodiorite to
<1 in the most differentiated granite from the Marche area [4]. In general, the TiO2/Ta ratio of the
Tiantangshan alkali-feldspar granite is inversely correlated to the level of Sn (Figure 10). In contrast
with alkali-feldspar granite, trachydacite has a comparatively lower content of SiO2, but elevated
levels of Sr, Ba (Tables 2 and 3) and TiO2/Ta ratio (Figure 10). All of these geochemical features imply
that trachydacite experienced less differentiation than the alkali-feldspar granite. Furthermore, all
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except one trachydacite sample (which might have been affected by greisenization at a later stage)
that we analyzed contain less Sn than the alkali-feldspar granite (Tables 2 and 3). We, therefore,
suggest that Sn enrichment of Tiantangshan tin deposit is more likely related to the Tiantangshan
alkali-feldspar granite than the trachydacites. Another possible explanation is that these granitic rocks
could have inherited their geochemical specialization from their source rocks during the partial melting.
However, TiO2-Sn and Rb/Sr-Sn binary diagrams of the granitic fractionation series from various tin
and non-tin provinces do not seem to support this hypothesis [1]. Previous studies showed that source
rocks generally contribute a maximum of 5–10 ppm of Sn. Instead, the observed Sn enrichment is
more likely to have resulted from the fractional crystallization of tin bearing granitic rocks. Both
Tiantangshan alkali-feldspar granite and the trachydacite are derived from same source rock via AFC.
The observation that the less differentiated trachydacite generally have lower Sn contents than the
highly differentiated alkali-feldspar granite provides further support to this view.
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Prolonged fractional crystallization leads to concentration of H2O and other volatiles in the rest
liquid. Free water could react with the granite causing it to be gradually converted into greisen. The
beginning of greisenization is characterized by the alteration of K-feldspar into muscovite (Figure 4d),
which is illustrated by the following reaction: 3KAlSi3O8 + 2H+ = KAl3Si3O10(OH)2 + 6SiO2 + 2K+.
Sn is generally considered to exist as Sn2+ or Sn4+ in complexation with Cl− in the fluid [47]. Lowering
the HCl activity in the fluid system leads to the precipitation of the cassiterite as manifested by
(SnCl4[H2O]2)0 = SnO2 + 4HCl and (SnCl3)− + H+ + 2H2O = SnO2 + 3HCl + H2. Greisenization is,
therefore, a good catalytic reaction for the precipitation of cassiterite. The magmatic-hydrothermal
process lasted at least ~3 million years and produced at least one hydrothermal pulse, which resulted
in the generation of the hydrothermal biotite at ~133 Ma.

6. Conclusions

1. The SHRIMP zircon U–Pb dating of the alkali-feldspar granite and the trachydacite in the
Tiantangshan tin polymetallic deposit yields 206Pb/238U ages of 138.4 ± 1.2 and 136.2 ±
1.2 Ma, respectively. The Tiantangshan tin polymetallic deposit experienced a prolonged
magmatic-hydrothermal process over a period of ~3 million years from the emplacement of
granitic rocks to the origination of the hydrothermal biotite.

2. Both the Tiantangshan alkali-feldspar granite and trachydacite can be classified as A1-type granite
based on geochemical evidence. These granitic rocks were derived from the AFC of the coeval
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OIB-like basaltic magma in an extensional setting, which was most likely caused by the rollback
of the Paleo-pacific plate.

3. The tin polymetallic mineralization is associated with the Tiantangshan A1 type
alkali-feldspar granite.
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Abstract: The nature and origin of the early Yanshanian granitoids, widespread in the South China
Block, shed light on their geodynamic setting; however, understanding their magmatism processes
remains a challenge. In this paper, we present both major and trace elements of bulk rock, Sr–Nd–Pb
isotopic geochemistry, and zircon U–Pb–Hf isotopes of the low Sr and high Yb A2-type granites,
which were investigated with the aim to further constrain their petrogenesis and tectonic implications.
Zircon U–Pb dating indicates that these granites were emplaced at ca. 153 Ma. The granites are
characterized by high SiO2 (>74 wt.%) and low Al2O3 content (11.0 wt.%–12.7 wt.%; <13.9 wt.%).
They are enriched in large ion lithophile elements (LILEs) (e.g., Rb, Th, U, and K) and Yb, but depleted
in high field-strength elements (HFSEs) (e.g., Nb, Ta, Zr and Hf), Sr, Ba P, Ti and Eu concentrations.
They exhibit enriched rare earth elements (REEs) with pronounced negative Eu anomalies. They
have εNd(t) values in a range from −6.5 to −9.3, and a corresponding TDM model age of 1.5 to 1.7 Ga.
They have a (206Pb/204Pb)t value ranging from 18.523 to 18.654, a (207Pb/204Pb)t value varying from
15.762 to 15.797, and a (208Pb/204Pb)t value ranging from 39.101 to 39.272. The yield εHf(t) ranges
from −6.1 to −2.1, with crustal model ages (TDMC) of 1.3 to 1.6 Ga. These features indicate that
the low Sr and high Yb weakly peraluminous A2-type granites were generated by overlying partial
melting caused by the upwelling of the asthenosphere in an extensional tectonic setting. The rollback
of the Paleo-Pacific Plate is the most plausible combined mechanism for the petrogenesis of A2-type
granites, which contributed to the Sn–W polymetallic mineralization along the Shi-Hang zone in
South China.

Keywords: zircon U–Pb geochronology; Sr–Nd–Pb–Hf isotopes; low Sr and high Yb A2-type granite;
Xianghualing; South China

1. Introduction

The Mesozoic Age marks an important period in the geologic evolution of mainland South East
Asia (Figure 1a) [1–4], during which extensive magmatism took place in the South China Block (SCB)
parallel to the present-day coastline (Figure 1b). This magmatic zone was preliminarily named the
“Shi-Hang zone” after Gilder et al. [4]. As a granitoid belt, it reveals the Nd-depleted mantle model ages
(TDM = 1.4 ± 0.3 Ga) and negative εNd(t) values (−4 to −8) in composition [5]. Such Sn–W polymetallic
metallogenic domains related to widespread granitoids in South China represents one of the largest
tungsten-tin polymetallic ore provinces on Earth [6–15]. Previous studies demonstrated that these
temporally and spatially associated intrusions are different in terms of petrography, and elemental and
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isotopic compositions, and argued for different petrogenesis and tectonic regimes, ranging from an
extension [11], rift-related and convergent [5,16–19], or subduction-related models (Figure 1d) [20–24].
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Figure 1. (a) Simplified tectonic map of Asia showing the framework of the joint area of the
Paleo–Asian, Tethyan, and Pacific domains [4]. TB, Tibet Block; NCC, North China Block; SCB,
South China Block. (b) Distribution of the Mesozoic intrusive rocks in South China [7,15,21,24,25].
The locations of the Shi-Hang zone and Nangling range are after [19,26,27]. (c) Sketch map of the
Nanling Range [13]. (d) Simplified map showing the Late Jurassic subduction in Southeast China [28].
NM, Niumiao granodiorite [29]; TA, Tong’an monzonite [29]; HS, Huashan granite [30,31]; GPS,
Guposhan granite [30,31]; TSL, Tongshanling granodiorite [19,32]; JJL, Jinjiling granite [19,33]; XS,
Xishan granite [33]; DDS, Dadongshan granite [34]. JFL, Jianfengling (our no published data); DX,
Daoxian basalt [19,35]; NY, Ningyuan basalt [19,35]; QTL, Qitianling granite [36]; HSP, Huangshaping
granite [37]; BS, Baoshan granodiorite [32,38]; JF, Jiufeng granite [39,40]; QLS, Qianlishan granite [41];
YGX, Yaogangxian granite [42]; XHS, Xihuashan granite [43,44]; XT, Xitian granite [15]; DMS,
Damaoshan granite [45]; DX, Dexing granodiorite [46]; TS, Tongshan granite [45]; XP, Xiepu granite [24].
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The Xianghualing Sn polymetallic deposit is situated at the boundary between the Paleo-Pacific
and the Tethyan tectonic domains (Figure 1a). The Late Jurassic granites related to this deposit could
provide constraints on the petrogenesis of Late Jurassic granite-related W–Sn mineralization and their
tectonic settings. In this contribution, we present major and trace element geochemistry, Sr–Nd–Pb
isotope data for these granites, and zircon U–Pb dating and Hf isotopic evidence.

2. Geological Background

The Yangtze Block to the northwest and the Cathaysia Block to the southeast were amalgamated
to form the South China Block during the Neoproterozoic Era (Figure 1b) [7,11]. Numerous granites
are distributed in the Cathaysia Block and the Shi-Hong zone. The study area is located in the
central part of Shi-Hang zone (Figure 1b). The NE–SW trending of the Chenzhou-Lingwu fault zone
represents a regional fault in the study area (Figure 1b) [25,47]. The zone was originally formed at
970 Ma [1] and reactivated during the Triassic and the Cretaceous Eras [25]. A number of granite
plutons and associated Sn polymetallic mineralization were distributed along the Chenzhou-Lingwu
fault belt to the west of Shi-Hong zone (Figure 1b). This Sn-metallogenic region, called the Nanling
Range, is characterized by multiple and diverse mineral deposits (W, Sn, Cu, Pb–Zn, etc.) and
the Jurassic-Cretaceous intrusions [13]. The granites include the Baoshan, Tongshanling, Niumiao,
Yuanzhuding, Guposhan, Huashan, Xishan, Jinjiling, Qianlishan, and Qitianling plutons (Figure 1b).
Ore deposits associated to this belt are: Shizhuyuan (W–Sn–Mo–Bi–F) [48], Furong (Sn) [6,49,50],
Yaogangxian (W) [49], Xianghualing (Sn–W–Pb–Zn) [12,51], Huangshaping (Pb–Zn–W–Sn) [7,52],
Baoshan (Cu–Pb–Zn–W) [38], and Yuanzhuding (Cu–Mo) [14]. Basaltic rocks also crop out near the
Chenzhou-Lingwu fault, such as the Daoxian and Ningyuan basalts (Figure 1b) [19,35].

The Xianghualing Sn-polymetallic deposit is situated at the Midwestern point of the Nanling
Range (Figure 1c). The Xinfeng mine is one of the most important mines in the Xianghualing deposit.
The Xianghualing area is a tectono-magmatic dome (Figure 2a). The exposed basement comprises
the Cambrian slate and metasandstone, sandstone and shale in the Middle Devonian Tiaomajian
Formation, limestone and dolomitic limestone in the Middle Devonian Qiziqiao Formation, dolomitic
limestone and sandstone in the Upper Devonian of the Shetianqiao Formation, and the Carboniferous
carbonate and clastic rocks. The Qiziqiao Formation is the major ore bed, and the Laiziling and
Jianfengling are the two largest granites which intruded into the Cambrian and Devonian Eras,
respectively. The Xianghualing Sn polymetallic deposit is a typical skarn deposit related Laiziling
Pluton [12]. Skarn-type ore bodies and vein-like bodies formed in the contact zone of the granites.

3. Sampling and Analytical Methods

The granite samples in this study included ZK65-1, ZK65-2, ZK65-3 and ZK57-1 and were collected
from drill cores ZK65 and ZK57, one of the deepest holes of Laiziling pluton prior to 2015, in the Xinfeng
mine, Xianghualing deposit (Figure 2b). The sequence from the granite to the country rocks is as follows:
granite→ altered sandstone→ skarn→ Sn polymetallic ores in the drill cores ZK65, or, alternatively,
granite→ skarn→ tungsten–bearing quartz veins→ ore-bearing marble→ fracture in drill core ZK57
(Figure 2b). The pluton in the mine connects with the Laiziling pluton that exposes on the surface.
Three granite samples collected from the drill core ZK65 are mainly composed of fine to medium
grained porphyritic biotite monzonitic granites with a porphyritic texture. They contain 30–35%
rounded, variably resorbed quartz phenocrysts of 1–8 mm in diameter, 10–15% euhedral-subhedral
K-feldspar phenocrysts of 5–10 mm in length, about 5–10% equant and tabular plagioclase phenocrysts
of 0.5–2 mm in length, biotite (3–8%), and minor to trace amounts of hornblende. (Figure 3a,b).
Some K-feldspar phenocrysts have partially experienced sericitization. Sample ZK57-1 is two-mica
monzonitic granite with small phenocrysts and finer-grained quartz (30–35%), K-feldspar (10–15%),
plagioclase (10–15%), biotite (3–8%), and muscovite (3–8%) (Figure 3c,d). Accessory minerals are
composed of zircon with minor apatite.
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Details of analytical methods, namely whole-rock major and trace element compositions, Sr–Nd–Pb
isotopes, and zircon U–Pb and Lu–Hf isotope analyses are presented in the Supplementary material.Minerals 2019, 9, x FOR PEER REVIEW 4 of 19 
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4. Results

4.1. Whole-Rock Geochemistry

4.1.1. Major and Trace Elements

The analytical results of the four granite samples are presented in Table S1. These granites have
characteristics of high SiO2 content (74.1 wt.%–78.0 wt.%) (Figure 4a), similar to that of the Jianfengling
granites (73.6 wt.%–75.2 wt.%) [53], and Qitianling granites (65.9 wt.%–75.7 wt.%) in this region [54,55].
They are enriched in alkalis, with the K2O + Na2O contents ranging from 7.2 wt.% to 9.2 wt.% (average
8.3 wt.%), and K2O/Na2O ratios higher than 1. The samples are plotted in the high K calc-alkaline field
in the Na2O + K2O − CaO vs. SiO2 diagram (Figure 4a). They exhibit low Al2O3 contents (11.0 wt.% to
12.7 wt.%), and A/CNK ratios (1.0–1.1) lower than 1.1, indicating their weak peraluminous affinity in
the A/NK vs. A/CNK diagram (Figure 4b). They have low Fe2O3 (0.1 wt.%–0.5 wt.%), MgO (0.1 wt.%),
CaO (0.6 wt.%–0.8 wt.%), TiO2 (0.1 wt.%), and P2O5 contents.
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A primitive mantle-normalized trace element diagram and chondrite-normalized rare earth
element (REE) patterns for the four granite samples are illustrated in Figure 5a,b, respectively.
All samples have low Sr (3.6–7.3 ppm) and Nb (0.3–2.5 ppm, except ZK65–1) contents and extremely
high Rb (1606–2351 ppm) and Yb (7.9–14 ppm) contents. They are enriched in large-ion lithophile
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elements (LILEs) (e.g., Rb, Th, U, and K) and depleted in high field strength elements (HFSEs) (e.g.,
Nb, Ta, Zr and Hf), Sr, and Ba (Figure 5a). The total contents of Zr, Nb, Ce, Y of four samples range
from 430 to 646 ppm (Figure 6). The granites exhibit enriched REEs (except Eu) with a total REE
ranging from 233 to 312 ppm. They are characterized by a slight enrichment of light REE (LREE)
((La/Yb)N = 1.8–5.0) and flat heavy REE (HREE) with pronounced negative Eu anomalies (δEu = 0.02)
(Figure 5b). The differentiation indexes (DI) of these samples are 93.7–94.58 (Table S1).Minerals 2019, 9, x FOR PEER REVIEW 6 of 19 
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Figure 6. (a) 10,000 × Ga/Al and; (b) (K2O + Na2O)/CaO vs. Zr + Nb + Ce + Y (ppm) diagrams
showing that the Jurassic low Sr and high Yb granites are A-type granites [59].
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4.1.2. Sr–Nd–Pb Isotopic Compositions

The Sr–Nd–Pb isotopic composition data for the granites are presented in Table S2. Initial values
of (206Pb/204Pb)t, (207Pb/204Pb)t, and (208Pb/204Pb)t are calculated using zircon ages of 153 Ma.

The granites have an extremely high 87Sr/86Sr ratio (up to 1.89), which may be due to their
extreme Sr (also Eu and Ba) depletion, and thus a very high Rb/Sr ratio. Previous studies pointed that
the initial of Sr isotope is unreliable of high Rb granite [60]. We therefore do not discuss the initial ratio
of Sr isotopes on the petrogenesis of the Xianghualiang granites. They have εNd(t) values ranging from
−9.3 to −6.5 and (143Nd/144Nd)i from 0.511963 to 0.512107, corresponding to depleted mantle model
ages (TDM2–Nd) of 1471–1702 Ma. The plots of εNd(t) vs. 206Pb/238U age is exhibited in Figure 7a.Minerals 2019, 9, x FOR PEER REVIEW 7 of 19 
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The data of zircon U–Pb age, εNd(t) and εHf(t) are from [7,15,21,24–45].

Four samples are characterized by high radiogenic Pb isotopic composition, with present-day
rock 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb ratios of 19.624 to 19.791, 15.816 to 15.847, and 39.478
to 39.795, and their corresponding initial ratios are 18.523 to 18.654, 15.762 to 15.797, and 39.101 to
39.272, respectively.

4.2. Zircon U–Pb Ages

Most zircon grains separated from four granite samples are euhedral and prismatic with aspect
ratios of 1:1–1:2 and lengths of 50–150 µm. They are transparent and light yellow under an optical
microscope. Ubiquitous simple internal oscillatory zoning and little inherited cores are observed by
Cathodoluminescence (CL) images (Figure 8). Such characteristics indicate they are magmatic zircon
in origin [61]. A few zircon crystals exhibit complex secular zonings (Figure 8).

LA-ICP-MS zircon U–Pb isotopic data for these granitoids are shown in Table S3. The zircon
U–Pb concordia and weighted mean diagrams are illustrated in Figure 9. These zircons have varied U
(154–6771 ppm) and Th (70–4505 ppm) contents, with Th/U ratios ranging from 0.3 to 0.8 (Table S3),
indicating that they are magmatic in origin [62]. Thirteen analyses fall on the Concordia in a single
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group from the sample ZK57, yielding a Concordia age of 152.8 ± 0.6 Ma (MSWD = 0.2, n = 13).
The remaining three analyses have a 206Pb/238U age of 148.3 ± 1.5 Ma and 147.1 ± 1.8 Ma (Figure 9a).
Fifteen spot analyses of zircons from sample ZK65 yield a single 206Pb/238U age population of
105–156 Ma with Concordia age of 152.7 ± 2.0 Ma (MSWD = 2.9, n = 9) (Figure 9b and Table S3).
The two Concordia ages may represent the crystallization age of the granites.Minerals 2019, 9, x FOR PEER REVIEW 8 of 19 
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4.3. Zircon Hf Isotopes

The Lu–Hf isotopic compositions of zircon crystals separated from the two granite samples from
the Xianghualing area in South China are listed in Table S4. The plots of εHf(t) vs. 206Pb/238U age is
illustrated in Figure 7b.
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The zircons have 176Lu/177Hf ratios from 0.000776 to 0.003445 and 176Hf/177Hf ratios from
0.282514 to 0.282628 (Table S4). Most of 176Lu/177Hf ratios of zircon from ZK57 are below 0.002, and
therefore the accumulation of radiogenic Hf after the formation of zircons can be ignored. 176Lu/177Hf
ratios of zircon from ZK65 are a little large than 0.002 except for two analyses (ZK65-1, ZK65-5),
indicating a minor radiogenic production of 176Hf. The εHf(t) values for analyses of zircon from the
samples ZK57 and ZK65 vary from −6.1 to −2.1 (Figure 7b) and yield crustal model ages (TDMC) for
the zircon crystals from the samples that have a spectrum from 1336 Ma to 1588 Ma. The εHf(t) values
of ZK57 are close and smaller than those of ZK56 (Table S4).

5. Discussion

5.1. Origin of Granitic Rocks: An A2-Type Affinity

The later Jurassic granitic rocks from the Xianghualing area exhibit features of high silica
(74.1–78.0 wt.%) and weak peraluminosity (A/CNK ratios = 1.0–1.1). They have high K2O contents
(K2O/Na2O ratios = 1.4–4.3) and low CaO, Ba, and Sr contents. They are enriched in Nb, and Ta,
and HFSE contents (Zr + Nb + Ce + Y = 430–646 ppm) (Figure 6b). They have HFSE contents higher
than those of A-type granites (350 ppm) [59]. Chondrite-normalized REE plots show relatively flat
patterns with large negative Eu anomalies. These features are consistent with those of A-type granites
rather than S and I-types [63–66]. They are characterized by extremely low P2O5 abundances and
limited phosphate minerals, compared with S-type granites.

Strontium contents have been acknowledged as a discriminating parameter to classify granites of
A-type granites [63]. The granitic rocks from the Xianghualing area have extremely lower Sr contents
(<10 ppm) than typical calc-alkaline I-type granites. Zhang et al. demonstrated that A-type granites in
South China are characterized by low Sr and high Yb, using a Sr–Yb diagram with obvious V-type REE
patterns [67]. The much lower Sr contents therefore suggest that the granites from the Xianghualing
area belong to A-type granites. Biotite and hornblendes commonly exist as interstitial clots or grains
(Figure 10a). Moreover, micrographic intergrowths of quartz and myrmekite usually develop in or
around the alkali feldspar (Figure 10). These features are consistent with those of typical A-type
granites [59,68]. In the 10,000×Ga/Al and (K2O + Na2O)/CaO vs. Zr + Nb + Ce + Y (ppm) diagrams,
as well as the SiO2 vs. Na2O + K2O − CaO diagrams, they plot within A-type granites field (Figures 4a
and 6a,b). All the samples fall into the A2-type granites field in the plot of Ce/Nb versus Y/Nb and
Nb-Y-3Ga discrimination diagrams (Figure 11a,b), and this is also evident in the plot of the R1-R2
diagram [69] (Figure 11c).
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5.2. Petrogenesis

The petrogenesis of A-type granites are still debated, and several petrogenetic schemes have
been proposed [64,69–75]. The Xianghualing granites have low A/CNK values and no aluminous
minerals, which is inconsistent with the metasedimentary-melting petrogenetic model [76]. The rocks
exhibit flat heavy REE patterns and high Y contents (116–235 ppm) indicating that garnet was absent
from the source reservoir during the partial melting process [73]. The rocks from Xianghualing show
weakly peraluminous affinities, which are consistent with crustal magmas produced by partial melting
and heated by the underplating of mantle-derived magma [77–79]. This is evident by the obviously
different Nd–Hf isotopic compositions between the samples and the coeval mafic rocks (Figures 7a
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and 12). Figures 7a and 12 also indicate that the extensive fractional crystallization from coeval mafic
magmas for the origin of the A2-type granites can be ruled out.

The granites exclusively display negative zircon εHf(t) values, ranging from −6.1 to −2.1, with a
corresponding crustal model age of 1.34 to 1.59 Ga (Figure 7b and Table S4). The whole rock Nd model
age is 1.47 Ga–1.70 Ga, consistent with the Hf model age. These suggest that the sources of materials
had a relatively simple recycling process. The relatively young Nd model ages are a little younger than
or similar to that of Mesoproterozoic sediments in South China Block (Figure 7a; TDM = 1.8 Ga) [80].
This indicates a dominated ancient crust material in South China contributed during the magmatic
process. The εHf(t) vs. εNd(t) plots display that the range of granites from Xianghualiang area is
similar to the Shi-Hang zone [29–31,33,54,81,82], and the range falls into the field of superimposed
areas between global lower crust and global sediments (Figure 12). It suggests the lower crust and/or
sediments could be involved during the magmatic process. The lead isotopic values of the four samples
from the Xianghualing area display limited variations near the upper crust curve in Figure 13, which
is similar to the crust materials in the Shi-Hang zone and the western Pacific subducted sediments
at trenches, suggesting that the nature source rocks could be dominated by crustal materials [83].
The high radiogenic lead isotopic compositions in the granites from the Xianghualing area support
that the magmas for these granites are predominately derived from crustal materials.
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As shown in Table S1 and Figure 11a, the low Gd/Yb ratios and fairly high Y/Nb ratios
indicate that the granites formed in the extensional setting [63,84–86]. This is consistent with the
support formative processes of A2-type granites, which are considered to crystallize at a high
temperature [72,74,75]. The presence of micrographic texture in these A2-type granites is also indicative
of a high-level emplacement and provides evidence for an extensional regime (Figure 10) [69,72] and
that the magmas formed near the earth surface [68]. A normal geothermal gradient, however, cannot
produce high-temperature A-type granites by crustal melting; therefore, an exotic heat source from
mantle is a prerequisite. In conclusion, a reasonable explanation for the granites with the signatures of
high temperature from the Xianghualing area was generated by partial melting of the crustal materials
with minor subducted sediments, and further caused by upwelling of asthenosphere in an extension
tectonic setting. The presence of coeval basaltic rocks near the Chenzhou-Lingwu fault supports that a
lithospheric extension event could occur during the Early Jurassic Era, such as the Ningyuan alkaline
basalts (175 Ma) and the Daoxian basalt (150 Ma) [87–89]. These upwelling mantle materials might
provide heat energy for the melting of the crustal materials and subducted sediments.
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5.3. Tectonic Implications

The A2-type granite has been generally considered to be derived from the crust in the subduction
zone or the continent–continent collision zone [15]. Various models for the formation of A-type
granites in South China are proposed in terms of tectonic setting, and these have been correlated
with the subduction of the Pale-Pacific Plate for the petrogenesis of the late Mesozoic magma
zone [15,24,28,90–94]. Zircon U-Pb dating on granites in the Xianghualing area demonstrate that
the granites were emplaced at ~153 Ma. The age is close to those of A-types granites in the Shi-Hang
zone, such as Xihuashan (150–153 Ma, [43,44]), Jiufeng (154 ± 1 Ma, [39,40]), Xitian (152 ± 1 Ma, [15]),
Qianlishan (152 ± 2 Ma, [18]), Qitianling (155 ± 1 Ma, [36]), Xishan (156 ± 2 Ma, [33]), Jinjiling
(156 ± 2 Ma, [19,33]), Huashan (162 ± 2 Ma, [30,31]), and Guposhan (162 ± 2 Ma, [19,32]). These
granites formed a north east trending A-type granite belt in the Shi-Hang zone.

We thus propose that these A2-type granites could be formed in an extensional setting (Figure 1d).
The Paleo-Pacific Plate subducted underneath the SE China Block at a very low angle, beginning in
the Late Triassic Era and reaching southern Hunan at ca. 174 Ma (Figure 14a) [24,94,95]. The low
angle subduction could have caused crustal thickening in the coastal area. Due to the temperature and
pressure increases, the ferroan (A-type) granitoids were emplaced in the orogenic thermal relaxation
regime [24]. From ca. 174 to 164 Ma, the slab dip angle increased and subsequently caused the
subducting slab to dehydrate and release fluids. The slab-released fluids triggered partial melting
of mantle wedge and generated basaltic magmas. Around or above the melt zone, the Middle
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Jurassic I- and S-type magmas formed in the region, such as in Tongshanling (~164 Ma) in Southern
Hunan (Figures 1d and 14b) [19]. The rollback of the Paleo-Pacific plate led to a regional extension
during the late Jurassic Era (163–150 Ma) (Figure 14c) [18,19,61,92,93,96]. The extension caused the
crust and lithospheric mantle to become thinner, with an accompanying asthenosphere upwelling.
The upwelling of the basaltic magmas might have provided heat energy and triggered a partial melting
of the thinned crust rocks and subducted sediments to form the ca. 163–150 Ma A2-type granites along
the Shi-Hang zone.Minerals 2019, 9, x FOR PEER REVIEW 13 of 19 
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porphyry, indicating the involvement of an F-rich fluid. The dramatic negative Eu anomaly may 

Figure 14. Schematic illustrations showing the generation of the late Jurassic A-type granites in South
China. (a) Low angle subduction before ~174 Ma, forming the middle Jurassic S-type granites such as
the Xiepu granite; (b) High-angle subduction during 174 to 164 Ma, forming S-type granites and basalt
such as the Tongshanling S-type granite and the Daoxian basalt; (c) During the late Jurassic Era, slab
rollback and slab breakoff formed the A-type granite such as the Xianghualing granite.

5.4. Implication for the Generation of Tin Mineralization

Yuan et al. [12] gave a cassiterite U–Pb weighted average age of 156 ± 4 Ma. The ore-forming
age coincidesdwith the other W–Sn–Pb–Zn deposits in the Shi-Hang zone, such as the Shizhuyuan W
deposit (Re–Os, 151 ± 4 Ma, [97]; Sm–Nd, 161 ± 2 Ma, [98]; Sm–Nd, 149 ± 2 Ma, [41]), the Furong
tin ore field (40Ar–39Ar, 160–150 Ma, [50]), the Yaoganxian tungsten deposit (Re–Os, 150 ± 3 Ma, [99]),
the Huangshaping Pb–Zn–W–Sn–Ag deposit (Re–Os, 155 ± 2 Ma, [38]), the Yuanzhuding Cu–Mo
deposit (Re–Os, 157 ± 4 Ma, [47]), and the Xitian W–Sn deposit (40Ar–39Ar, 157–150 Ma and Cassiterite
U–Pb, 154–157 Ma [100–102]). These ages indicate that a globally significant W-Sn polymetallic
mineralization has a close relationship with the A-type granites in the Shi-Hang zone. It is further
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supported by the fact that the Sn, W, Pb, and Zn contents of the Mesozoic granites are more than
ten times their Clark values, respectively. For examples, the Sn, W, Pb, and Zn contents of the
A-type granites in the study area are 8.7–39.7 ppm, 34.4–66.7 ppm, 48.2–66.1 ppm, and 15.0–44.9 ppm,
respectively (Table S1). It suggests that they could provide ore-forming materials for mineralization.
Moreover, the later Jurassic A-type granites are characterized by high Si (74.1 wt.% to 78.0 wt.%) and
Rb (1606 ppm to 2351 ppm) contents, low Ti, P, Sr, and Ba contents, extremely high Rb/Sr ration
and flat heavy REE (HREE) with strong negative Eu anomalies. These features imply that an intense
fluid–magma interaction is favorable to the formation of the Sn–W-polymetallic mineralization [103,
104]. In the Xianghualing deposit, skarn rocks containing fluorite markedly developed around the
granite porphyry, indicating the involvement of an F-rich fluid. The dramatic negative Eu anomaly may
indicate that the ore-forming fluids were developed in oxidizing conditions [12]. All of these indicate
that there is huge W–Sn prospecting potential related to the granites in the Xianghualing deposit.

6. Conclusions

(1) The low Sr and high Yb A2-type granites from the Xianghualing Sn polymetallic deposit were
emplaced in the later Jurassic Era (~153 Ma) with a typical enrichment in SiO2, REEs (except Eu),
HFSE, and Yb, and a depletion in Al2O3, CaO, MgO, and Sr.

(2) The geochemical data and isotopic composition (Sr–Nd–Pb–Hf) suggest that the granites from the
Xianghualing deposit were derived from predominantly crustal materials (Mesoproterozoic
basement rocks in South China Block and subducted sediments) and some minor
subducted sediments.

(3) Crustal partial melting in the extensional tectonic setting was induced by subduction of the
Paleo-Pacific Plate, accompanied by the decompression melting in the localized mantle wedge and
a rollback of the Paleo-Pacific Plate. These would be the likely accepted combined mechanisms
for the petrogenesis of A2-type granites.
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Abstract: The Saima deposit is a newly discovered niobium deposit which is located in the eastern
of Liaoning Province, NE China. Its mineralization age and geochemical characteristics are firstly
reported in this study. The Nb orebodies are hosted by the grey–brown to grass-green aegirine
nepheline syenite. Detailed petrographical studies show that the syenite consists of orthoclase (~50%),
nepheline (~30%), biotite (~15%) and minor arfvedsonite (~3%) and aegirine (~2%), with weak
hydrothermal alteration dominated by silicification. In situ LA-ICP-MS zircon U-Pb dating indicates
that the aegirine nepheline syenite was emplaced in the Late Triassic (229.5 ± 2.2 Ma), which is
spatially, temporally and genetically related to Nb mineralization. These aegirine nepheline syenites
have SiO2 contents in the range of 55.86–63.80 wt. %, low TiO2 contents of 0.36–0.64 wt. %, P2O5

contents of 0.04–0.11 wt. % and Al2O3 contents of more than 15 wt. %. They are characterized
by relatively high (K2O + Na2O) values of 9.72–15.51 wt. %, K2O/Na2O ratios of 2.42–3.64 wt. %
and Rittmann indexes (σ = [ω(K2O + Na2O)]2/[ω(SiO2 − 43)]) of 6.84–17.10, belonging to the
high-K peralkaline, metaluminous type. These syenites are enriched in large ion lithophile elements
(LILEs, e.g., Cs, Rb and Ba) and light rare earth elements (LREEs) and relatively depleted in
high field strength elements (HFSEs, e.g., Nb, Zr and Ti) and heavy rare earth elements (HREEs),
with transitional elements showing an obvious W-shaped distribution pattern. Based on these
geochronological and geochemical features, we propose that the ore-forming intrusion associated with
the Nb mineralization was formed under post-collision continental-rift setting, which is consistent
with the tectonic regime of post-collision between the North China Craton and Paleo-Asian oceanic
plate during the age in Ma for Indosinian (257–205 Ma). Intensive magmatic and metallogenic events
resulted from partial melting of lithospheric mantle occurred during the post-collisional rifting,
resulting in the development of large-scale Cu–Mo mineralization and rare earth deposits in the
eastern part of Liaoning Province.

Keywords: syenite; post-collisional; niobium mineralization; Saima deposit; Liaoning Province

1. Introduction

China’s reserves of rare earth metals account for up to 87% of the world total, while the reserves of
niobium metals are relatively scarce, which only account for 18.19% of the world [1]. Geological survey
in recent years have shown that most of the niobium (Nb) and tantalum (Ta) deposits are distributed
in south China, such as Hunan, Guangdong, Shanxi and particularly Jiangxi Province in which host
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the most abundant Nb and Ta resources. Minor similar deposits have been sporadically discovered in
the Panzhihua-Xichang district, northern Xinjiang and Inner Mongolia [2]. In contrast, few Nb and Ta
deposits had been discovered in NE China, which was attributed to the restricted prospecting and
research at present. However, numerous rare earth deposits associated with alkali rocks represented
by Ba’erzhe (inner Mongolia province) have been recently discovered in NE China [3] and rare metals
such as Nb and Ta occurred in alkaline intrusive rocks have received extensive attention.

The Saima deposit, an niobium deposit with medium-scale prospecting potentials, is located about
2 km to the south of Saima town, Fengcheng city, Liaoning province. Nevertheless, systematic studies
on the metallogenic of the newly discovered Saima niobium deposit remain inadequate. In this study,
we present new in situ LA-ICP-MS zircon U-Pb geochronological data and whole-rock geochemical
data for the ore-forming alkaline intrusive rocks to constrain the timing and origin of the niobium
mineralization and in particular, to shed light on the tectonic environment of regional deposition by
the views of geological characteristics of the Saima deposit. Moreover, this study provides a scientific
basis for further mineral prospecting and future prospecting of new rare earth deposits in NE China.

2. Geological Setting and Ore Deposit Geology

The Saima deposit is located in the intersection of the Taizihe–Hunjiang fault depression and
Yingkou–Kuandian uplift in the Liaodong Massif, northeast of the North China Craton. Stratigraphic
units are dominated by the Neoproterozoic, Cambrian–Ordovician, Jurassic and Quaternary alluvium.
Massive Late Archean to Mesozoic granitic intrusions are exposed in the region, with particularly
intensive magmatism during Late Triassic and Jurassic. Alkaline rocks closely related to the rare earth
deposits are distributed along the intersection between the E–W-trending fault and NNE–SSW-trending
fault. This alkaline rock belt extends about 40 km from east to west, with the width of 15 km, covering
an area of about 200 km2. These rocks occurred as small stocks and apophysis and intruded into the
Pre-Ordovician formations, showing angular unconformity contact with the overlying Jurassic strata.
Four alkaline intrusions and abundant alkaline volcanic-subvolcanic rocks constitute the alkaline
rock belt, with their alkalis gradually increasing from east to west and rock types changing from
syenite–miascite (biotite–nepheline) to aegirine nepheline syenite. Regional faults are dominated by the
E–W-trending faults, accompanied by the NE–SW-trending, NW–SE-trending and NNE–SSW-trending
faults. The Saima deposit is located in the intersection of EW-trending fault and NE–SW-trending
fault (Figure 1a), as these faults acted as the conduits for the migration and enrichment of ore-forming
elements and provided favorable conditions for the formation of an alkaline rock type niobium deposit.

The strata in the Saima district consist of the Lower Proterozoic Gaixian Formation and Dashiqiao
Formation, the Upper Proterozoic Xihe Group and Cambrian, Ordovician and Jurassic formations.
Intense magmatism developed in the Saima district, including the Proterozoic magmatic rocks exposed
in the eastern portion of the district and the Mesozoic magmatic rocks exposed in the western part.
The Mesozoic magmatic rocks composed of Fengcheng alkaline intrusion as well as Nanda and Beida
granitic intrusions, are controlled by the regional EW-trending faults. The ore-forming alkaline rocks
occurred as dikes and stocks along the EW-trending structural zone and are characterized by medium-
to fine-grained and pegmatitic textures, which had been interpreted to be the intrusive and flooding
products of the Indosinian movement. These rocks are dominated by the aegirine nepheline syenite,
accompanied by biotite-bearing aegirine nepheline syenite, black aegirine nepheline syenite, black
grenadine syenite, miascite and green or grass-green aegirine nepheline syenite. They belong to
the higher K2O, lower Na2O, alkaline to peralkaline series. The rare earth mineralization mainly
occurred in the green, grass-green and grey–brown aegirine nepheline syenite. It develops EW-,
NS-, NE–SW- and NW–SE-trending faults in the Saima district, with the NE–SW-trending faults as
the ore-controlling faults [4,5] (Figure 1b). Extensive wall-rock alteration including microclinization,
nephelinization, Na-zeolitization and carbonatization are well developed in the Saima deposit. Various
kinds of primary nepheline syenite have been extensively altered to syenite, forming the main part of
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the Saima alkaline intrusion. The Nb and Ta mineralization was closely related to the nephelinization
and Ca-nephelinization.
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Figure 1. Geotectonic location map (a) and Geological sketch map (b) of Saima deposit in Fengcheng,
Liaoning Province (modified from [5]).

Currently, eight orebodies have been found in the Saima district, which mainly occurred in
grey–brown to grass-green aegirine nepheline syenite. The No. I and II orebodies are about 500 m and
160 m long, with the width of 6 m and 18 m, respectively. Most of the orebodies are stratiform
or lenticular, inclined to 45–115◦ and dip at 25–75◦, with the maximum thickness up to 40 m
(Figure 2). Fergusonite (YNbO4) and brocenite are the dominant ore minerals with high Nb grades of
0.03–0.06%, Ce grades of about 0.1%. Gangue minerals include nepheline, aegirine, rutile and pyrite.
There is no sharp boundary between the orebodies and wall-rocks but rather a gradual transitional
relationship. The rare earth ores show lamellated, cataclastic and subhedral pegmatitic textures and
veined-disseminated structures.
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3. Petrography and Analytical Methods

3.1. Petrographic Features

Samples analyzed in this study were collected from the No. II orebody in the Saima district
(Figure 1). No (ore) mineralization and alteration had been distinguished in the sample SMB1 and
it was considered as the original ore-forming rock. Thin sections were made from these samples
and subsequently observed by using an OLYMPUS microscope at the Laboratory of Rock-mineral
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Determination, Jilin University. Detailed petrographic studies indicate that the ore-forming rocks are
mainly medium-coarse grained aegirine nepheline syenite composed of subhedral-anhedral orthoclase
(~50%) with carlsbad twinning, nepheline (~30%) with tabular or granular textures, biotite (~10%)
partly replaced by nepheline, aegirine (~7%) and arfvedsonite (~3%; Figure 3). The aegirine nepheline
syenites are in conformable and direct contact with the orebodies as shown in sketch map of TCG10-3
exploratory trench (Figure 2). Combined with the distribution characteristics of orebodies in the
deposit scale (Figure 1), it is suggested that the aegirine nepheline syenite is spatially, temporally and
genetically related to Nb mineralization.
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Figure 3. Representative outcrop-pictures and photomicrographs of the ore-forming rocks in
Saima niobium deposit. (a) Brown aegirine nepheline syenite; (b) Grass-green aegirine–nepheline
syenite(SMN1 is the sample number.); (c) Medium-coarse grained nepheline syenite (PPL);
(d) Medium-coarse grained nepheline syenite (CPL); (e) Medium-coarse grained aegirine nepheline
syenite (PPL); (f) Medium-coarse grained aegirine nepheline syenite (CPL). Mineral abbreviations: Afs,
alkalifeldspar; Arf, arfvedsonite; Bt, biotite; Kfs, K-feldspar; Ne, nepheline; Or, orthoclase.
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3.2. Analytical Methods

3.2.1. Zircon LA-ICP-MS U-Pb Dating

Sample SMN1 collected from the aegirine nepheline syenite in the Saima district was selected for
zircon U–Pb dating. Zircons were extracted using conventional heavy liquid and magnetic separation
techniques and then handpicked under a binocular microscope at the Langfang Regional Geological
Survey, Hebei Province, China. Their transmitted and reflected light images were obtained using a
standard polarizing microscope and cathodoluminescence (CL) images were obtained using a JEOL
scanning electron microscope (JEOL, Tokyo, Japan). LA-ICP-MS zircon U-Pb analyses were performed
using an Agilent 7900 ICP-MS equipped with a 193 nm laser, housed at the Key Laboratory of Mineral
Resources Evaluation in Northeast Asia, Ministry of Land and Resources of China, Changchun, China.
The zircon 91,500 was used as an external standard for age calibration and the NIST SRM 610 silicate
glass was applied for instrument optimization. The beam diameter was 32 µm during the analyses.
Other instrument parameters and detailed procedures were described by Yuan et al. [6]. Recommended
values of U-Th-Pb isotope ratios for zircon standard 91,500 were referred to Wiedenbeck et al. [7] and
common Pb was corrected by applying the methods introduced by Andersen [8]. Weighted averages
and intercept ages were calculated using the program Isoplot (Version 4.0, United States Geological
Survey, Washington, DC, USA). Errors on individual analyses by LA-ICP-MS are quoted at the 2σ
level, while errors on the average weighted ages are 2σ level.

3.2.2. Whole-Rock Geochemical Analyses

Five samples (ore-forming rocks) were selected for major and trace element analyses. After the
removal of altered surfaces, fresh whole-rock samples were crushed to 200 meshes in an agate mill.
Major oxides were determined by using an inductively coupled plasma–optical emission spectroscopy
(ICP-OES) system with high-dispersion echelle optics at the China University of Geosciences, Beijing.
Loss on ignition was determined by placing 100 mg of sample in a furnace at 980 ◦C for several hours,
cooling the sample in a desiccator and then reweighing the sample. Trace element analyses were
performed using an Agilent-7500a inductively coupled plasma-mass spectrometer (ICP-MS) at the
China University of Geosciences, Beijing. The rock reference materials AGV-2 (USGS) and GSR-3
(National Geological Standard Reference Materials of China) were used to monitor analytic accuracy
and precision. Precision and accuracy are better than 5% for major elements and 10% for trace elements
shown from repeated analyses.

4. Analytical Results

4.1. Zircon U-Pb Geochronology

Most of the zircons from the aegirine nepheline syenite (SMN1) are transparent, euhedral
and colorless, with length/width ratios of more than 2:1. Typical oscillatory zoning of magmatic
crystallization is common in most of the zircon grains under CL (Figure 4). In addition to their relatively
high Th/U ratios (0.5–1.0), a magmatic origin is indicated [9,10]. Thirteen zircon U-Pb analyses are
summarized in Table 1 and have yielded concordant 206Pb/238U ages of 233 to 222 Ma, with a weighted
mean 206Pb/238U age of 229.5 ± 2.2 Ma (MSWD = 0.54; Figure 4).
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4.2. Major and Trace Element Geochemistry

The whole-rock major and trace element data from the Saima syenites are presented in Tables 2
and 3. The aegirine nepheline syenites have variable SiO2 contents of 55.86–80.94 wt. % (concentrating
in the range of 55.86–63.80 wt. %) and contain lower TiO2 of 0.36–0.64 wt. %, P2O5 of 0.04–0.11 wt. %
and Al2O3 of more than 15 wt. % in most of the samples. They are characterized by relatively high total
(K2O + Na2O) values of 9.72–15.51 wt. %, K2O/Na2O ratios of 2.42–3.64 wt. % and Rittmann indexes
(σ = [ω(K2O + Na2O)]2/[ω(SiO2 − 43)]) of 6.84–17.10 wt. %, belonging to the high-K peralkaline,
metaluminous syenitoid. These rock samples plot into fields of syenite or nepheline syenite in the TAS
and R1-R2 diagrams (Figure 5a,b), into field of calc-alkaline series in the FMA diagram (Figure 5c) and
into field of metaluminous rocks in the (Fe + Mg + Ti) − [Al − (Na + K + 2Ca)] and A/CNK-A/NK
diagrams (Figure 5d,e).
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able to provide ore-forming materials for the Nb mineralization. Moreover, the transitional elements 
show an obvious W-shaped distribution pattern, which are consistent with those from the mantle-
derived granite and mafic intrusions formed under continental-rift setting [14]. 

The aegirine nepheline syenites have variable REE contents varying from 0.34 to 946.00 ppm, 
with high LREE/HREE ratios of 7.20–18.48 (Table 3). In the chondrite-normalized REE diagram 
(Figure 6b), these syenites are enriched in LREEs and depleted in HREEs, with high (La/Yb)N ratios 
of 7.56–39.58, Nb/Ta ratios of 24.56–40.04 and low (Rb/La)N ratios of 0.31–1.14. All of the samples have 

Figure 5. Geochemical classification diagrams for the syenites in the Saima deposit. (a) TAS diagram.
(b) R2 vs. R1 diagram. (c) FAM diagram. (d) A/NK vs. A/CNK diagram. (e) [Al − (Na + K + 2Ca)] vs.
(Fe + Mg + Ti) diagram. (f) La/Yb vs. Eu diagram (after Le Maître 1989; after Middlemost, 1994; after
Irvine, 1971) [11–13].

In the primary mantle (PM)-normalized trace element diagram (Figure 6a), the aegirine nepheline
syenites are enriched in LILEs (e.g., Cs, Rb and Ba) and depleted in HFSEs (e.g., Nb, Zr, Ti), suggesting
that the origin of associated parent magmas is related to the enriched mantle. In addition, these
samples have relatively high Nb contents of 34.79–106.59 ppm and are potentially able to provide
ore-forming materials for the Nb mineralization. Moreover, the transitional elements show an obvious
W-shaped distribution pattern, which are consistent with those from the mantle-derived granite and
mafic intrusions formed under continental-rift setting [14].

The aegirine nepheline syenites have variable REE contents varying from 0.34 to 946.00 ppm, with
high LREE/HREE ratios of 7.20–18.48 (Table 3). In the chondrite-normalized REE diagram (Figure 6b),
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these syenites are enriched in LREEs and depleted in HREEs, with high (La/Yb)N ratios of 7.56–39.58,
Nb/Ta ratios of 24.56–40.04 and low (Rb/La)N ratios of 0.31–1.14. All of the samples have insignificant
negative Sr and Eu anomalies (Eu/Eu* = 0.94–1.00). Considering that the depletions of Sr and Eu were
caused by the crystallization of plagioclase or residue in the source [5,15–18], it is suggested that the
plagioclase is absent in the magmatic source of aegirine nepheline syenites. Additionally, the relatively
enriched LREEs indicate the presence of garnet as residual mineral in the source [19–24].
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Figure 6. Geochemical classification diagrams for the syenites in the Saima deposit. (a) Primitive
mantle-normalized trace-element diagram (normalized data from Sun and Mcdonough,1989);
(b) Chondrite-normalized rare-earth element (REE) patterns (normalized data from Boynton, 1984);
(c,d) Structural discriminant diagram (after Defant and Drummond, 1990; modified from Pearce
1982) [25–28].

5. Discussion

5.1. Timing of Nb Mineralization

Based on the Mesozoic diagenetic and metallogenic ages obtained from previous studies in the
NE China, three large-scale mineralization events have been identified [29–33]. Chen and Liu et al.
pointed out that the Jia–Meng Continental Block collided with the North China Craton along the
Xra Moron–Changchun–Yanji Suture Zone, resulted in the intracontinental crustal shortening and
thickening and the formation of crustal-derived granitoids and related Cu–Mo–REE mineralization
during 255–190 Ma. During 200–130 Ma, a series of EW-, NE-trending regional faults and their
secondary faults were developed and reactivated due to the subduction of the Palaeo-Pacific Plate
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beneath the Eurasian Continent. These faults have provided channels for the ascent of magmas and
ore-forming materials, leading to the most intensive mineralization in NE China. North China and
Siberian plates collided during 150–120 Ma, resulting in the crustal thickening and the generation of
intermediate to felsic magmas and ore-forming fluids. At the same time, the subduction of Pacific
oceanic plate entered the peak period at about 140 Ma. The regional tectonic framework in eastern
China was then evolved into the coastal western Pacific tectonic domain, leading to the development
of the coastal Pacific metallogenic system. These above three large-scale magmatic-mineralized
events occurred in NE China, corresponding to the initial subduction and subduction peak of the
Palaeo-Pacific Plate, as well as the closure of the Paleo-Asian Ocean Plate, respectively. This reflects that
the Mesozoic mineralization events in NE China are associated with the conjunction of multiple plates.

In terms of the Late Triassic intrusive rocks in the eastern Liaoning Province, they were formed
under an intracontinental orogenic setting with thickened continental crust. During the earliest
Late Triassic, the Liaodong Peninsula was in the retention stage of uplifted mantle, causing the
emplacement of massive ultramafic-mafic complex and diorite-quartz diorite-tonalite association
along the large-scale lateral ductile shear zone. With the development of intracontinental orogenesis,
abundant calc-alkaline granitic rocks originated from the remelting of thickened continental crust
emplaced in the Liaodong Peninsula. While, post-orogenic collapse occurred after intracontinental
orogeny in the latest Triassic [34–36], crustal thinning and the upwelling of mantle-derived magmas
resulted in the formation of A-type granites and alkaline complex represented by Saima syenites,
which marked the end of the Indosinian magmatism and orogenic cycle.

Sixteen zircon grains with typical magmatic origin from Saima syenite have yielded a weighted
mean 206Pb/238U age of 229.5 ± 2.2 Ma (Figure 4), indicating that the ore-related aegirine nepheline
syenite emplaced in the Late Triassic. In other words, the metallogenic age of Saima Nb deposit
is the Late Triassic. The Nb mineralization at Saima was the product of latest Triassic large-scale
mineralization in NE China [31].

5.2. Implications for Tectonic Setting

Recently, it is widely acknowledged that the distribution of REE deposits and their ore-forming
rocks were controlled by regional faults in the margins of plates and tectonic conjunctions. This type
of REE deposit was genetically related to the magmatism, which shows that the distribution of Nb
and Ta metallogenic belt was spatially consistent with the occurrence of magmatic rocks in Liaoning
Province [1,37–39]. With the deepening of the research on the alkaline rocks, a series of accurate data
have been acquired, indicating that the alkali-rich igneous rocks are generally derived from the deep
source. These alkaline rocks involve the messages of deep geodynamic processes in the shallow crust,
which could reflect the compositions and geodynamic settings of deep earth, the superstructure of the
crust and physico-chemical conditions, as well as the concentrations of rare metals in melts. Alkalic
complex was known as the product of stable continental rift magmatism and deep fault movements
and this property could bring important information about the composition, evolution, tectonic setting
and physico-chemistry of deep earth [40,41].

Previous studies have shown that the abnormal geochemical behaviors of Nb and Ta and the
ranges of Nb/Ta values during magmatic-hydrothermal processes can reflect the genesis and origin of
magmas. The Nb/Ta values from the C1 type chondrite, primitive mantle (PM), depleted mantle (DM)
and continental crust are 17.3–17.6, 17.5, 15.5 and 10–14, respectively. Igneous rocks distributed along
the deep fault or rift zone show strong enrichments of Nb and Ta, with remarkable high Nb/Ta values
than those of primitive mantle [42–46]. The ore-forming syenites in the Saima deposit have obviously
higher Nb/Ta values of 24.56–40.04 than those of primitive mantle, which further demonstrated that
the Saima syenites were derived from the deep mantle in an extensional environment. Moreover, the
syenite samples plot in the field of crust-mantle mixed source in the La/Yb-Eu diagram (Figure 5f).
In addition, the Saima syenites show enrichments in Sr and Nd and depletion in Hf, revealing that
the asthenospheric mantle had contributed to the generation of ore-related alkaline magmas with

448



Minerals 2019, 9, 80

Nb and Ta enrichments and high Nb/Ta values. All of the rock samples obtained from the Saima
deposit plot in the fields of within-plate, post-collision and rift- granitoids in the tectonic environment
discriminant diagrams (Figure 6c,d). The above geochemical characteristics are consistent with those
of ore-forming rocks from the same type of deposits and we thus infer that the aegirine nepheline
syenite is the ore-forming rock of Saima Nb deposit formed under post-collisional rift setting. The basic
characteristics of the deposit are basically consistent with those of typical alkaline-type rare earth
deposits, for example, Strange Lake Nb deposit (Canada), Ghurayyah Nb deposit (Saudi Arabia),
Khaldzan Buregte (Mongolia) and so on [47,48].

As discussed above, the formation of ore-related aegirine nepheline syenite in the Saima Nb
deposit is mainly attributed to crust-mantle mixing. The mineralized processes are summarized as
follows. The crust relaxed and thinned after the termination of intracontinental orogeny in the Late
Indosinian, causing the upwelling of mantle-derived magmas along the weak zone of a fault system
and rising abundant ore-forming materials from deep mantle. The low-degree melting of mantle had
resulted in the enrichment of incompatible elements (e.g., LILEs and REEs) and volatile components
for the Saima deposit. The aegirine nepheline syenites are enriched in high field-strength elements
(particularly for Nb, Ta, Zr and Hf) and LREEs that were higher than those of background values of
crust [49–52], which provide preferable conditions for the formation of Nb mineralization.

6. Conclusions

(1) The Nb orebodies mainly occurred in grey-brown to grass-green aegirine nepheline syenite in
the Saima deposit, with fergusonite and brocenite as the dominant ore minerals, which are consistent
with the typical alkaline-type REE deposit in China.

(2) In situ LA-ICP-MS zircon U-Pb dating indicates that the aegirine nepheline syenite was
emplaced in Late Triassic (229.5 ± 2.2 Ma), which are spatially, temporally and genetically related to
Nb mineralization.

(3) The medium-coarse grained aegirine nepheline syenites are high-K peralkaline, metaluminous
syenitoid, with relatively high Nb/Ta ratios.

(4) The Saima Nb deposit was formed under the post-collision continental-rift setting, which is
consistent with the tectonic regime of post-collision between the North China Craton and Paleo-Asian
oceanic plate during the Indosinian. Intensive magmatic and metallogenic events caused by partial
melting of lithospheric mantle occurred under the post-collisional rifting, resulting in the development
of large-scale Cu–Mo mineralization and rare earth deposits in the eastern of Liaoning Province.
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Abstract: The newly discovered Zaorendao gold deposit is in the Tongren-Xiahe-Hezuo polymetallic
district in the westernmost West Qinling orogenic belt. The estimated pre-mining resource is
approximately 13.6 t of Au at an average grade of 3.02 g/t. Mineralization is predominantly controlled
by NW-trending and EW-trending faults within diorite intrusions and surrounding sedimentary
rocks. In the present study, in situ zircon U–Pb geochronology and Lu–Hf isotopic analyses of the
ore-hosting diorite at Zaorendao were measured using LA-ICP-MS. The data suggest that the diorite
was emplaced at ca. 246.5 ± 1.9 Ma. The large variation of zircon Hf isotopic composition (εHf(t)
values ranging from −12.0 to −1.8) indicates a two-stage model age (TDM2) that ranges from 1.4
Ga to 2.0 Ga. Such Lu–Hf isotopic compositions indicate that the diorite was dominantly derived
from a Paleo- to Meso-Proterozoic continental crust. The wide range of εHf(t) and the presence of
inherited zircon can be interpreted to suggest the mixing of Paleo- to Meso-Proterozoic continental
crust with a mantle component. Combining such characteristics with the geochemistry of coeval
rocks that are associated with the diorite, we therefore proposed that the gold-hosting Triassic diorite
in the Zaorendao gold deposit formed in an active continental margin that was associated with the
northward subduction of the paleo-Tethyan ocean.

Keywords: geochronology; Hf isotopes; petrogenesis; paleo-Tethyan ocean closure; Zaorendao gold
deposit; West Qinling

1. Introduction

The WNW-trending West Qinling orogen, the western half of the Qinling orogen, is connected
to the Kunlun Orogen and the Qaidam terrane in the west [1,2]. The West Qinling orogen evolved
over a protracted period from the Proterozoic up to the late Mesozoic. The tectonic history evolved
in response to subduction and closure of the paleo-Tethys ocean and subsequent continental collision
between the South China block and North China block during Late Triassic (Figure 1) [1–6]. This region
contains abundant Cu-Au, Cu-Mo, Au, Au-Sb, and Pb-Zn deposits, and is known to be one of the most
important polymetallic belts in China [3,7–14]. Most of the gold deposits are hosted in Cambrian to Early
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Triassic marine sedimentary rocks and these deposits have been suggested to be either orogenic [3,15,16]
or Carlin-like [9,17]. Widespread magmatic activity in the West Qinling orogen is temporally and/or
spatially associated with several types of gold mineralization, which include porphyry Cu-Au deposits,
skarn-type Cu-Au (-Fe) deposits, and lode/disseminated Au deposits [12,18–20]. Thus, information on
the widespread Triassic granitoids closely associated with the deposits in the West Qinling is important to
constrain the tectono-magmatic and mineralization processes.Minerals 2018, 8, x FOR PEER REVIEW 3 of 19 

 
Figure 1. (A) Major tectonic domains of China and the location of the Qinling Orogenic Belt. Inset 
shows the location of the study area (modified after [12]). (B) Simplified geological map of the 
Tongren-Xiahe-Hezuo district of the West Qinling orogen, showing distributions and ages of Early 
Triassic granitoids and ore deposits (modified after [12] and [21]). 

The Tongren-Xiahe-Hezuo district, located to the northwestern section of the West Qinling, 
contains numerous sediment- and/or dike-hosted disseminated and lode gold deposits, as well as 
many Cu-Au-W-Fe skarn deposits, and has been one of the most popular districts for exploring metal 
resources over the last decade (Figure 1) [12,19,22]. The relationship between the disseminated gold 

Figure 1. (A) Major tectonic domains of China and the location of the Qinling Orogenic Belt. Inset
shows the location of the study area (modified after [12]). (B) Simplified geological map of the
Tongren-Xiahe-Hezuo district of the West Qinling orogen, showing distributions and ages of Early
Triassic granitoids and ore deposits (modified after [12] and [21]).

The Tongren-Xiahe-Hezuo district, located to the northwestern section of the West Qinling,
contains numerous sediment- and/or dike-hosted disseminated and lode gold deposits, as well as
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many Cu-Au-W-Fe skarn deposits, and has been one of the most popular districts for exploring metal
resources over the last decade (Figure 1) [12,19,22]. The relationship between the disseminated gold
deposits to the south of Xiahe-Hezuo fault and magmatism is controversial and poorly understood,
due to the rare constraints on the emplacement age and petrogenesis of stocks and dikes.

The newly discovered Zaorendao gold deposit is one of largest in the Tongren-Xiahe-Hezuo
polymetallic district. The diorite stock and surrounding sedimentary rocks that are cut by NW-trending
and nearly EW-trending fracture belts host the dominant gold mineralization. However, no
petrography, geochronology, or geochemistry research on the diorite has been conducted until now.
Based on systematic field investigations and petrographic observations, we present zircon LA-ICP-MS
U–Pb geochronology, and Lu–Hf isotopic composition of the ore-hosting diorite in the Zaorendao
deposit, to: a) establish the time of its emplacement, b) understand the petrogenesis of the diorite.

2. Geological Background

2.1. Regional Geology

The E-W-trending Qinling orogen in central China, which extends for more than 1500 km and
is ~200-250 km wide, is tectonically situated between the North China and the South China blocks
(Figure 1A) [1,23]. The Lingbao-Lushan-Wuyang fault separates the West Qinling orogen from the
Qilian Orogen and North China block to the north. The West Qinling orogen is separated from the
Songpan-Ganzi Orogen and the South China block in the south by the Mianlue-Bashan-Xiangguang
fault [2,23,24]. The Qinling orogen is further divided into Southern North China block, North Qinling
and South Qinling blocks by the Kuanping and Shangdan sutures [1,25–27].

The West Qinling orogen, the western part of the Qinling orogen, is traditionally separated from
the East Qinling orogen by the Huicheng basin or Foping dome, which can be observed as roughly
marked by the Baoji-Chengdu railway line (shown as blue dash line in Figure 1A) [25,28]. The West
Qinling orogen is bounded by the Linxia-Wushan-Tianshui fault (Shangdan suture) on the north
and the A’nimaque–Mianlue suture on the south (Figure 1A) [24,29,30]. The West Qinling had a
protracted and complex evolution history from the Proterozoic up to the late Mesozoic, with the final
collision between the South China block and the South Qinling block along the A’nimaque–Mianlue
suture zone [1,3,23,30–32]. The West Qinling orogen is dominantly covered by Paleozoic to early
Mesozoic marine sedimentary rocks that were deformed in the early Mesozoic [2,33], and intruded
by numerous Mesozoic granitoid intrusions. The widespread Mesozoic igneous rocks are grouped
into subduction-related granitoids with ages ranging from ca. 250–235 Ma, syn-collision granitoids
with ages ranging from ca. 228–215 Ma and post-collisional granitoids with ages ranging from ca.
210–190 Ma [4,11,13,34–36]. This is interpreted to be due to the northward subduction of paleo-Tethys
ocean and subsequent syn-collision to post-collision between the North China and South China blocks.

The Tongren-Xiahe-Hezuo district is located to the northwestern section of West Qinling
(Figure 1B) [12,19,21,37]. The exposed strata are dominated by weakly metamorphosed to
un-metamorphosed marine sedimentary rocks of Carboniferous to Triassic age (Figure 1B) [12,19,21,37].
The Carboniferous rocks consist mainly of sandstone, siltstones, thin- to thick-bedded limestones
and clastic limestone, whereas the Permian slope to deep-marine basinal facies rocks are mainly
composed of carbonaceous/argillaceous siltstone, sandstone, conglomerate, limestone and calcirudite.
The Lower to Middle Triassic strata comprise interbedded sandstones, siltstones, calcareous siltstones,
and mudstones, with minor amounts of siliceous nodules hosted by siltstone layers [12,19,21]. The
Carboniferous carbonates and siltstones, and Permian marine clastic and carbonates are exposed
mainly in the core and both flanks of the Xinpu-Lishishan anticline, respectively, and cover the central
to southeast part of the district. The Triassic strata are separated from Carboniferous and Permian
rocks by the Guanyindazhuang-Lishishan fault to the north and Xiahe-Hezuo fault to the south [12],
and are exposed in the west of the district. Several dioritic to granitic plutons, represented by the
Tongren, Jiangligou, Shuangpengxi, Xiekeng, Shehaliji, Xiahe, Ayishan, Daerzang, Dewulu, Laodou,
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Meiwu and Yeliguan plutons/batholiths, intrude the strata. These intrusions were emplaced between
250 and 234 Ma (Table 1) [12,37–41], and form a discontinuous NW-trending magmatic belt between
the axial trace of the Xinpu-Lishishan anticline and the Xiahe-Hezuo fault. The magmatic belt extends
northwest to the Tongren district [19,39]. Numerous stocks and dikes occur mainly to the south
of the Xiahe-Hezuo fault, and these stocks and dikes are similar in composition to the plutons in
the north. The emplacement age and petrogenesis of stocks and dikes is poorly constrained, but
recent studies on zircon U–Pb age of dikes in the Zaozigou gold deposit indicate that they were
emplaced in the 238–249 Ma interval, coeval with the plutons in the north [20,41]. A few tens of
hydrothermal ore deposits and occurrences have been identified in the Tongren-Xiahe-Hezuo district,
and these deposits are temporally and/or spatially associated with the Triassic granitoids (Figure 1B).
Mineralization to the south of the Xiahe-Hezuo fault is mainly hosted by Triassic marine sedimentary
rocks and, less significantly in the intermediate to felsic stocks and/or dikes. These deposits are
characterized by disseminated gold deposits [42–44]. In the north part of the district, dozens of
lode gold deposits and Cu-Au-(W)-(Fe) skarn deposits have been discovered hosted within or close
proximity of intrusions [12,18,19].

Table 1. Compilation of previously published zircon U–Pb ages of the Triassic magmatism in the
Tongren-Xiahe-Hezuo polymetallic district.

Pluton Location Rock Age (Ma) Method Reference

Tongren Tongren, Qinhai Granodiorite 241.0 ± 1.3 LA-ICP-MS Li et al., 2015 [37]
Tongren Tongren, Qinhai Granodiorite 240.5 ± 1.6 LA-ICP-MS Li et al., 2015 [37]
Tongren Tongren, Qinhai Granodiorite 237.0 ± 2.0 LA-ICP-MS Luo, 2013 [45]

Shuangpengxi Tongren, Qinhai Granodiorite 242.0 ± 2.9 LA-ICP-MS Luo et al., 2012 [39]
Shuangpengxi Tongren, Qinhai Granodiorite 242.0 ± 3.0 SHRIMP Zhang et al., 2014 [46]

Xiekeng Tongren, Qinhai Granodiorite 244.4 ± 2.0 LA-ICP-MS Luo et al., 2012 [39]
Xiekeng Tongren, Qinhai Granodiorite 242.3 ± 2.3 LA-ICP-MS Luo et al., 2012 [39]
Xiekeng Tongren, Qinhai Andesite 242.1 ± 1.2 LA-ICP-MS Guo et al., 2012 [18]
Xiekeng Tongren, Qinhai Diorite 234.0 ± 0.6 LA-ICP-MS Guo et al., 2012 [18]
Xiekeng Tongren, Qinhai Gabbro diorite 243.8 ± 1.0 LA-ICP-MS Guo et al., 2012 [18]
Xiekeng Tongren, Qinhai Gabbro diorite 238.0 ± 3.0 SHRIMP Zhang et al., 2014 [46]
Shehaliji Tongren, Qinhai Quartz monzonite 234.1 ± 0.5 LA-ICP-MS Huang et al., 2014 [47]
Shehaliji Tongren, Qinhai Granodiorite porphyry 233.7 ± 2.4 LA-ICP-MS Luo, 2013 [45]
Shehaliji Tongren, Qinhai Mafic enclave 236.5 ± 4.4 LA-ICP-MS Luo, 2013 [45]
Ayishan Xiahe, Gansu Diorite 244.1 ± 2.0 LA-ICP-MS Luo, 2013 [45]
Ayishan Xiahe, Gansu Granodiorite 243.2 ± 1.6 LA-ICP-MS Luo, 2013 [45]
Ayishan Xiahe, Gansu Granodiorite 243.9 ± 0.6 LA-ICP-MS Wei, 2013 [48]

Xiahe Xiahe, Gansu Granodiorite 240.5 ± 3.9 LA-ICP-MS Luo, 2013 [45]

Daerzang Xiahe, Gansu Quartz diorite porphyry 238.0 ± 4.0 SHRIMP Jin et al., 2005 [38]
Daerzang Xiahe, Gansu Granodiorite 248.1 ± 1.4 LA-ICP-MS Wei, 2013 [48]
Daerzang Xiahe, Gansu Granodiorite 241.6 ± 4.0 LA-ICP-MS Xu et al., 2014 [40]
Daerzang Xiahe, Gansu Granodiorite 237.9 ± 2.8 LA-ICP-MS Luo, 2013 [45]
Daerzang Xiahe, Gansu Quartz diorite 241.4 ± 2.9 LA-ICP-MS Luo, 2013 [45]
Daerzang Xiahe, Gansu Biotite granite 238.1 ± 3.0 LA-ICP-MS Luo, 2013 [45]
Daerzang Xiahe, Gansu Mafic enclave 237.9 ± 3.8 LA-ICP-MS Luo, 2013 [45]
Dewulu Hezuo, Gansu Granodiorite 233.5 ± 1.5 LA-ICP-MS Xu et al., 2014 [40]
Dewulu Hezuo, Gansu Granodiorite 240.2 ± 2.6 LA-ICP-MS Luo, 2013 [45]
Dewulu Hezuo, Gansu Granodiorite 239.4 ± 3.0 LA-ICP-MS Luo, 2013 [45]
Dewulu Hezuo, Gansu Quartz diorite 245.8 ± 1.7 LA-ICP-MS Zhang et al., 2015 [49]
Dewulu Hezuo, Gansu Quartz diorite 243.4 ± 1.9 LA-ICP-MS Zhang et al., 2015 [49]
Dewulu Hezuo, Gansu Quartz diorite 238.6 ± 1.5 LA-ICP-MS Jin et al., 2013 [50]
Dewulu Hezuo, Gansu Dioritic Mafic enclave 247.0 ± 2.2 LA-ICP-MS Qiu and Deng, 2017 [12]
Laodou Hezuo, Gansu Granodiorite 241.4 ± 2.1 LA-ICP-MS Zhang et al., 2015 [49]
Laodou Hezuo, Gansu Granodiorite 238.2 ± 1.7 LA-ICP-MS Zhang et al., 2015 [49]
Laodou Hezuo, Gansu Granodiorite 241.4 ± 1.6 LA-ICP-MS Zhang et al., 2015 [49]
Laodou Hezuo, Gansu Quartz diorite porphyry 247.6 ± 1.3 LA-ICP-MS Jin et al., 2013 [50]
Yeliguan Hezuo, Gansu Quartz diorite 245.0 ± 6.0 SHRIMP Jin et al., 2005 [38]
Yeliguan Hezuo, Gansu Quartz diorite 241.2 ± 2.5 LA-ICP-MS Luo, 2013 [45]
Yeliguan Hezuo, Gansu Quartz diorite 240.1 ±3.3 LA-ICP-MS Luo, 2013 [45]
Meiwu Hezuo, Gansu Granodiorite 242.3 ± 1.8 LA-ICP-MS Luo, 2013 [45]
Meiwu Hezuo, Gansu Granodiorite 242.8 ± 1.7 LA-ICP-MS Luo, 2013 [45]
Meiwu Hezuo, Gansu Mafic enclave 239.6 ± 1.8 LA-ICP-MS Luo, 2013 [45]
Meiwu Hezuo, Gansu Mafic enclave 243.0 ± 3.4 LA-ICP-MS Luo, 2013 [45]
Meiwu Hezuo, Gansu Biotite granite 244.3 ± 2.4 LA-ICP-MS Luo, 2013 [45]

Zaozigou Hezuo, Gansu Granodiorite 248.9 ± 1.4 LA-ICP-MS Sui et al., 2018 [20]
Zaozigou Hezuo, Gansu Quartz diorite porphyry 244.8 ± 1.4 LA-ICP-MS Sui et al., 2018 [20]
Zaozigou Hezuo, Gansu Diorite porphyry 237.5 ± 1.4 LA-ICP-MS Sui et al., 2018 [20]
Zaozigou Hezuo, Gansu Porphyritic dacite 246.1 ± 5.2 LA-ICP-MS Yu et al., 2019 [41]
Zaozigou Hezuo, Gansu Porphyritic dacite 248.1 ± 3.8 LA-ICP-MS Yu et al., 2019 [41]

Zaorendao Hezuo, Gansu Diorite 246.6 ± 1.9 LA-ICP-MS This study
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2.2. Geology of the Zaorendao Gold Deposit

The Zaorendao gold deposit (102◦50′59”E, 35◦01′57”N, also referred to as Jiademu deposit), is
located about 7 km northwester of Hezuo in Gansu Province (Figure 1B). The estimated pre-mining
resource of the Zaorendao deposit is approximately 13.6 t Au at an average grade of 3.02 g/t [51].

The stratigraphic sequence in the Zaorendao area is dominantly composed of slate, sandy slate
and arkose of late Triassic age. The sedimentary sequence is up to 3047m in thickness and represents a
shore to shallow sea facies. These sedimentary rocks are intruded by two diorite stocks and numerous
intermediate to felsic dikes (Figure 2). The dioritic stocks, named the West rock and the East rock,
are exposed in the central and northwestern part of the mining area. The East rock outcrops have
a rectangle-shape with approximately area of 0.19 km2, while the square-shaped West rock has an
exposed area of 0.12 km2. Another barren, small diorite stock is also exposed to the northeast of the
East rock. The dikes mainly consist of porphyritic diorite, porphyritic granodiorite, and porphyritic
quartz diorite. These dikes are 20~250 m long, 0.3~16 m wide, and cut across bedding of the Early
Triassic slate.
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pyrite, arsenopyrite, and stibnite, with lesser sphalerite, chalcocite, galena, and hematite. The gangue 
minerals include sericite, quartz, epidote, biotite, plagioclase and calcite (Figure 3). 

Figure 2. (A) Sketch geologic map of the Zaorendao gold deposit and (B) selected exploration cross
section showing the occurrence of gold ores (after [51]).

One hundred and ninety-nine orebodies have been delineated in the Zaorendao mine, among
which are six major orebodies, including Au1, Au2, Au5, Au6, Au7 and Au8 orebodies. These orebodies
contain approximately 85% of the total gold reserves. Mineralization is controlled predominantly by the
NW-trending faults cutting through the diorite and surrounding sedimentary rocks. These orebodies,
striking NW 310◦ to 330◦ and dipping NE, and are a few meters thick and hundreds of meters long.
The downward extent of the orebodies dip from 3227 m to 2366 m above sea level.

Hydrothermal alteration mineral assemblages in the mining area includes hydrothermal pyrite,
arsenopyrite, stibnite, sericite, silicification, hematite and carbonate. Ore minerals are dominated by
pyrite, arsenopyrite, and stibnite, with lesser sphalerite, chalcocite, galena, and hematite. The gangue
minerals include sericite, quartz, epidote, biotite, plagioclase and calcite (Figure 3).
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for zircon separation and laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) 
U–Pb dating and Lu–Hf isotope analyses. The sampling locations are shown in Figure 2. The grey to 
sage-green diorite has medium-grained texture, and is mainly composed of plagioclase (~65 vol. %, 
0.5~1.5 mm), biotite (~20 vol. %), and quartz (5–10 vol. %) with minor hornblende and pyroxene 
(Figure 4C,D). Accessory minerals are titanite, apatite and zircon. Plagioclase shows polysynthetic 
twinning and oscillatory zoning, and is locally altered to sericite (Figure 4C). 

Figure 3. Photographs (A,E) and photomicrographs under reflected light (B–D,F) showing
mineralization styles and mineral assemblages. Disseminations of pyrite and arsenopyrite in diorite
(A–C). Stibnite veinlet in diorite (A,D). Disseminations of pyrite and arsenopyrite in slate (E,F). Mineral
abbreviations: Apy = arsenopyrite, Py = pyrite, Qz = quartz, Sp = sphalerite, Stb = stibnite.

3. Sampling Strategy and Analytical Procedures

3.1. Sampling Strategy

One representative, minimally altered and relatively pristine sample of diorite (17ZRD01) was
collected from surface on the Zaorendao gold mine premises (Figure 4A,B). This samples were used
for zircon separation and laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS)
U–Pb dating and Lu–Hf isotope analyses. The sampling locations are shown in Figure 2. The grey
to sage-green diorite has medium-grained texture, and is mainly composed of plagioclase (~65 vol.
%, 0.5~1.5 mm), biotite (~20 vol. %), and quartz (5–10 vol. %) with minor hornblende and pyroxene
(Figure 4C,D). Accessory minerals are titanite, apatite and zircon. Plagioclase shows polysynthetic
twinning and oscillatory zoning, and is locally altered to sericite (Figure 4C).
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used as an external standard to normalize U, Th, and Pb concentrations of the unknowns. Plešovice 
zircon, a new natural reference material for U–Pb isotopic microanalysis, and 91500 zircon were used 
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Figure 4. Photographs and photomicrographs of the diorite in the Zaorendao deposit showing its
geologic relationship with Triassic slate (A) and texture and mineral association (B–D). Blue box lines
in Figure (B) show locations of doubly polished thin sections. Mineral abbreviations: Bt = biotite,
Hbl = hornblende, Pl = plagioclase, Qz = quartz, Ser = sericite.

3.2. Analytical Procedures

3.2.1. Zircon LA-ICP-MS U–Pb Dating and Trace-Element Analyses

Zircon crystals were separated from crushed diorite sample through standard magnetic and
density separation techniques. The crystals were then carefully handpicked under a binocular
microscope, mounted in epoxy, and polished down to approximately half sections to expose internal
structures. To identify the internal structure and texture of the zircon grains and to select potential
locations for U–Pb analysis, the mount was photographed in transmitted and reflected light, and
cathodoluminescence (CL). The CL images were taken on a JXA-880 electron microscope (JEOL Ltd.,
Akishima, Tokyo, Japan) and an image analysis software was used under operating conditions of
20 kV and 20 nA at the Institute of Mineral Resources, Chinese Academy of Geological Sciences,
Beijing, China.

Zircons were analyzed in situ for U, Th, and Pb isotope composition by a LA-ICP-MS system
at the Isotopic Laboratory, Tianjin Institute of Geology and Mineral Resources of China Geological
Survey, using a Neptune multiple-collector inductively coupled plasma-mass spectrometer (Thermo
Fisher Ltd., Waltham, MA, USA) to a NEW WAVE 193 nm-FX ArF Excimer laser-ablation system
(Elemental Scientific, Inc., Omaha, NE, USA). The analytical procedures are described in Reference [4].
The analyses were carried out with a pulse rate of 8 Hz, beam energy of 11 J/cm2, and a spot diameter
of 30 µm. Helium was used as a carrier gas. The NIST SRM 610 glass standard was used as an external
standard to normalize U, Th, and Pb concentrations of the unknowns. Plešovice zircon, a new natural
reference material for U–Pb isotopic microanalysis, and 91500 zircon were used as internal standards
for U–Pb dating, and were both analyzed twice every 8 unknown zircons analyses, to normalize
isotopic fractionation during isotope analysis. Common-Pb corrections were made using the method
of Anderson [52]. 207Pb/206Pb, 206Pb/238U, 207Pb/235U and 208Pb/232Th ratios were calculated from
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measured ion intensities using ICPMSDataCal 8.4 [53]. Concordia diagrams and weighted mean U–Pb
ages were processed using ISOPLOT 3 [54]. Age data and concordia plots were reported at 1σ error,
whereas the uncertainties for weighted mean ages are given at 95% confidence level.

3.2.2. In situ Zircon Lu–Hf Isotope Analyses

The same domains or the same zircon zones that had been analyzed for U-Pb were analyzed for
their Lu–Hf isotopic composition at the Isotopic Laboratory, Tianjin Institute of Geology and Mineral
Resources of China Geological Survey, following the method described in Reference [4] and using
a Thermo Finnigan Neptune MC-ICP-MS system coupled to a New Wave UP193 nm laser-ablation
system. The analyses were carried out with a laser repetition rate of 11 Hz at 100 mJ, and a spot diameter
of 50 µm. Helium was used as a carrier gas. During the analyses, the zircon GJ-1 was analyzed as
quality control every 8 unknown samples, and yielded 176Hf/177Hf ratios of 0.282023 ± 30 (2σ, n = 12).
Results excellently coincide with the recommended 176Hf/177Hf ratios of 0.282015 ± 19 [55] for GJ-1.

For calculation of initial epsilon Hf (εHf(t)) values, the decay constant of 1.865× 10−11 [56] and the
values for the chondritic uniform reservoir (CHUR, 176Lu/177Hf = 0.0332, 176Hf/177Hf = 0.282772 [57])
were used. The initial 176Hf/177Hf ratios and εHf(t) for all analyzed zircon domains were calculated
by the corresponding 206Pb/238U age. The single stage depleted mantle model ages (TDM) were
determined for each sample by calculating the intersection of the zircon/parent-rock growth trajectory
with the depleted mantle evolution curve [58] calculated with a present-day 176Hf/177Hf ratio of
0.28235 (similar to mid-ocean ridge basalts values [59] and 176Lu/177Hf of 0.0384 [60] for the depleted
mantle (DM). The two stages DM Hf model age (TDM2) was calculated for the source rock of the
magma from the initial 176Hf/177Hf of each zircon at the time of crystallization (in terms of the
apparent 206Pb/238U age) by using 176Lu/177Hf= 0.015 for the average crust [61].

4. Analytical Results

4.1. Zircon U-Pb Morphology and Geochronology

Cathodoluminescence images of representative analyzed zircons for U–Pb and Lu–Hf analyses
are illustrated in Figure 5. The LA-ICP-MS zircon U–Pb analytical data for diorite sample 17ZRD01 are
presented in Table 2 and graphically illustrated in the concordia diagrams (Figure 6).
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Figure 6. Zircon LA-ICP-MS U–Pb concordia diagrams for the ore-hosting diorite sample 17ZRD01.

Zircons separated from sample 17ZRD01 are mostly colorless to pale yellow, transparent, and
commonly euhedral prismatic to elongated prismatic. The length of zircons varies from 90 to 250 µm
with aspect ratios of 5:1 to 2:1. Most zircon grains show oscillatory zoning in CL images (Figure 5),
consistent to that of igneous zircons [62]. Some grains display a core-rim structure consisting of an
inherited core with distinct oscillatory and patchy zoning (Figure 5).

Thirty-nine analyses were carried out for U–Pb dating on sample 17ZRD01, yielding U-Pb ages
ranging from 237.2± 2.3 Ma to 1823.8± 17.9 Ma. Thirty-seven analyses were obtained from the zircons
with oscillatory zoning, among which, two analyses (spot 17ZRD01.10, 17ZRD01.17) give 206Pb/238U
dates of 285.0 ± 3.0 Ma and 306.4 ± 3.2 Ma, and are excluded because they are statistical outliers.
The remaining 35 analyses are concordant, with 206Pb/238U dates ranging from 237.2 ± 2.3 Ma to
256.1 ± 2.9 Ma with a weighted mean of 246.5 ± 1.9 (MSWD = 4.6, Figure 6). The Th/U ratios of the
zircons are between 0.15 and 0.55, with an average of 0.34. The high Th/U values for the zircons
suggest that they are magmatic in origin. The Th content ranges from 25.17 to 324.02 ppm, with an
average of 104.43 ppm. The U content ranges from 97.60 to 1404.46 ppm, with an average of 344.91 ppm.
The U-Pb age is therefore interpreted as the crystallization age of the diorite. One analysis (17ZRD01.27)
on the zircon core yield 206Pb/238U age of 1707.3 ± 17.4 Ma is excluded because it is a statistical outlier.
The remaining one analysis (spot 17ZRD01.36), gives a 206Pb/238U dates of 1823.8 ± 17.9 Ma with
Th/U ratio of 0.17 (Table 2, Figures 5 and 6A). This is concordant and interpreted to be inherited during
its emplacement.

4.2. Zircon Lu–Hf Isotopic Composition

In situ Hf isotope analyses have been carried out on zircons at the same spots used for zircon
U–Pb dating. Zircon Lu–Hf isotopic data are presented in Table 3, and shown in Figure 7. The Hf
isotopic data, expressed as values of epsilon Hf (εHf(t)) at the time of emplacement, from the 17ZRD01
are plotted versus time in Figure 7.
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0.000093 to 0.001847 and 0.282278 to 0.282575. They display ɛHf(t) values varying from −12.0 to −1.8, 
with an average of −6.7, and the two-stage model age (TDM2) range from 1.4 Ga to 2.0 Ga with an 
average of 1.7 Ga. It may indicate the contributions of both juvenile and ancient crustal materials. The 
inherited core gives 176Lu/177Hf and 176Hf/177Hf ratios of 0.001655 and 0.281608, with ɛHf(t) values of 
TDM2 of 2.6 Ga. 

 

Figure 7. Plots of εHf(t) values vs. U-Pb ages for zircons from the diorite in the Zaorendao deposit
(A, B). (C) Histogram, and frequency curves of εHf(t) values. (D) Histogram, and frequency curves
of corresponding two-stage model age (TDM2). Date from the igneous rocks of Tongren-Xiahe-Hezuo
district are shown (Date are from Reference [12] and references therein.

The 35 analyses for an estimated age at ca. 247 Ma yield 176Lu/177Hf and 176Hf/177Hf ratios of
0.000093 to 0.001847 and 0.282278 to 0.282575. They display εHf(t) values varying from −12.0 to −1.8,
with an average of −6.7, and the two-stage model age (TDM2) range from 1.4 Ga to 2.0 Ga with an
average of 1.7 Ga. It may indicate the contributions of both juvenile and ancient crustal materials. The
inherited core gives 176Lu/177Hf and 176Hf/177Hf ratios of 0.001655 and 0.281608, with εHf(t) values of
TDM2 of 2.6 Ga.
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5. Discussion

5.1. Early to Middle Triassic Magmatism in Tongren-Xiahe-Hezuo Area

Zircon U–Pb dating of diorite in the Zaorendao suggests that the emplacement of diorite occurred
at ca. 246.5 Ma, coeval with the widespread Triassic magmatism in the Tongren-Xiahe-Hezuo district
(Table 1). Similar ages were obtained for the Tongren granodiorite (241 Ma [37]; 237 Ma [45]),
Shuangpengxi granodiorite (242 Ma [39,46]), Xiekeng diorite–granodiorite (242–244 Ma [39]), Shehaliji
quartz monzonite, Granodiorite porphyry and mafic microgranular enclaves (MME) (234 Ma [47];
234–237 Ma [45]), Ayishan granodiorite (244 Ma [48]; 243–244 Ma [45]), Xiahe granodiorites
(241 Ma [45]), Daerzang granodiorites (238 Ma [38]; 238–241 Ma [45]; 242 Ma [40]; 248 Ma [48]),
Dewulu quartz diorite, quartz diorite porphyry and dioritic MME (238–247 Ma [12,49,50]), Laodou
Granodiorite and Quartz diorite porphyry (238-241 Ma [49]; 248 Ma [50]), Meiwu granodiorite, biotite
granite, and dioritic MME (240–244 Ma [45]), Yeliguan quartz diorite (240–241 Ma [45]; 245 Ma [38]).
In addition, a recent study on the zircon U-Pb geochronology of granodiorite, quartz diorite porphyry
diorite porphyry, and porphyritic dacites dikes in Zaozigou Au-Sb deposit to the northeast of the
Zaorendao deposit indicate that the corresponding magmas were emplaced during 238–249 Ma [20,41].
We thus propose that the diorite of the Zaorendao deposit was emplaced during the Early Triassic,
and was triggered by the same geodynamic processes as the widespread magmatism throughout the
Tongren-Xiahe-Hezuo district.

5.2. Petrogenesis of Ore-Hosting Diorite

The diorite from the Zaorendao deposit yields relatively low 176Lu/177Hf and 176Hf/177Hf ratios
(0.000093 to 0.001847 and 0.282278 to 0.282575), and has negative zircon εHf(t) values varying from
−12.0 to −1.8 with an average of −6.7 (Figure 7). The Lu–Hf isotopic composition is a sensitive
tracer to detect the evolutionary history of the crust and mantle [58], by virtue of the fact that Hf
partitions more strongly into the melt than Lu during mantle melting [63]. During the production of
granitoid magmas, according to Belousova et al. [63], high values of 176Hf/177Hf (εHf � 0) indicate
a ‘juvenile’ mantle input, either directly via mantle-derived mafic melts, or by remelting of a young
mantle-derived mafic lower crust. The low values of 176Hf/177Hf (negative εHf(t) values) provide
evidence for crustal reworking. Mixing of crustal-derived and mantle-derived magmas during granite
production can also be detected by inhomogeneity (including zoning) or wide variations in the Hf
isotope composition and trace-element abundances in zircon populations [61,63]. The Hf isotopic
composition therefore indicates that the source material of the diorite in the Zaorendao deposit is
mainly the ancient crust-derived material.

Zircon Hf model ages represent a time when isotopic composition of zircon was the same as that
of the parental magma that precipitated zircon. The two-stage Hf isotope model age (TDM2), from
which we assume that the sample was derived via melting of an average continental crust (176Lu/177Hf
= 0.015) following derivation from the DM [63], range from 1.4 Ga to 2.0 Ga, with an average of 1.7 Ga.
This indicates that the source material is mainly the Paleo- to Meso-Proterozoic crustal component.
This is generally consistent with the analyses on the core (spot 17ZRD01.36) that yields a 206Pb/238U
age of 1823.8 ± 17.9 Ma, and has been interpreted to be inherited. This indicates that this zircon grain
could be inherited from a Paleoproterozoic basement during magma crystallization at ca. 246.5 Ma.

Another important feature of the Hf isotope data is the wide range of εHf(t) values over 10 units.
Such variations within a single sample can only be reconciled by the operation of open-system
processes, such as magma mixing and/or assimilation [64–66]. The Hf isotope composition of the
diorite from the Zaorendao deposit is very similar to the widespread coeval igneous rocks in the
Tongren-Xiahe-Hezuo district (Figure 7). The Tongren granodiorite exhibits εHf(t) values of −5.8 to
−0.6, with a corresponding TDM2 age of 1.31 to 1.64 Ga [37]. The Shuangpengxi granodiorite shows
εHf(t) values of −4.7 to −3.4 and TDM2 values of 1.49 to 1.57 Ga [39]. The Ayishan granodiorites
have εHf(t) values that range from −15.8 to −5.6, with a corresponding TDM2 of 1.63 to 2.27 Ga [48].
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The Da’erzang granodiorite exhibits εHf(t) values ranging from −22.0 to −4.0, with a corresponding
TDM2 of 1.38 to 2.18 Ga [40,48]. The Dewulu granites have εHf(t) values of −8.2 to −4.2 [67], while the
dioritic MME have negative εHf(t) values in the range of −8.0 to −3.3 with two-stage model ages that
range from 1.48 to 1.78 Ga [12]. These granitoids turned out to be generated by melting of a lower
crustal component with additional input of a mafic component derived from the mantle, indicating
a regional magma mixing process [12]. Furthermore, the high Mg# values (58.25 and 60.00 [51]) of
the diorite from the Zaorendao deposit are significantly higher than the melts produced by melting
of metabasalts and eclogites (usually, Mg# < 45 [68]), indicating that mixing of a basic magma is
required for the origin. Thus, taking into account the regional occurrence of coeval igneous rocks
(250–235 Ma), we propose that the Zaorendao diorite was derived mainly from the partial melting
of ancient Paleo- to Meso-Proterozoic crustal material and has been mixed with a lesser number of
mantle-derived components.

5.3. Geodynamic Implications

The widespread early to middle Triassic magmatism provide a window to better understand
the geodynamic evolution of the Tongren-Xiahe-Hezuo polymetallic district. Li et al. [37]
proposed that the Tongren granodiorite shows geochemical features of arc-related granitoids, and
formed in a subduction-related regime in response to slab roll-back of the northward-subducting
A’nimaque–Mianlue oceanic lithosphere. Combining zircon U–Pb dating with geochemical study
of Shuangpengxi granodiorite pluton and the Xiekeng diorite–granodiorite pluton, Luo et al. [39]
proposed that such magmatism resulted from break-off of the subducted oceanic slab after collision in
the early stages of Indosinian orogeny. Guo et al. [18] argued that they are formed as a continental
margin arc in northeastern Tibet due to northward subduction during consumption of the paleo-Tethys
ocean. Huang et al. [47] reported zircon U–Pb ages of 234.1 Ma from the Shehaliji quartz monzonite,
and suggested the Early Indosinian granitoids in the West Qinling were formed in an active continental
margin. Wei [48] reported the Xiahe granitoids were emplaced between 244 to 248 Ma, and proposed
that the Xiahe granitoids were formed in a continental margin arc setting. The Yeliguan quartz diorite
and Xiahe quartz diorite porphyry show adakitic geochemical features, and have been interpreted
to have formed in the active plate margin [38]. The petrology, geochronology and geochemistry of
quartz diorite, quartz diorite porphyry and dioritic MME indicate that the granitoids in the Dewulu
skarn copper deposit were products of arc magmatism in an active continental margin setting [12,50].
We therefore propose that the ore-hosting diorite from the Zaorendao deposit in this study and the
coeval magmatism throughout the Tongren-Xiahe-Hezuo polymetallic district, formed along an active
continental margin, and define a regionally similar geodynamic process associated with the northward
subduction of the paleo-Tethyan ocean (Figure 8).
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6. Conclusions

(1) The gold-hosting diorite in the Zaorendao deposit yielded zircon LA-ICP-MS U-Pb
age at 246.5 ± 1.9 Ma, coeval with the widespread Early Triassic magmatism in the
Tongren-Xiahe-Hezuo district.

(2) The ca. 247 Ma ore-hosting diorite is interpreted to have originated from the Paleo to
Meso-Proterozoic continental crust, with lesser number of mantle-derived components.

(3) The widespread Early Triassic magmatism in the Tongren-Xiahe-Hezuo polymetallic district
probably formed along an active continental margin, corresponding to the northward subduction
of the paleo-Tethyan ocean.
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Abstract: The Haoyaoerhudong gabbro is a mafic intrusion located in the Haoyaoerhudong gold
deposit, which is a giant gold deposit (148 t Au) hosted in Proterozoic strata on the northern margin
of the North China Craton. In this paper, we present integrated SHRIMP U–Pb, geochemical and
Sr–Nd isotopic data from gabbro of the Haoyaoerhudong gold deposit to reveal the magmatic
processes behind its origin. SHRIMP zircon U–Pb dating constrains the timing of crystallization of
the Haoyaoerhudong gabbro to 278.8 ± 0.81 Ma. Whole-rock geochemical results indicate that the
Haoyaoerhudong gabbro has calc-alkaline features with enrichments of large-ion lithophile elements
(LILE) and light rare-earth elements (REE) as well as depletions of high-field strength elements
(HFSE). The relatively high (87Sr/86Sr)i (0.7053 to 0.7078) and low εNd(t) (−4.6 to −15.1) values of
the gabbro indicate the involvement of crustal materials. Low Ce/Pb ratios (1.35 to 7.38), together
with nearly constant La/Sm and Th/Yb ratios and variable Ba/Th and Sr/Nd ratios, suggest that
the ancient mantle was modified by slab dehydration fluids. Based on new geochemical data and
regional geological investigations, we propose that both the Haoyaoerhudong gold deposit and the
Haoyaoerhudong gabbro formed in a post-orogenic extensional setting.

Keywords: geochemistry; U–Pb zircon age; Sr–Nd isotopes; Haoyaoerhudong gabbro; Inner Mongolia

1. Introduction

The North China Craton (NCC) is a well-known Precambrian block in China [1–3]. The amalgamation
between the eastern and western blocks ca. 1.85 Ga marked the cratonization process of the NCC [4].
Its northern margin underwent a strong rifting process, forming the Langshan–Zhaertaishan Rift and the
Bayan Obo Rift during the Proterozoic era. Affected by the evolution of the Central Asian Orogenic Belt
(CAOB), a giant magmatic rock belt formed along the northern margin of the NCC during the Paleozoic
era (Figure 1) [5–8]. Several large orogenic gold deposits, including the Zhulazhaga and Haoyaoerhudong
gold deposits, formed during the Paleozoic orogenic process.

The Haoyaoerhudong gold deposit is a super large (148 t Au) low-grade deposit in the western
part of the NCC. Gold is hosted by pyrite and pyrrhotite, which were mainly deposited on bedding
and schistosity planes of the Proterozoic black shales [9]. Hercynian intrusions are common in the
Haoyaoerhudong gold district. A small gabbro intrusion is located west of the Haoyaoerhudong
gold deposit (called the Haoyaoerhudong gabbro below). Most previous research focused on the
gold deposit itself and the granitoids around the deposit [10–14], but little is known about the
Haoyaoerhudong gabbro.

Minerals 2019, 9, 63; doi:10.3390/min9010063 www.mdpi.com/journal/minerals471
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Mafic rocks, although in a small volume on the earth’s surface, are very important study subjects
to explore deep mantle heterogeneity, crust-mantle interactions [15], and the tectonic properties of
different blocks in ancient orogens [16]. The presence of the Haoyaoerhudong gabbro gives us an
opportunity to investigate the composition of the ancient mantle, crust-mantle interaction, and crustal
differentiation [17] of the northern margin of the NCC. We report new data of whole-rock geochemistry,
zircon U–Pb dating, and Sr–Nd isotopes of the Haoyaoerhudong gabbro with the goal of constraining
the petrogenesis and timing of the gabbro as well as the geodynamic setting of the Permian magmatism
and related gold mineralization.

2. Geological Setting

A “double rift” system developed on the northern margin of the NCC in the Proterozoic
era [18]. The Langshan–Zhaertaishan Rift (inside) and the Bayan Obo Rift (outside), host gigantic
thick Proterozoic rift sediments called the Zhaertaishan and Bayan Obo Groups, respectively.
The supracrustal succession of the Zhaertaishan and Bayan Obo Groups are thought to be
contemporaneous with different types of magmatism [19–21]. Carbonates characterized the Bayan
Obo Rift [22–24], whereas double-peak volcanism occurred in the Langshan–Zhaertaishan Rift [25].
The giant Bayan Obo REE–Nb–Fe deposit is located in the Bayan Obo Group, and the superlarge
Langshan–Zhaertaishan SEDEX (sedimentary exhalative) Pb–Zn–Cu–S ore belt (including the
Dongshengmiao, Huogeqi, Tanyaokou, and Jiashengpan ore deposits) is hosted in the Zhaertaishan
Group. Carbonate dikes and bimodal magmatism indicate that the northern margin of the NCC
experienced rifting in the Middle Mesoproterozoic, which is considered to be the result of the final
breakup of the Columbia Supercontinent [21], and induced the formation of the Bayan Obo REE–Nb–Fe
deposit and the giant Langshan–Zhaertaishan SEDEX ore belt. Along with the evolution of the CAOB,
the northern margin of the NCC experienced an orogenic process with strong tectono-magmatism
during the Paleozoic. Large volumes of magmatic rocks currently crop out along the northern margin
of the NCC (Figure 1). Zhang et al. [6] summarized three important magmatic events: Devonian
(from 400 to 360 Ma), late Early Carboniferous to Middle Permian (from 330 to 265 Ma), and latest
Permian to Triassic (from 250 to 200 Ma). The most striking regional structure is the Solonker suture
zone. This zone, which is composed of ophiolites and olistostromes, is thought to be the remnants
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of the Paleo-Asian Ocean. Additional information about the regional tectonic evolution is given in
references [2,26,27].

The geology of the Haoyaoerhudong gold deposit is similar to the northern margin of the NCC,
which is characterized by Proterozoic strata divided by Paleozoic magmatic rocks. The Bayan Obo
Group exposed in the gold district include the Jianshan, Halahuogete, and Bilute formations [9,14].
The Bilute Formation, which is mainly composed of black shales (rich in organic material, with an
average TOC of 3.4%), is the major gold-hosting rock (Figure 2). Most intrusions are Permian in age, and
the main lithologies include granitic porphyry, monzogranitic porphyry, granodiorite, and biotite granite.
The granite porphyry and monzonitic granite porphyry have zircon U–Pb ages of 290.9 ± 2.8 Ma and
287.5 ± 1.9 Ma, respectively. The biotite granite samples yield zircon U–Pb ages of 267.9 ± 1.2 Ma and
274.0 ± 2.3 Ma [11,12]. Gold-related alteration ages are reported as 270.1 ± 2.5 Ma (biotite Ar–Ar [9])
and 250.9 ± 1.5 Ma (muscovite Ar–Ar [13]). Most researchers have inferred a genetic relation between
the gold mineralization and the Permian tectono-magmatism [9,13,14,28].

The Haoyaoerhudong gabbro is located in the Haoyaoerhudong gold ore district, approximately
2 km southwest of the west open pit (Figure 2). It is an oval intrusion with an area of about 2.5 km2.
The gabbro mainly intrudes into the Halahuogete Formation, nearly parallel to the border between the
Halahuogete Formation and the Bilute Formation to the north. The gabbro truncates the gray-white
tonalite in the southwest area (Figure 2). Several NE-SW-trending gabbro dikes are present in the
Haoyaoerhudong gold district (Figure 3A).
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after [14]).

In outcrops, the gabbro is characteristically dark-gray to black due to weathering (Figure 3B). Fresh
surfaces of the rocks are gray or whitish gray with different contents of mafic minerals. No deformation
has been observed in the oval intrusion or in the dikes, but some small felsic veins cut the gabbro
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intrusions (Figure 3C). Thin section studies of the rocks show a medium-grained gabbroic assemblage,
mainly including plagioclase, clinopyroxene, amphibole, and biotite (Figure 3D,E). Small amounts
of pyrite and chalcopyrite were observed for the first time (Figure 3F) in this study. The mineral
crystallization sequence of the Haoyaoerhudong gabbro appears to be clinopyroxene first, then
plagioclase, and finally amphibole and biotite.

1 
 

 

Figure 3. Representative field photographs and photomicrographs (cross-polarized light, D and E;
single-polarized light, F) of the Haoyaoerhudong gabbro. (A) EW-trending gabbro dike; (B) Outcrop of
the Haoyaoerhudong gabbro; (C) Thin felsic vein cut through the gabbro; (D,E) Mineral assemblage
of the Haoyaoerhudong gabbro; (F) Metal minerals of the gabbro. Mineral abbreviations: Cpx,
clinopyroxene; Bi, biotite; Hb, hornblende; Pl, plagioclase; Cpy; chalcopyrite; Py, pyrite.

3. Samples and Analytical Methods

In this study, a total of 10 representative samples were collected (8 from the Haoyaoerhudong
gabbro and 2 from gabbro dikes 1 km west of the Haoyaoerhudong gabbro) for whole-rock major and
trace elements, zircon dating, and bulk Sr–Nd isotopes. The samples were carefully examined to have
the least alteration, cracks, and inclusions. The rock is massive, medium-fine grained, and equigranular.
No cumulate textures were observed.

3.1. Whole-Rock Major and Trace Elements

Whole-rock major and trace elements were determined at the Langfang Institute of Geophysical
and Geochemical Exploration, Hebei Province, China. Major elements were analyzed by X-ray
fluorescence spectrometry. REEs and trace elements were tested by inductively coupled plasma-mass
spectrometry. The general precision was better than 3% and 5% for major oxides and trace
elements, respectively.

3.2. Zircon U–Pb Dating

Zircons were selected from sample RB25 using traditional techniques (density and magnetic
separation) at the Langfang Institute of Regional Geology Survey, Hebei Province, China. All of
the zircons were studied with micrographs and cathodoluminescence (CL) images to illustrate their
microstructures. The zircon U–Th–Pb compositions were determined using a sensitive high-resolution
ion microprobe at the Beijing SHRIMP Center. The analytical spot sizes were 30 µm, but each spot was
rastered over 120 µm for three minutes to remove common Pb on the zircon surfaces. Five consecutive
scans were performed for each zircon spot. The detailed analytical procedures are given in Jian et al. [29].
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3.3. Sr–Nd Isotope

Sr–Nd isotopes were tested using an Isoprobe-T thermal ionization mass spectrometer (TIMS) at
the Beijing Research Institute of Uranium Geology (BRIUG). Powder samples were mixed for isotope
dilution and dissolved using HF + HNO3 + HClO4 in sealed Teflon capsules on a hot plate for 24 h.
After separation of the Rb, Sr, and light REEs in a cation-exchange column, the Sm and Nd were further
purified using a cation-exchange column, conditioned and eluted with dilute HCl. The TIMS was
operated in static mode according to the standard procedures of GB/T17672-1999. Total chemical
blanks were lower than 200 pg for strontium and lower than 50 pg for neodymium. The normalization
standards are 146Nd/144Nd of 0.7219 and 88Sr/86Sr of 0.1194. Additional analytical details are given in
Zhang et al. [30].

4. Results

4.1. SHRIMP U–Pb Age

The zircons from sample RB25 are euhedral to subhedral with length/width ratios of 1:1 to
2:1 (Figure 4). CL images show that some of the zircons have clear oscillatory zoning, indicating
their magmatic origin [31]. The zircon SHRIMP U–Pb analytical data are presented in Table A1.
The measured Th and U contents are 137–658 ppm and 153–477 ppm, respectively, and the Th/U
ratios vary between 0.65 and 1.43. Sixteen analyses show clustered 206Pb/238U ages with a concordia
age of 278.8 ± 0.81 Ma (MSWD = 0.117) (Figure 4), which is considered the crystallization age of the
Haoyaoerhudong gabbro.
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Figure 4. Representative cathodoluminescence (CL) images and U–Pb concordia diagram of zircons
from sample RB25.

4.2. Major and Trace Element Data

As discussed above, the freshest available rock samples were selected for the chemical analysis.
However, the sulfur minerals found in some thin sections suggest that the Haoyaoerhudong
gabbro may suffer from hydrothermal alteration. Thus, it is important to evaluate the influence
of postmagmatic alteration. In this study, all of the samples have LOI values much lower than 6 wt.%
(ranging from 1.29 to 2.83 wt.%) and Ce/Ce* values concentrated in a narrow range from 0.9 to 1.0
(except samples RB04 and RB05, which have similar values of 0.87 and 1.03, respectively), indicating
that these samples still have their primary chemical signatures without strong modification [32].

475



Minerals 2019, 9, 63

The major and trace element contents of the Haoyaoerhudong gabbro are reported in Table A2.
The results show moderate variations in SiO2 (44.76–51.0 wt.%) and relatively large variations of other
oxides. The samples are characterized by relatively high contents of Al2O3 (average 13 wt.%, range
5.36–18.34 wt.%), CaO (average 11.12 wt.%, range 5.47–13.96 wt.%), and MgO (average 12.52 wt.%,
range 4.98–24.78 wt.%) and low contents of Na2O (average 1.25 wt.%, range 0.66–2.39 wt.%) and K2O
(average 0.43 wt.%, range 0.16–0.90 wt.%). Their Mg numbers (100 × Mg/[Mg + Fe2+]) range from 61
to 74 (excluding RB22, which has a very low value of 36). All of the points fall into the gabbro field
in the Total Alkali vs Silica (TAS) diagram (Figure 5a). Most of the data plot in the calc-alkaline field
on the Co–Th classification diagram [33], indicating calc-alkaline affinity (Figure 5b). On the MgO vs.
major element oxides diagrams, CaO, K2O, and Na2O decrease and Fe2O3 (total iron) increases with
increasing MgO (Figure 6), indicating fractionation processes of clinopyroxene and plagioclase with
some Fe–Ti oxides.
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from [34].

For compatible trace elements, the Cr contents vary in the range of 114–986 ppm (average
80 ppm), and Ni averages 161 ppm with a range of 30–530 ppm. For the high field strength elements,
Nb averages 5.03 ppm with a large range of 0.51–16.79 ppm, and Zr averages 65 ppm with a range of
23.9–88.9 ppm. The large ion lithophile elements are relatively high. Ba ranges from 28.5 to 462.8 ppm
(average of 251 ppm), and Sr ranges from 178 to 905 ppm (average of 560 ppm). On the primitive
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mantle-normalized diagram (Figure 7a), all of the samples show similar features: enrichment of LILEs
(Rb, Sr, and Ba) and depletion of HFSEs (Nb, Ta and P), indicating geochemical affinity to arc-type
igneous rocks [35,36].Minerals 2018, 8, x FOR PEER REVIEW  7 of 18 
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The REE distribution patterns show moderate fractionation between LREEs and HREEs with
positive Eu anomalies (Figure 7b). The total REEs of the samples vary between 27.13 and 65.85 ppm with
(La/Yb)N ratios of 3.13 to 10.44. The Eu/Eu* ratios have a range of 0.90–1.83 and an average of 1.25.

4.3. Sr–Nd Isotopic Data

Five samples (RB04, RB05, RB20, RB22, RB23) from the Haoyaoerhudong gabbro were tested for
Sr–Nd isotopes (Table A3). The initial isotopic compositions were recalculated to 279 Ma based on the
zircon U–Pb age from this study. The (87Sr/86Sr)i ratios of the five tested samples vary between 0.7053
and 0.7078. The Nd isotopic compositions are relatively homogeneous, and the 143Nd/144Nd ratios
have a small range of 0.5118–0.5123, corresponding to εNd(t) varying between −4.6 and −15.1.

5. Discussion

5.1. Timing of a Hercynian Mafic Magmatic Event

Our new SHRIMP zircon data provide a precise age for the Haoyaoerhudong gabbro.
The morphologies and internal structures, as well as the high Th/U values of the zircons from the
Haoyaoerhudong gabbro, are suggestive of their magmatic origin. The 278.8 ± 0.81 Ma age (concordia
age) indicates that the Haoyaoerhudong gabbro was emplaced in the Early Permian.

Previous studies have obtained age data for gabbros in the areas adjacent to the Haoyaoerhudong
gold deposit. A 275.5 ± 1.8 Ma zircon U–Pb age (LA-ICP-MS) was obtained by Xiao [38] for the
gabbro in the Nuoergong area (sample location N 39◦56’42”, E 104◦47’20”), which is thought to be a
Permian continental magmatic arc. Zircon U–Pb dating (LA-ICP-MS) of two samples selected from
the Taohaotuoxiquan gabbro yielded a consistent age of 276–275 Ma, suggesting emplacement in the
Early Permian [39]. Zhao et al. [35] identified olive gabbro and amphibole gabbro in the Beiqigetao
intrusion in the Wengeng area. They obtained a concordant SHRIMP U–Pb age of 269 ± 8 Ma for the
olive gabbro (sample location N 41◦31’44”, E 108◦05’24”). All of these data demonstrate a wide range
of Hercynian mafic magmatism in the studied area.

5.2. Magma Source and Petrogenesis

Magmatic rocks sourced from primary magma generally have high MgO, Mg#, Cr, and Ni contents
(>15 wt.%, >65, >2000 ppm, and >500 ppm, respectively) [40]. The samples from the Haoyaoerhudong
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gabbro have variable MgO contents (4.98–24.78, average of 13 wt.%), a wide Mg# range (35.7–74.4),
Cr <1000 ppm, and Ni <500 ppm (Table A2). These data indicate that the Haoyaoerhudong gabbro
underwent a differentiation process before its emplacement.

Several immobile elements, including Zr, Nb, and Yb, are widely used to study the attributes of
the magma source, and element ratios (e.g., Nb/Yb) are considered to be indexes of mantle fertility of
the rocks [41]. The Nb/Yb values of the studied gabbro cover a relatively wide range of 0.6–5.49 with
an average of 2.95, which is similar to that of enriched mid-ocean ridge basalts (E-MORB, 3.5 [42]),
indicating that the melt may be sourced from the mantle. The strong positive Sr and Eu anomalies of
the Haoyaoerhudong gabbro are also similar to gabbros sourced from mantle-derived basaltic melt [43]
(Figure 7a,b). Most of the samples plot in areas far from that of ocean island basalts (OIB) in the La/Ba
vs. La/Nb diagram (Figure 8a), indicating lithospheric affinity rather than an asthenospheric mantle
origin [44]. The Dy/Yb ratios of the tested samples are concentrated in a small range of 1.92–2.35,
and the La/Yb ratios have a range of 5.11–14.36, indicating partial melting of spinel peridotite facies
(Figure 8b) from a relatively shallow source [44,45].
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It is widely accepted that crustal contamination should be considered in any intraplate setting [48].
Crustal contamination may lead to an increase in (87Sr/86Sr)i and a decrease in εNd(t) in the magma [49]
due to high 87Sr/86Sr and SiO2 values and low εNd(t) and MgO values in crustal materials [50]. Thus,
high (87Sr/86Sr)i and low εNd(t) values may suggest the involvement of crustal materials. As illustrated
by the (87Sr/86Sr)i vs. εNd(t) plot, most of the points straddle the area from OIB to continental volcanics
(Figure 9), indicating the influence of crustal materials in the formation of the Haoyaoerhudong gabbro.

Elemental ratios, such as Y/Nb, Nb/Zr, and La/Zr, are thought to be indexes of crustal
contamination [51,52]. In the present case, the nearly constant or small ranges of these ratios (i.e., 1.77–5.52
for Y/Nb, except for one value of 15.18; 0.02–0.12 for Nb/Zr; and 0.10–0.22 for La/Zr) indicate that
crustal contamination may have played a crucial role in the generation of the Haoyaoerhudong gabbro.
It has been suggested that Lu–Yb ratios will not change dramatically during partial melting or fractional
crystallization [53]. Mantle-derived magma and the continental crust have relatively low (0.14–0.15) and
high (0.16–0.18) Lu/Yb ratios, respectively [42,54]. The Lu/Yb ratios in this study (0.14–0.19, average of
0.17) indicate crustal addition during the formation of the Haoyaoerhudong gabbro. The high Th/Ta
ratios (1.83–19.22, average of 8.23) and low Nb* (Nb/Nb* = NbPM/

√
(ThPm × LaPM)) values of the

gabbro (0.09–0.84, average of 0.36) also suggest the involvement of crustal materials [55].
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Figure 9. εNd(t) vs. (87Sr/86Sr)i diagram for the Haoyaoerhudong gabbro. The contents of MORB,
OIB, island arc volcanics and continental volcanics are from [15,56,57]. The trend to the lower crust is
from [58]. The data for the green triangles are from [34].

The decoupling between Nb and Ta and between Zr and Hf are widely used as indexes for
subduction processes [59]. The scattered Nb/Ta ratios (5.67–26.12) and Zr/Hf ratios (15.45–30.21) of
the studied samples differ from that of the primitive mantle (Nb/Ta of 17.8 and Zr/Hf of 37) [37]
and crust (Nb/Ta of 11 and Zr/Hf of 33) [60], indicating that they might be related to subduction
processes. Generally, subducted slab-released fluids lead to high Rb, Sr, Ba, U, and Pb contents,
whereas subducted oceanic sediment-derived melts lead to high concentrations of LREEs and Th in
the magma. Experiments show that the Ce/Pb values of slab-dehydrated fluids are usually lower
than 0.1 [61], and Ce/Pb ratios less than 20 may indicate the involvement of subduction-dehydrated
fluids [62]. Therefore, the Ce/Pb ratios of the studied samples (1.35–7.38, average of 3.84) which are
lower than that of mantle-sourced magmas (e.g., oceanic basalts have Ce/Pb ratios of approximately
25) might be caused by the addition of Pb via subduction fluids [61]. Mantle metasomatism of the
Haoyaoerhudong gabbro was further indicated by the Ba/Th versus La/Sm plot [63] and the Th/Yb
versus Sr/Nd plot [64]. As shown in Figure 10a,b, the points of the Haoyaoerhudong samples are
consistent with the slab dehydration trend and distinctly different from the sediment melting trend,
indicating that the mantle was modified by fluids from slab dehydration. In addition, the presence
of hornblende and biotite in most thin sections showed water-rich features of the parent magma,
suggesting the effect of slab hydration during magma genesis.

Both the major and trace element contents of the Haoyaoerhudong gabbro vary over large
ranges, indicating fractional crystallization processes. Ni and Cr are positively related to MgO in
the Haoyaoerhudong gabbro, indicating fractional crystallization of clinopyroxene. The negative
correlation of MgO and Al2O3 as well as the positive Eu anomaly of the Haoyaoerhudong gabbro
demonstrates plagioclase fractional crystallization. In summary, we suggest that the Haoyaoerhudong
gabbro originated from partial melting of a spinel peridotite facies of the mantle, which was
metasomatized by fluids that dehydrated from a subducted slab. Fractionation crystallization is
the most likely petrogenesis mechanism for the Haoyaoerhudong gabbro.
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5.3. Implications for the Tectonic Setting

Generally, Th and Nb are geochemically similar. However, Th becomes mobile in subduction
magmatic processes due to the addition of hydrous fluids from the subducted slab, whereas Nb is
stable during this process [65]. Thus, Th and Nb are widely used to identify mafic rocks of different
tectonic units [55]. To understand the tectonic setting of the Haoyaoerhudong gabbro, we applied
the ThN–NbN discrimination plot [66]. Three samples spread along the MORB-OIB array, two points
plot in the forearc and intra-arc field, and five samples fall into the continental margin volcanic arc
field (Figure 11). This plot also indicates that the Haoyaoerhudong magma was affected by fluids that
dehydrated from the subducting slab.

Jenner et al. reported that arc gabbros and non-arc gabbros have different Nb/Th values (<7.5
and >8.5, respectively) [67]. Most of the Nb/Th values of the Haoyaoerhudong gabbro are <7.5 (eight
of the 10 tested samples range from 0.65 to 4.18, and two samples are slightly higher than 7.5), which
indicates their arc affinities. In the Hf–Nb–Th diagram (Figure 12), two samples fall into the E-MORB
field, and the other eight points fall into the CAB (calc-alkaline basalts) field, indicating that they likely
formed in a continental arc environment. Other geochemical characteristics of the Haoyaoerhudong
gabbro that are consistent with rocks from a continental arc include the enrichment of LILEs and
LREEs, depletion of HSFEs, high La/Nb ratios (1.2–5.0 with an average of 3.5, which is higher than that
of N-MORB, which has La/Nb ratios lower than 1.4), and negative εNd(t) values of −4.6 to −15.1 [41].

The time that the Paleo-Asian Ocean (PAO) closed in the Xingmeng Orogenic Belt (XOB) has long
been a controversial topic. A diachronous closure of the PAO, from west (Tarim) to east (Changchun),
was suggested by Xiao et al. [26] and Wilde [68]. Luo et al. obtained a U–Pb zircon age of 277 ± 3 Ma for
the Wuliangsitai intrusion, which was identified as an A2-type (postcollisional) granitoid, indicating
a post-orogenic extensional setting [69]. Recently, Liu et al. noticed a sharp change of the εHf(t)
(in zircon) and εNd(t) (whole-rock) values of the 280–265 Ma gabbros from the Alxa Terrane and
inferred a tectonic change from subduction to post-collision [70]. The Haoyaoerhudong gabbro has
similar REE and trace element distributions and Sr–Nd isotopic features (Figures 7 and 9) as the
Beiqigetao gabbro [34], which was interpreted as a Permian postcollisional intrusion. In addition,
no obvious deformation has been observed in the Haoyaoerhudong gabbro. The gabbroic dikes are
steep and sharp. All of this information suggests that the Haoyaoerhudong gabbro is the product of
post-collisional mafic magmatism. Thus, it can be inferred that the PAO closed before 278.8 ± 0.81 Ma
in the western section of the XOB.
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Figure 11. ThN vs. NbN plot for the Haoyaoerhudong gabbro (after [66]). The N-MORB composition is
from [42].

The post-collisional setting is also supported by the gold mineralization features. In the
Haoyaoerhudong gold deposit, most of the thin gold-bearing sulfide veins (films) are located on
E-W-trending open bedding planes and schistosity planes, which suggests that the gold mineralization,
along with the late stage magmatic activities, formed in a post-collisional extensional setting.

6. Conclusions

1. The SHRIMP U–Pb zircon age shows that the Haoyaoerhudong gabbro in the Haoyaoerhudong
gold deposits intruded into Proterozoic strata at 279 ± 2 Ma, indicating a Permian mafic magmatic
event in the western section of the northern margin of the NCC.

2. The Haoyaoerhudong gabbro is subalkaline with calc-alkaline affinity, and its source magma
was probably the result of the partial melting of the spinel peridotite zone of the lithospheric mantle,
which was modified by subducting fluids.
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3. Both the Haoyaoerhudong gold deposit and the Haoyaoerhudong gabbro were generated
in a post-collisional geodynamic setting, most likely induced by subduction and rollback of the
paleo-oceanic plate beneath the NCC.
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Appendix A

Table A1. SHRIMP zircon U–Pb isotope data for the Haoyaoerhudong gabbro.

Spot U Th U/Th Pb* Pbc 206Pb/238U ±% 207Pb/235U ±% 207Pb/206Pb ±% 206Pb/238Uage (Ma) ±%

RB25-1 188 203 1.11 7.03 – 0.04353 1.3 0.313 3.3 0.0585 2.6 274.7 3.4
RB25-2 257 293 1.17 9.84 0.61 0.04421 1.2 0.297 4.7 0.0538 3.8 278.9 3.2
RB25-3 214 200 0.97 8.04 – 0.04390 1.2 0.342 4.0 0.0548 3.7 277.0 3.3
RB25-4 405 521 1.33 15.5 0.49 0.04438 1.1 0.315 5.2 0.0574 2.8 279.9 3
RB25-5 306 331 1.12 11.6 0.16 0.04403 1.2 0.330 4.6 0.0571 2.3 277.7 3.2
RB25-6 186 212 1.18 6.80 0.29 0.04242 1.3 0.300 5.4 0.0532 3.0 267.8 3.4
RB25-9 378 471 1.29 14.6 – 0.04514 1.1 0.3193 2.6 0.0553 2.0 284.6 3
RB25-10 285 368 1.33 10.9 0.54 0.04432 1.2 0.337 6.4 0.0631 3.8 279.6 3.2
RB25-11 328 349 1.10 12.8 0.19 0.04532 1.1 0.326 3.9 0.0556 2.1 285.8 3.1
RB25-13 259 275 1.10 9.69 0.15 0.04355 1.2 0.321 4.4 0.0541 2.6 274.8 3.2
RB25-14 343 350 1.05 13.1 0.56 0.04416 1.1 0.318 5.3 0.0597 2.0 278.5 3.1
RB25-15 324 388 1.24 12.5 0.05 0.04495 1.1 0.322 3.9 0.0572 2.6 283.4 3.1
RB25-17 380 436 1.18 14.5 0.29 0.04432 1.1 0.302 3.8 0.0542 2.0 279.6 3
RB25-18 191 215 1.16 7.23 – 0.04409 1.2 0.312 3.3 0.0506 3.0 278.1 3.4
RB25-19 207 239 1.20 7.95 0.59 0.04456 1.2 0.298 5.1 0.0581 2.6 281.0 3.4
RB25-20 272 290 1.10 10.3 0.32 0.04391 1.2 0.298 5.8 0.0512 2.5 277.0 3.2

Errors are 1σ. Pbc and Pb* are common Pb and radiogenic Pb, respectively. 204Pb correction used for the zircon ages.

Table A2. Major (wt.%) and trace (ppm) element compositions for the Haoyaoerhudong gabbro.

Sample RB4 RB5 RB7 RB8 RB9 RB10 RB20 RB22 RB23 RB25

SiO2 46.44 46.30 44.76 48.80 50.64 46.19 51.00 47.33 45.93 48.51
Al2O3 15.95 16.61 6.70 13.87 7.36 5.36 13.07 16.50 18.34 16.24
TiO2 1.32 1.34 0.35 0.42 0.50 0.58 2.77 0.34 0.24 0.44

Fe2O3 1.97 1.74 1.53 0.44 0.71 1.49 2.43 1.40 1.26 0.66
FeO 8.50 8.36 13.79 7.78 8.46 12.15 13.80 6.65 5.80 5.93
CaO 10.49 10.75 5.47 13.27 14.36 8.03 8.56 13.02 13.28 13.96
MgO 9.10 8.71 24.78 11.11 14.11 21.99 4.98 9.97 10.91 9.56
K2O 0.90 0.86 0.17 0.31 0.16 0.45 0.22 0.30 0.22 0.66

Na2O 2.39 2.46 0.67 1.02 0.66 0.82 0.85 1.33 1.09 1.22
MnO 0.15 0.14 0.21 0.11 0.17 0.17 0.22 0.14 0.11 0.10
P2O5 0.26 0.24 0.05 0.07 0.07 0.06 0.24 0.03 0.03 0.07
LOI 2.31 2.28 1.29 2.55 2.59 2.44 1.72 2.83 2.63 2.46
Total 99.78 99.79 99.77 99.75 99.79 99.71 99.87 99.83 99.84 99.82

Be 0.73 0.60 0.20 0.37 0.41 0.23 0.82 0.20 0.22 0.38
Co 47.10 41.85 115.80 61.50 57.10 92.90 53.10 39.70 45.20 37.00
Ni 86.00 70.85 530.10 233.80 150.00 365.70 71.00 32.20 37.70 29.70
Cr 227.30 181.80 868.80 985.60 526.60 117.00 114.20 196.10 289.70 294.40
V 279.50 264.40 106.90 233.60 244.30 172.70 487.60 212.60 140.60 159.00
Sc 38.34 36.24 21.05 46.40 66.63 33.84 37.90 37.71 30.54 34.67
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Table A2. Cont.

Sample RB4 RB5 RB7 RB8 RB9 RB10 RB20 RB22 RB23 RB25

Li 10.83 9.44 5.95 3.98 4.10 4.96 22.73 5.22 6.91 9.56
Cs 0.50 0.42 0.19 0.99 0.26 0.45 0.11 0.56 0.40 1.10
Ga 21.33 19.45 7.41 14.21 9.91 6.73 25.27 15.83 16.01 12.11
In 0.07 0.07 0.03 0.04 0.06 0.04 0.11 0.04 0.03 0.03
Tl 0.11 0.09 0.05 0.05 0.17 0.09 0.10 0.06 0.04 0.13
Cu 41.20 37.49 51.10 149.80 88.00 81.50 20.00 14.00 15.70 37.00
Pb 6.10 6.00 3.10 6.80 3.80 4.10 12.00 5.80 5.20 16.10
Zn 106.70 96.11 134.80 69.80 75.80 112.60 183.40 60.10 47.40 59.40
Rb 13.30 10.90 3.80 8.50 2.30 11.20 6.90 6.60 5.10 16.00
Sr 825.50 798.90 306.60 615.60 334.70 190.60 177.90 887.00 904.50 554.80
Zr 88.90 88.80 28.70 59.40 60.10 34.40 190.10 23.90 27.80 52.00
Nb 10.71 9.51 1.63 2.74 2.81 2.45 16.79 0.51 0.94 2.25
Ta 0.41 0.53 0.17 0.17 0.23 0.13 1.06 0.09 0.12 0.18
Ba 462.80 436.40 148.20 180.80 235.40 227.80 28.50 288.10 98.20 404.50
Hf 3.64 3.58 0.95 2.95 3.89 1.30 6.53 1.32 1.14 2.07
W 0.17 0.19 0.14 0.14 0.43 0.19 0.53 0.17 0.25 0.22
Bi 0.05 0.04 0.03 0.22 0.09 0.04 0.21 0.08 0.06 0.08
Th 1.01 0.97 1.64 2.77 1.87 1.14 4.02 0.75 0.46 3.46
U 0.41 0.31 0.26 0.72 0.53 0.32 0.82 0.07 0.16 0.66

La 18.54 18.10 4.92 7.67 9.08 6.31 19.48 4.59 4.58 11.21
Ce 45.00 43.41 10.57 16.21 22.05 14.89 44.39 10.20 9.37 21.70
Pr 6.38 6.18 1.48 2.22 3.35 2.33 6.24 1.62 1.33 2.73
Nd 27.14 26.36 6.53 9.64 15.19 10.65 27.52 7.75 5.59 11.11
Sm 5.41 5.46 1.50 2.29 3.67 2.58 6.76 1.98 1.35 2.28
Eu 1.77 1.77 0.47 0.82 1.03 0.72 2.26 0.82 0.71 0.79
Gd 4.53 4.43 1.35 1.92 3.18 2.23 6.47 1.70 1.20 1.92
Tb 0.73 0.74 0.24 0.33 0.57 0.39 1.24 0.30 0.21 0.30
Dy 4.18 4.27 1.42 2.01 3.49 2.40 7.93 1.92 1.27 1.77
Ho 0.80 0.80 0.27 0.38 0.64 0.45 1.47 0.35 0.23 0.33
Er 2.02 1.98 0.70 0.95 1.58 1.10 3.77 0.85 0.56 0.83
Tm 0.34 0.35 0.12 0.16 0.28 0.19 0.68 0.14 0.10 0.15
Yb 1.95 1.94 0.74 0.89 1.50 1.06 3.81 0.85 0.54 0.77

Lu 0.37 0.36 0.13 0.15 0.24 0.19 0.52 0.13 0.09 0.14
Y 18.93 18.35 6.31 8.55 14.21 10.06 34.39 7.74 5.19 7.77

ΣREE 29.58 29.47 30.84 45.64 65.85 45.49 28.94 33.20 27.13 56.03
LREE 22.16 22.28 25.87 38.85 54.37 37.48 23.15 26.96 22.93 49.82
HREE 7.42 7.19 4.97 6.79 11.48 8.01 5.79 6.24 4.20 6.21

LREE/HREE 2.99 3.10 5.21 5.72 4.74 4.68 4.00 4.32 5.46 8.02
LaN/YbN 3.43 3.13 4.77 6.18 4.34 4.27 3.97 3.87 6.08 10.44
δEu 1.11 1.24 1.83 1.16 0.90 0.90 1.19 1.33 1.67 1.12
δCe 0.87 1.03 0.95 0.95 0.98 0.95 0.96 0.92 0.92 0.93
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Abstract: The Beiya Au deposit is the largest Cenozoic Au deposit in the Jinshajiang-Ailaoshan
porphyry metallogenic belt. Numerous studies document that high water content and f O2 are
vital factors for the generation of Au mineralization. In this belt, only the Wandongshan and
Hongnitang districts are considered to be of economic importance, while the other districts, such as
Bailiancun, are barren. So in order to reveal the importance of water content and oxidation state
for Beiya porphyry-style Au mineralization, the amphiboles and zircons compositions are used
to evaluate the physicochemical conditions (e.g., pressure, temperature, f O2, and water content)
of the Wandongshan ore-fertile porphyries and Bailiancun ore-barren porphyries observed in the
Beiya Au deposit. The results show that the water content of the Wandongshan parent magma
(≤4.11 ± 0.4 wt %) are slightly higher than those of the parent magma at Bailiancun (≤3.91 ± 0.4 wt %),
while the emplacement pressure of the Wandongshan parent magma (31.5–68.6 MPa) is much lower
than that of the parent magma at Bailiancun (142.3–192.8 MPa), indicating that the Wandongshan
magma reached water saturation earlier. In addition, the Wandongshan porphyries crystallized from
more oxidized magma (average of ∆FMQ = +3.5) with an average temperature of 778 ◦C compared
to the Bailiancun porphyries (average of ∆FMQ = +1.5) with a mean magmatic temperature of 770 ◦C.
The Ce4+/Ce3+ ratio of zircon in the Wandongshan ore-related intrusions (average Ce4+/Ce3+ of
62.00) is much higher than that of the Bailiancun barren porphyries (average Ce4+/Ce3+of 23.15),
which further confirmed Wandongshan ore-related magma is more oxidized than the Bailiancun
barren magma. Therefore, melts that are more enriched in water and with a high oxidation state will
be more fertile to form an economic porphyry-style Au system.

Keywords: oxidation state; hydrous melts; constraints on mineralization; Beiya Au deposit; SW China

1. Introduction

Porphyry systems supply three-quarters of the world’s Cu and one-fifth of the world’s Au
resources [1]. It’s widely accepted that high water content (>4 wt %) [2,3] and a high oxidation state
(>FMQ + 1.3–2) [4,5] of the magma are critical factors for the generation of Cu-Au mineralization.
The solubility of Cu and Au in hydrous silicate melts was proven to be affected by the amount and
proportion of dissolved sulfate and sulfide in S-bearing magma, whereas f O2 controls the speciation of
sulfur [5–7]. Under high f O2 conditions, the majority of sulfur exists as SO2 or SO4

2− with very low
concentrations of S2− in a magma [6], which prevents saturation of immiscible Cu- and Au-sulfides
during magmatic fractionation [4,6]. High magmatic water content of the magma (H2O > 4 wt %) is
also an essential factor for the generation of porphyry Cu-Au deposits [8–11]. The high water content

Minerals 2018, 8, 441; doi:10.3390/min8100441 www.mdpi.com/journal/minerals489
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of the magma not only promotes magmatic water reaching saturation earlier [10], but also increases
the partitioning of Au from melt to aqueous volatile phases [12,13]. However, the impacts of water
content and magma oxidation state on Au mineralization are still debated.

The Beiya Au deposit is the largest Cenozoic Au deposit in the Jinshajiang-Ailaoshan porphyry
metallogenic belt [14,15], with proven Au reserves of more than 377 t, and by-products of Cu, Fe, Ag, Pb,
and Zn [16]. Numerous studies have documented the petrography, chronology, geochemistry, and fluid
inclusions of the porphyry intrusion from the Beiya Au deposit [17–19]. These studies have revealed
that the monzogranite porphyry is directly related to skarn formation and mineralization [17,18].
The ore-forming monzogranite porphyry at Wandongshan is water-rich [13,19] and has a high oxidation
state [20,21]. However, systematic studies on the relationship of water content and oxidation state
on Au mineralization at Beiya are lacking. Comparing the water content and oxidation state of
the mineralized and barren porphyries in the Beiya Au deposit is important for understanding the
importance of water content and oxidation state for Beiya porphyry-style Au mineralization.

Both the monzogranite porphyries at Wandongshan and Bailiancun contain amphibole
phenocrysts [22], even though the Wandongshan is considered to be of economic importance
and the Bailiancun is barren [22–24]. Thus, we choose the Wandongshan and Bailiancun as the
focus of our study. We investigated the mineralogical and geochemical characteristics of the
amphiboles and zircons from the Wandongshan and Bailiancun monzogranite porphyries. In order
to determine the relationship of f O2 and water content on Au mineralization, we compared the
water content and oxidation state of the mineralized Wandongshan ore-bearing and Bailiancun barren
monzogranite porphyries.

2. Geological Setting

The Sanjiang (Nujiang-Lancangjiang-Jinshajiang) region is an important part of the Tethys tectonic
domain, located in Southwestern China [25,26]. The Jinshajiang-Ailaoshan suture zone is located
in the eastern Himalaya-Tibetan plateau of the Tethyan domain and is bounded by the western
Yangtze Craton to the southeast (Figure 1). The regional tectonic evolution includes subduction of the
Paleo-Tethyan oceanic slab, and magmatic arc formation followed by arc-continent collision during
the Paleozoic-Mesozoic era, and then Indo-Asian continental collision during the Cenozoic [27,28].
The collision between the Indo and Asian continents have caused more than 300 km of strike-slip
movement along the Ailaoshan-Red River shear zone since the Paleocene [29,30]. As a consequence of
this strike-slip, lithospheric-scale extension has occurred, causing a set of secondary NNW-trending
strike-slip faults and folds, and the emplacement of numerous alkali-rich intrusions along the
Jinshajiang suture zone [31–33]. These intrusions form a 2000-km-long and 50- to 80-km-wide alkaline
magmatic belt, and are associated with several important porphyry and skarn polymetallic (Cu, Au,
Mo, Zn, Pb, and Ag) deposits [34,35] in the Jinshajiang-Ailaoshan metallogenic belt (Figure 1b) [7],
from north to south: the Yulong Cu, the Beiya Au, the Machangqing Cu-Mo-Au, the Yao’an Au,
the Habo Cu-Mo-Au, and the Tongchang Cu-Mo deposits.

The Beiya Au deposit is located in the center of the Jinshajiang-Ailaoshan magmatic belt
(Figure 1a), which covers an area of ~800 km2 and is distributed along the limbs of the N–S
trending Beiya syncline [16]. The Beiya Au deposit consists of two zones [22,23], with the Bijiashan
(BJS), Weiganpo (WGP), and Guogaishan (GGS) ore districts to the east, the Wandongshan (WDS),
Hongnitang (HNT), and Jingouba (JGB) ore zones to the west, and the Bailiancun (BLC) occur around
the periphery of the Beiya Au deposit (Figure 2). The formation hosting the Wandongshan district
are dominated by Permian basalt, Triassic sandstone and limestone, with Quaternary alluvial cover,
while the strata hosting the Bailiancun district are mainly Permian basalt and Quaternary alluvial
cover. There are abundant Tertiary alkaline porphyry intrusions distributed in the Wandongshan and
Bailiancun districts. The Tertiary alkaline porphyry intrusions include monzogranite porphyries,
biotite monzogranite porphyries, and lamprophyres (Figure 2a). The monzogranite porphyries
represent the volumetrically most important igneous rock and are genetically related to the
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mineralization both at Wandongshan and Bailiancun districts [15,25]. Though the monzogranite
porphyries at Wandongshan and Bailiancun districts have similar zircon U-Pb ages (36.2 ± 0.6 Ma and
36.1 ± 0.15 Ma, respectively) [15,17] and the same magma source [22], their mineralization types are
different. The Wandongshan monzogranite porphyries form economical porphyry-skarn Fe-Cu-Au
mineralization [22–24], while the Bailiancun monzogranite porphyries form hydrothermal Pb-Zn
veins [22].
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Figure 2. Geology of the Beiya Au deposit (a) and representative crosssection of Wandongshan district
showing the location of the skarn ore body (b) [23]. WDS: Wandongshan district; HNT: Hongnitang
district; JGB: Jin’gouba district; WGP: Weiganpo district; GGS: Guogaishan district; BJS: Bijiashan
district; BLC: Bailiancun district.

3. Petrography of Alkaline Intrusions

3.1. The Wandongshan Monzogranite Porphyry

The Wandongshan monzogranite porphyry intrusion has a gray-white color and porphyritic
textures. Phenocrysts form about 50 vol % of the rock, and include K-feldspar, plagioclase, quartz,
biotite, and minor amphiboles (Table 1). The K-feldspar phenocrysts make up about 5–15 vol % and
usually have euhedral to subhedral shapes that range in size from 0.2 to 0.5 mm, with occasional
Carlsbad twinning (Figure 3a). The plagioclase phenocrysts (1–5 mm) are mostly euhedral in shape,
showing tabular biotite inclusions (Figure 3c). The quartz phenocrysts are irregular, with a circular
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shape. The amphibole phenocrysts are mostly euhedral, usually measuring 0.4 mm in size (Figure 3b).
The groundmass comprises fine-grained feldspar and quartz. The accessory minerals are apatite,
magnetite, titanite, and zircon. The mineralization is dominated by pyrite and chalcopyrite within
quartz veins, as well as disseminated in the monzogranite.

Table 1. Petrography of the monzogranite porphyry from the Wandongshan and Bailiancun
ore districts.

Ore Deposits Rock Type Phenocrysts Groundmass Accessory

Wandongshan Monzogranite porphyry Kfs + Qtz + Pl + Bt + Amp Pl + Qtz Ap + Zrc + Ttn + Mag
Bailiancun Monzogranite porphyry Qtz + Kfs + Pl + Amp Kfs + Qtz + Amp Ap + Zrc

Qtz: quartz; Kfs: K-feldspar; Pl: plagioclase; Bt: biotite; Amp: amphibole; Ap: apatite; Zrc: zircon; Ttn: titanite;
Mag: magnetite.
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Figure 3. Photomicrographs of the monzogranite porphyries at the Wandongshan and Bailiancun
districtdistricts. (a) The monzogranite porphyries at the Wandongshan deposit; cross-polarized
light; (b) Plagioclase and amphibole phenocrysts of the Wandongshan monzogranite porphyries;
cross-polarized light; (c) Biotite is inside the plagioclase; cross-polarized light; (d) Dioritic enclaves
from Wangdongshan; cross-polarized light [23]; (e,f) are photographs of monzogranite porphyries at
the Bailiancun district; cross-polarized light. Qtz: quartz; Kfs: K-feldspar; Pl: plagioclase; Bt: biotite;
Am: amphibole; Ap: apatite.

3.2. The Bailiancun Monzogranite Porphyry

The monzogranite porphyry intrusion at the Bailiancun deposit is characterized by porphyritic
texture. Phenocrysts consist of K-feldspar, quartz, plagioclase, and amphibole. The groundmass
includes K-feldspar, quartz, and amphiboles (Table 1). The accessory minerals are dominated by
apatite and zircon. The K-feldspar phenocrysts make up about 30 vol % with a euhedral to subhedral
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habitus, and measuring 0.4 mm in size (Figure 3e). The quartz phenocrysts have subrounded circular
shapes. The plagioclase phenocrysts account for 25 vol % and are mostly euhedral. The amphibole
phenocrysts are small (0.3 mm), with euhedral shapes (Figure 3f).

4. Analytical Methods and Results

4.1. Analytical Methods

Electron microprobe analysis was conducted on amphiboles using a JEOL JXA-8800 Superprobe
at the Institute of Mineral Resources, Chinese Academy of Geological Sciences. The microprobe
was operated at an accelerating voltage of 15 kV, a beam current of 20 nA, and a beam size of 5 µm.
Matrix corrections were performed using the ZAF correction program supplied by the instrument
manufacturer. Chemical compositions of amphiboles can be used to evaluate the physicochemical
conditions (e.g., pressure, temperature, f O2, and water content) of the parental magma from which the
amphibole crystallized [25,36,37].

Zircon trace elements were determined by laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) at the Key Laboratory of Crust-Mantle Materials and Environments,
Chinese Academy of Sciences (CAS), Hefei. The LA-ICP-MS analyses used a Finnigan Neptune
MC-IPS-MS with a high-performance interface coupled with a New-Wave UP-213nm Nd: YAG UV
laser. The diameter of the laser ablation pit was 45 µm and the mean power output was 4 W. Signal and
background measuring durations were about 70 and 40 s, respectively. Further analytical details are
given in Liu et al. [38]. Zircon is a widespread accessory mineral that retains its primary chemical and
isotope compositions from the time of crystallization [39], which means that the magma oxygen state
during crystallization can be recorded by the zircon composition. Zircon solubility is mainly controlled
by the temperature and major oxide concentrations of the magma [40]. Titanium exists as Zr4+ and
Si4+ isotopes, so the Ti content are controlled by the temperature of the zircon crystallization [41–43].
This study uses the Ti content of the zircon crystals in zircon-saturated melts to estimate the temperature
of the melt (log(Ti) = 6.01 ± 0.03 − (5080 ± 30)/T(K)) [42].

4.2. Mineral Chemistry

4.2.1. Amphibole Compositions

Major element compositions and chemistry of amphibole from the monzogranite porphyry at
Wandongshan and Bailiancun districts are reported in Supplementary Materials, Table S1.

The amphiboles from the Wandongshan ore deposit are characterized by high Mg (MgO =
12.46–14.58 wt %), high Ca (CaO = 10.50–12.31 wt %), high Fe (FeO = 13.61–16.29 wt %), but low
K (K2O = 0.33–0.94 wt %) and Na (Na2O = 0.55–2.18 wt %) content (Table S1). Compared to the
Wandongshan amphiboles, the Bailiancun amphiboles are characterized by lower content of Mg (MgO
= 9.57–9.90 wt %) and Ca (CaO = 9.54–10.85 wt %), higher content of Fe (FeO = 20.20–21.16 wt %)
and K (K2O = 1.22–1.44 wt %). The amphiboles from the Wandongshan porphyry are all edenites
(Figure 4a) with high Mg/(Mg + Fe2+) ratios (0.67–0.79) based on the classification of Leake et al. [41],
whereas the amphiboles from the Bailiancun porphyry are all silicic edenites with low Mg/(Mg + Fe2+)
ratios (0.50–0.52; Table S1).

The emplacement pressure of the parental magma at Wandongshan and Bailiancun can be
estimated using the Al-in-amphibole geobarometer [25,36]. These results show that the emplacement
pressures of Wandongshan porphyries range from 31.5 MPa to 68.6 MPa, which corresponds to
a paleodepth of 1.2–2.4 km (average 1.8 km) under lithostatic pressure (Table 2) [36]. In contrast,
the emplacement pressures of Bailiancun porphyries are significantly higher (142.3–192.8 MPa),
which corresponds to a deeper paleodepth of 5.4–7.3 km (average 6.7 km). Furthermore,
water content are directly measure by the component of Wandongshan amphiboles (H2Omelt = 5.215[6]

Al* + 12.28) [25]. These results show that the water content of the Wandongshan parent magma exhibit
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a wider range of 3.05 ± 0.4 wt % to 4.11 ± 0.4 wt %, whereas those of the Bailiancun parent magma
have a tight range of 3.46 ± 0.52 wt % to 3.91 ± 0.4 wt % (Table 2, Figure 4b). Moreover, the amphibole
composition is affected by the oxidation state of its parental melt, thus they allow the direct analysis of
the oxygen state of their parental magmas [25]. The oxidation state deduced from amphiboles of the
Wandongshan porphyry range from ∆NNO + 1.00 to ∆NNO + 1.89 (NNO is the nickel-nickel oxide
oxygen buffer), slightly higher than that of the Bailiancun porphyries (∆NNO + 0.39 to ∆NNO + 0.67,
Table S1).Minerals 2018, 8, x FOR PEER REVIEW  7 of 13 
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Figure 4. Composition of amphiboles from the Wandongshan and Bailiancun monzogranite porphyries,
using the nomenclature of Leake et al. [42] (a), and experimentally determined solubilities of H2O in
silicate melts as a function of granitic pegmatite pressure (b) [44]. WDS: Wandongshan; BLC: Bailiancun.

Table 2. The water content and oxidation state of the parental magmas from the Wandongshan and
Bailiancun districts.

Amphibole Phenocryst Zircon

Magmatic Geochemistry Pressure (MPa) Water Content (wt %)
Oxidation State Index

∆NNO ∆FMQ Ce4+/Ce3+ δCe

Wandongshan 31.5~68.6 3.05~4.11 +1.62 +3.5 12.1~144.6 9.25~203.83
Bailiancun 142.3~192.8 3.46~3.91 +0.5 +1.5 11.5~39.4 11.42~53.49

4.2.2. Zircon Trace Element Composition

Zircons from the Wandongshan monzogranite porphyries have ΣREE ranging from 149.0 to
1096.6 ppm, LREE/HREE (Low Rare Earth Elements/Heavy Rare Earth Elements) ratios varying from
0.01–0.15 (averaging 0.06), Ti content of 2.83–48.3 ppm, Ce anomalies varying from 9.25 to 203.83
(averaging 76.11), and Eu anomalies varying from 0.24 to 0.87 (averaging 0.6). However, zircons from
the Bailiancun monzogranite have a lower average LREE/HREE ratio (0.04), average Ce anomaly
(30.98), and higher average Eu anomaly (0.7) (Figure 5d, Table S2).

The zircon Ce4+/Ce3+ ratios (12.1–144.6, averaging 62.00) of the Wandongshan monzogranite
porphyry intrusions are much higher than those of the Bailiancun monzogranite porphyry (11.5–39.4,
averaging 23.15; Figure 5d). Moreover, the average ∆FMQ value of Wandongshan monzogranite
porphyry is ∆FMQ + 3.5, slightly higher than that of the Bailiancun monzogranite porphyry (∆FMQ +
1.5; Figure 5a). In addition, the Ti-in zircon temperatures of the Wandongshan monzogranite porphyry
intrusions yield a wider range of 670.84–988.42 ◦C, averaging 778 ◦C, whereas those of the Beiya
porphyry system exhibit a tight range of 680.17–818.53 ◦C, averaging 770 ◦C (Table 2).
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Figure 5. Magmatic oxidation state of intrusions from the Wandongshan and Bailiancun district,
estimated from zircon. (a) Magma oxidation state of the Wandongshan and Bailiancun porphyries [41];
(b) Zircon logf O2 vs. temperature; (c) linear relations for zircon Ce anomaly vs. 104/T; (d) zircon
Ce4+/Ce3+ vs. δEu [44]. MH: magnetite-hematite buffer curve; NNO: nickel-nickel oxide buffer curve;
FMQ: fayalite-magnetite-quartz buffer curve; IW: iron-wustite.

5. Discussion

As mentioned above, the Wandongshan Au-bearing porphyries and Bailiancun barren porphyries
have different physicochemical conditions (e.g., pressure, temperature, f O2, and water content). It is
widely accepted that high oxidation state (high f O2) and high H2O content are two key factors
responsible for Au mineralization [4,12,13].

5.1. The Water Content of the Parental Magmas

A high magmatic fluid flux ensures the exsolution of an aqueous volatile phase,
which is considered as the sine qua non for magmatic hydrothermal ore-forming systems [2].
Both the Wandongshan and Bailiancun monzogranite porphyries contain amphibole phenocrysts.
The amphibole phenocrysts at Wandongshan and Bailiancun are mostly euhedral in shape, and are
characterized by embayed textures indicative of resorption (Figure 3b,f), suggesting that these
amphiboles crystallized early. The presence of amphibole during the early stages of crystallization
demonstrates that the parental magma at Wandongshan and Bailiancun districts are hydrous melts
(>4 wt % H2O) at elevated pressures [45,46]. Furthermore, the water content of the Wandongshan
parent magma are characterized by a wider range of 3.05 ± 0.4 wt % to 4.11 ± 0.4 wt %, whereas
those of the Bailiancun parent magma have a tight range of 3.46 ± 0.52 wt % to 3.91 ± 0.4 wt %
(Table 2), which further confirmed the parental magma at Wandongshan and Bailiancun districts are
relatively water-rich.

The emplacement pressure of the parental magma at Wandongshan and Bailiancun can be
estimated using the Al-in-amphibole geobarometer [25,36]. These results show that the emplacement
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pressures of Wandongshan porphyries range from 31.5 MPa to 68.6 MPa, but those of Bailiancun
porphyries are significantly higher, ranging from 142.3 MPa to 192.8 MPa (Table 2). The solubility of
H2O in silicate magmas is mainly controlled by pressure and to a lesser extent by temperature [45].
The Wandongshan parent magma could reach water saturation at 31.5–70.9 MPa if they contain ~2.5%
H2O (Figure 4b). By contrast, the Bailiancun parental magma would need more water when they
reach water saturation at 142.3–192.8 MPa. Therefore, it is expected that the Wandongshan parental
magma will achieve water saturation easier, and the fluid exsolution would take place at 1.2–2.4 km,
which consistent with the estimated trapping depth for Stage I S-type inclusions (~2 km depth under
lithostatic conditions) [17].

5.2. Magmatic Oxidation State

The log(f O2) vs. T and Ce anomaly vs. 1/T diagrams are divided into several oxygen fugacity
fields by curves, which can be used to estimate the oxidation state of the magma. The data points of the
Wandongshan monzogranite porphyry are mainly plotted within the field between magnetite-hematite
buffer curve (MH) and fayalite-magnetite-quartz buffer curve (FMQ), while the f O2 of the intrusions
from the Bailiancun area are lower than those of the Wandongshan porphyries (Figure 5b,c). This result
confirms that the porphyries from the Wandongshan district are more oxidized than those the
porphyries from the Bailiancun district.

Furthermore, direct measurement of f O2 also implies that the Wandongshan porphyries are more
oxidized, the f O2 deduced from amphibole chemistry of the Wandongshan porphyry range from
∆NNO + 1.00 to ∆NNO + 1.89 (NNO is the nickel-nickel oxide oxygen buffer), slightly higher than
that of the Bailiancun porphyries (∆NNO + 0.39 to ∆NNO + 0.67, Figure 6a). This result is consistent
with the values calculated by zircon chemistry. The estimated f O2 using zircon chemistry for the
Wandongshan porphyry is ∆FMQ + 3.5, slightly higher than that of the Bailiancun monzogranite
porphyry (∆FMQ + 1.5; Figure 5a). Moreover, the Wandongshan monzogranite porphyries have an
average zircon Ce4+/Ce3+ ratio of 62.00 (Table 2), and an average zircon Ce anomaly of 76.11 (Figure 5c),
much higher than those of the Bailiancun monzogranite porphyry (23.15, 30.98, respectively).
Those differences above indicate the formation of Au-bearing porphyries requires elevated f O2.
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Figure 6. Magmatic oxidation state of intrusions in the Wandongshan and Bailiancun districts,
estimated from amphibole compositions. (a) Magma oxidation state (∆NNO) of Wandongshan and
Bailiancun porphyries; (b) magmatic f O2 (logf O2) vs. magmatic temperature. MH: magnetite-hematite
buffer curve; NNO: nickel-nickel oxide buffer curve; FMQ: fayalite-magnetite-quartz buffer curve;
IW: iron-wustite.

5.3. Implications for Au Mineralization

Beiya is one of the largest Au deposits in China, with by-products Cu, Fe, Ag, Pb, and Zn [23–25].
Au and other ore metals were derived from the alkaline melt as documented by Yang et al. [47], and the
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mineralized fluids at Beiya were mainly derived from magmatic water [16,17]. Those indicate that the
Beiya alkaline melt provides ore-forming fluids and metallic elements for the formation of porphyry
Au mineralization [16].

In contrast to Bailiancun porphyry, the Wandongshan porphyries are characterized by higher
water content and higher f O2, but lower emplacement pressure (Table 2, Figure 7). Au solubility
was investigated as a function of f O2 in sulfur-saturated silicate melts [12], indicating Au solubility
in sulfur-free silicate melt increases with increasing of f O2 [48]. In addition, high f O2 favors sulfur
as sulfate dissolved in the evolved magmas and suppresses magmatic sulfide precipitation [4,7],
which can cause sequestration of metals before they partition into the aqueous phase [10]. On the other
hand, a high H2O content and a low pressure results in the Wandongshan parental magma reaching
water saturation easier, because water solubility increases with increasing pressure [44], hence ensuring
exsolution of aqueous volatile phases and the partitioning of Au between sulfides and silicate melt
efficiently [12,49,50]. Therefore, melts that are more enriched in water and with a high oxidation state
will be more fertile to generate Au mineralization.
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depths of the parental magmas at Wandongshan (a) and Bailiancun (b), respectively. Previous studies
show that the parent magma at Wandongshan (a) and Bailiancun (b) districts are derived from the
same magma source [22]. This study reveals that the magma of Wandongshan experienced fluid
saturation at about 1.19–2.68 km, while the magma of Wandongshan experienced fluid saturation
at about 6.48–7.28 km. The water content and magmatic oxidation state of Wandongshan parental
magmas are both higher than those of the Bailiancun parental magmas.

6. Conclusions

Chemical compositions of zircons and amphiboles are used to evaluate the physicochemical
conditions (e.g., pressure, temperature, f O2, and water content) of the parental magma. We found the
water content of the Wandongshan parent magma (≤4.11 ± 0.4 wt %) are slightly higher than those of
the parent magma at Bailiancun (≤3.91 ± 0.4 wt %). Furthermore, the f O2 deduced from amphibole
chemistry of the Wandongshan porphyry range from ∆NNO + 1.00 to ∆NNO + 1.89, slightly higher
than that of the Bailiancun porphyries (∆NNO + 0.39 to ∆NNO + 0.67). This result is consistent with
the values calculated by zircon chemistry. The Wandongshan porphyry has higher zircon Ce4+/Ce3+

ratio (average of 62) and high f O2 value (average of ∆FMQ = +3.5) than those of Bailiancun porphyry
(average of Ce4+/Ce3+ = 23.15; ∆FMQ = +1.5). Obviously, the Wandongshan ore-related porphyry has
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higher water content and more oxidized than the Bailiancun barren porphyry. Therefore melts that
are more enriched in water and with a high oxidation state will be more fertile to form an economic
hydrothermal system especially when emplaced at shallow levels.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/8/10/
441/s1, Table S1: The compositions of amphiboles from the monzogranite porphyries at Wandongshan and
Bailiancun, respectively, Table S2: The Zircon trace elements in the monzogranite porphyry from Wandongshan
and Bailiancun districts.
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Abstract: Widespread, large-scale polymetallic W–Sn mineralization occurs throughout the Nanling
Range (South China) dated 160–150 Ma, and related to widely developed coeval granitic magmatism.
Although intense research has been carried out on these deposits, the relative contribution of ore-forming
elements either from granites or from surrounding strata is still debated. In addition, the factors
controlling the primary metallogenic element in any given skarn deposit (e.g., W-dominated
or Sn-dominated) are still unclear. Here, we select three of the most significant skarn-deposits
(i.e., Huangshaping W–Mo–Sn, Shizhuyuan W–Sn–Mo–Bi and Xianghualing Sn), and compare their
whole-rock geochemistry with the composition of associated granites and strata. The contents of
Si, Al and most trace elements in skarns are controlled by the parent granite, whereas their Fe,
Ca, Mg, Mn, Ti, Sr and REE patterns are strongly influenced by the wall rock. Samples from the
Huangshaping skarn vary substantially in elemental composition, probably indicating their varied
protoliths. Strata at the Shizhuyuan deposit exerted a strong control during metasomatism, whereas
this occurred to a lesser degree at Huangshaping and Xianghualing. This correlates with increasing
magma differentiation and increasing reduction state of granitic magmas, which along with the
degree of stratigraphic fluid circulation, exert the primary control on dominant metallogenic species.
We propose that wall rock sediments played an important role in the formation of W–Sn polymetallic
mineralization in South China.

Keywords: W–Sn skarn; whole-rock geochemistry; Huangshaping; Shizhuyuan; Xianghualing

1. Introduction

Most skarn deposits are formed by the interaction between shallow magmatic systems and
carbonate rocks [1–4]. Since the 1990s, the trace element (and particularly rare earth element; REE)
characteristics of skarn-associated plutons and their constituent minerals have been the focus of much
research given that these signatures reveal much about deposit genesis [5–10]. Major and accessory
mineral phases in skarns (such as garnet and scheelite) inherit their REE patterns from magmatic
fluids and they control the REE signatures of the host skarn [11]. However, Giuliani et al. [12] propose
that strong REE variations in skarns, characterized by a pronounced negative Eu anomaly and low
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La/Yb ratios, result from the interaction between scheelite and the surrounding metamorphic rocks.
In addition, REE signatures are affected by the distance of the skarn from the related intrusive body,
with REE concentrating in skarns during prograde alteration and migrating outward of the skarns
during retrograde alteration [13]. Furthermore, Alirezaei et al. [8] note that skarns vary in texture from
massive to banded and that textural contrast is reflected in their whole rock composition: Fe, Si and
S are significantly enriched, and Na, large ion lithophile elements (LILE) and light REE (LREE) are
strongly depleted in the massive skarns while Na, K, Si, and S are slightly enriched in the banded
skarns. Siesgesmund et al. [14] recently note that LILE (K, Rb, Ba, Sr) and REE are moderately
depleted and high field strength elements (HFSE) are slightly enriched in Cu–Au skarns, relative to the
intrusive rocks. Correlations between major and trace elements in skarns are weak or absent, but skarn
REE patterns can be used as a prospectivity indicator in a metallogenic system [15]. However, it is
still confused whether the chemical composition of ore-related skarns is correlated with the size of
relevant deposit and the primary metallogenic elements enriched in skarns. Determining whether
the composition of skarns can be used to indicate the metal source of skarn-type deposits requires
further research.

The Nanling Range (Figure 1a), located in the central part of South China, represents the largest
W–Sn ore province in the world. More than 30 Mesozoic granite-related skarn-type polymetallic
deposits are distributed across this region, represented by the large Shizhuyuan, Xianghualing,
Huangshaping, Xintianling, Furong, Baoshan and Yaogangxian deposits (Figure 1b) [16–20].
These deposits mainly comprise nonferrous, rare and base metal elements, such as W, Sn, Mo, Bi, Li,
Be, Nb, Ta, Cu, Au, Ag, Pb, Zn, U and REE [20–27]. Given the economic significance of these deposits,
a great deal of research has focused on skarn minerals, including the study of mineralogy, geochemistry,
geochronology, formation temperature and pressure, and fluid and ore associations [28–37]. It is
traditionally believed that extensive Mesozoic magmatism is one of the primary factors responsible for
the formation of coeval polymetallic deposits [9,16,34,38–40], and that ore-forming elements are mainly
derived from parent granitic plutons with minor input from the surrounding strata [11,28,33,34,41–43].
However, the strata contribution to the ore element budget may previously have been underestimated.
Chen et al. [44] propose that ore-forming metals such as W and Sn are extracted from country rocks
by high temperature circulating water and metamorphic fluids released from deep crustal rocks.
In addition, systematic and comprehensive studies comparing the behavior of major and trace elements
in different types of skarn-related bodies (granites and host strata) at the time of ore formation are
lacking. Understanding the behavior of elements during metasomatism, in both the pluton and
wallrock, would elucidate metal sources and enhance current exploration models.

In this paper, the whole rock major and trace element geochemistry of three typical Nanling
Range skarn-type deposits with different primary metal enhancements are studied (Huangshaping
W–Mo–Sn, Shizhuyuan W–Sn–Mo–Bi and Xianghualing Sn deposits). By comparing the chemical
composition of these skarns, the related granites and the sedimentary host rocks, this study aims to
elucidate the controls on the nature of the metals and deposit size and providing new insights into the
genesis of large-scale polymetallic skarn-type deposits in the Nanling Range.
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Figure 1. Regional geological map. (a) Simplified geological sketch map showing the distribution of
Jurassic granitoids in South China (after [24]); (b) Geological sketch map of W–Sn polymetallic deposits
in the central Nanling Range, southern Hunan (modified from [22]).

2. Geological Setting

2.1. Regional Geology

The South China Block comprises by two major terranes: the Yangtze block in the northwest and
the Cathaysia block in the southeast (Figure 1a) [45], amalgamated along the Jiangnan Orogen during
the Neoproterozoic [46–51].

The Nanling Range is in the center of the South China Block (Figure 1a). Geographically, it contains
most of the bordering areas of the Hunan, Jiangxi, Fujian, Guangdong and Guangxi provinces.
Mesozoic (especially Jurassic) granitoids, characterized by calc-alkaline A-type granites, are distributed
throughout the area [39,52,53]. The sedimentary rocks within the Nanling Range can be divided
into three groups: (1) Late Proterozoic basement composed of thick-bedded (metamorphic) detrital
sedimentary rocks that are overlain by (2) Devonian–Triassic carbonate rocks and marls intercalated
with clastic rock and then by (3) Jurassic–Cretaceous detrital and volcanic rocks deposited in rifted
basins [17,54]. The Nanling Range has been affected by multiple episodes of tectonic activity since the
Phanerozoic [55,56]. The structural framework of the Nanling Range was primarily controlled by both
the Tethyan tectonic domain and the Indosinian orogenesis pre-Jurassic, but later overprinted by Pacific
plate tectonism and intracontinental deep structures [57,58]. A three-stage Mesozoic tectonic evolution
is proposed by Shu et al. [59] based on sedimentary basin analysis: (1) Late Triassic–Early Jurassic
post-orogenic stage; (2) Middle Jurassic tectonic rifting stage and (3) Cretaceous intracontinental
extension and faulted-depression stage.

2.2. Deposit Geology

2.2.1. The Huangshaping W–Mo–Sn Polymetallic Skarn Deposit

The Huangshaping deposit, located southwest of Chenzhou City (Figure 1b), is one of the most
important W–Mo–Sn polymetallic skarn deposits in the Hunan province. The outcropping strata in
this area are mainly clastic and carbonate rocks, consisting of the Upper Devonian Shetianqiao and
Xikuangshan Formations and Lower Carboniferous Ceshui, Menggong’ao, Shidengzi and Zimenqiao
Formations, respectively (Figure 2a). Among them, the Shidengzi limestones are the richest host rocks,
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followed by the Ceshui sandstones and shales and the Zimenqiao dolomite. There are several episodes
of magmatic activity in the Huangshaping area between 180 and 150 Ma. Among them, the granite
porphyry, the latest and most evolved intrusive phase, is regarded as the most important metal source
and host rock of the skarns [60–62].

At Huangshaping, the dominant mineralization type hosted by the granite porphyry is W–Mo–Sn
skarn-type ore (WO3 = 0.15 Mt and its grade = 0.2%; Mo = 0.043 Mt and its grade = 0.06%) [24,61,62].
The ore is mainly located between granite porphyry and carbonate rocks and along faults (Figures 3a
and 4a,b). The skarn-forming metasomatism can be further subdivided into two stages in terms of the
mineral assemblages: the early stage prograde skarn contains garnet, diopside and fluorite while the
late stage retrograde skarn is dominated by tremolite and magnetite [35,63].

2.2.2. The Shizhuyuan W–Sn–Mo–Bi Polymetallic Skarn Deposit

The Shizhuyuan deposit is located to the southeast of Chenzhou City (Figure 1b), and is often referred
to as the “nonferrous metal museum” due to the variety of mineralizing elements. The Middle-Upper
Devonian Qiziqiao and Shetianqiao limestones and dolomitic limestones are the most favorable hosts of
metal mineralization at Shizhuyuan (Figure 2b). The formation of the large Shizhuyuan deposit is related
to the emplacement of the Qianlishan granite complex, with significant metal reserves of W (0.71 Mt with
grade of 0.31%), Sn (0.48 Mt with grade of 0.14%), Mo (0.12 Mt with grade of 0.054%) and Bi (0.27 Mt with
grade of 0.11%) (unpublished data from [64]). The Qianlishan complex is characterized by a small outcrop
area (9.7 km2) and multistage magmatic-hydrothermal activity from 158 to 151 Ma [44,65–68]. Three main
episodes of magmatism can be distinguished in chronological order: (1) porphyritic biotite granite;
(2) equigranular biotite granite and (3) granite porphyry [39,67–69]. Among them, the equigranular biotite
granite is believed to have the closest relationship to the skarn-forming metasomatism [28].

The skarn mineralization at Shizhuyuan can be divided into massive-type and vein-type based on
their textures, and vesuvianite-wollastonite skarn (ore-free) and garnet-diopside skarn (ore-bearing)
by mineral assemblages, respectively [25,70,71]. Skarn mineralization can also be divided into two
stages: (1) early stage massive W–Sn–Mo–Bi (Figures 3b and 4c,d); and (2) late stage vein-type
W–Sn–Mo–Bi–Be–Pb–Zn–Ag [70].

2.2.3. The Xianghualing Sn Polymetallic Skarn Deposit

The Xianghualing deposit is located about 60 km from Chenzhou City. The exposed strata
in the Xianghualing area comprise Cambrian to Quarternary sequences, with no Ordovician and
Silurian strata present. The main ore-hosting layers are Cambrian slates and meta-sandstones,
as well as Devonian carbonate rocks of the Qiziqiao and Shetianqiao Formations (Figure 2c). The Sn
mineralization of the Xianghualing deposit is hosted by the Laiziling pluton, with albite granite as its
major rock type [72]. Based on geochronological studies, the crystallization age of the Laiziling granite
is about 155–150 Ma [23,33,39,73,74].

Mainly mineralized by Sn, the skarn orebodies in the Xianghualing deposit are mainly stratiform,
pipe or vein-like, distributed in the contact zone between albite granite and sedimentary rocks
along faults (Figure 3c), or within the formation unconformity. The total metal reserve of Sn is
estimated at 0.76 Mt (unpublished mining data from the local geological survey) and skarn-type
cassiterite-arsenopyrite-pyrrhotite ore is the most economic mineralization (Figure 4e,f).

2.3. Petrology and Mineralogy of Skarns

2.3.1. The Huangshaping Skarn

The Huangshaping skarn is dark green with bronze or brown irregular mineral lumps on the surface,
blastic texture and massive structure, dominated by W–Mo–Sn mineralization (Figure 5a). The skarn can
be divided into garnet skarn and pyroxene skarn, which formed in the proximal and distal portions of
the granite porphyry, respectively. The garnet is mainly grossularite (Figure 5b) and andradite, whereas
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the pyroxene is dominated by hedenbergite. The garnet skarn can be classified into two sub-types: (1)
granite-related type with rufous color, inhomogeneous granularity and dense massive structure; and
(2) exoskarn with coarse-grained texture and dark brown or green color. The latter is associated with
abundant hydrous skarn minerals (e.g., actinolite, vesuvianite and hornblende) [35].
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Figure 4. Field occurrences of ore-related skarns. The Huangshaping deposit: (a) fluorite and W–Mo–Sn
mineralization developed in massive skarn; (b) W–Mo–Sn mineralization located at the contact zone
between limestone and granite. The Shizhuyuan deposit: (c) greisen stockwork interweave within
massive skarn; (d) fluoritization, Bi mineralization and quartz veins in massive skarn. The Xianghualing
deposit: (e) contacting relationship between carbonate rock and skarn; (f) massive skarn mineralized
by galena, sphalerite, pyrite, chalcopyrite and cassiterite.

Minerals 2018, 8, x FOR PEER REVIEW  7 of 20 

 

 

Figure 4. Field occurrences of ore-related skarns. The Huangshaping deposit: (a) fluorite and W–Mo–Sn 

mineralization developed in massive skarn; (b) W–Mo–Sn mineralization located at the contact zone 

between limestone and granite. The Shizhuyuan deposit: (c) greisen stockwork interweave within massive 

skarn; (d) fluoritization, Bi mineralization and quartz veins in massive skarn. The Xianghualing deposit: 

(e) contacting relationship between carbonate rock and skarn; (f) massive skarn mineralized by galena, 

sphalerite, pyrite, chalcopyrite and cassiterite. 

 

Figure 5. Photos of hand specimen and thin sections of skarn samples. The Huangshaping deposit: 

(a) garnet-fluorite skarn, (b) grossularite and fluorite in garnet skarn, (c) scheelite mineralization in garnet 

skarn; The Shizhuyuan deposit: (d) Bi-mineralized skarn, (e) grossularite, chloritoid, quartz and feldspar 

in ore-bearing garnet skarn, (f) grossularite, andradite and fluorite in ore-bearing garnet skarn; The 

Xianghualing deposit: (g) Sn-mineralized skarn ore, (h) zoisite and sericite in skarn, (i) zoisite and tremolite 

in skarn. Adr: andradite; Cld: Chloritoid; Fl: fluorite; Gn: galena; Grs: grossularite; Kfs: K-feldspar; 

Sh: scheelite; Sp: sphalerite; Srt: sericite; Py: pyrite; Q: quartz; Tr: tremolite; Zo: zoisite. 

  

Figure 5. Photos of hand specimen and thin sections of skarn samples. The Huangshaping deposit:
(a) garnet-fluorite skarn, (b) grossularite and fluorite in garnet skarn, (c) scheelite mineralization in
garnet skarn; The Shizhuyuan deposit: (d) Bi-mineralized skarn, (e) grossularite, chloritoid, quartz and
feldspar in ore-bearing garnet skarn, (f) grossularite, andradite and fluorite in ore-bearing garnet skarn;
The Xianghualing deposit: (g) Sn-mineralized skarn ore, (h) zoisite and sericite in skarn, (i) zoisite
and tremolite in skarn. Adr: andradite; Cld: Chloritoid; Fl: fluorite; Gn: galena; Grs: grossularite; Kfs:
K-feldspar; Sh: scheelite; Sp: sphalerite; Srt: sericite; Py: pyrite; Q: quartz; Tr: tremolite; Zo: zoisite.

Besides garnet and pyroxene, other minerals in the Huangshaping skarn include chlorite, calcite,
fluorite, feldspar and quartz. In addition, metal-bearing minerals include scheelite (Figure 5c), molybdenite,
cassiterite, arsenopyrite, pyrite, chalcopyrite, pyrrhotite, magnetite, galena and sphalerite.
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2.3.2. The Shizhuyuan Skarn

The Shizhuyuan skarn is brownish-red to gray-green in color, with granoblastic, granular and
crystalloblastic textures and massive, comb and banded structures (Figure 5d).

The dominant minerals of the Shizhuyuan skarns are garnet, followed by pyroxene, wollastonite
and vesuvianite. Compositionally, pyroxene mainly comprises hedenbergite and diopside, while the
garnet belongs to the grossularite-andradite series. According to the mineral paragenesis, garnets from
the Shizhuyuan skarn can be classified into early and late stages. The early garnet is characterized
by euhedral granular texture whereas the late-stage garnet is a veinlet-type with bright red color and
larger single crystal [75].

Additional skarn minerals are chlorite, epidote, actinolite and hornblende as well as fluorite. Most
metallic minerals are hosted by massive garnet-pyroxene skarns (Figure 5e,f), including scheelite, wolframite,
molybdenite, cassiterite, bismuthinite, pyrite, pyrrhotite, chalcopyrite, magnetite, galena and sphalerite.

2.3.3. The Xianghualing Skarn

The gray to dark green Xianghualing skarn has a granular to crystalloblastic texture and a
massive structure (Figure 5g). The skarn has a variety of mineral assemblages: (1) skarn developed
near the metasomatic contact zone is dominanted by diopside, wollastonite, vesuvianite and zoisite
(Figure 5h) with minor garnet; (2) skarn controlled by fractures or structures is mainly composed of
diopside, actinolite, tremolite (Figure 5i) and vesuvianite; and (3) skarn located at the unconformity
between Devonian and Cambrian strata mainly consists of actinolite, associated with silicification [33].
Ore minerals in the skarn are dominated by cassiterite, followed by pyrite, pyrrhotite, arsenopyrite,
stannite, galena, sphalerite, magnetite and chalcopyrite.

3. Sampling and Analytical Methods

All skarn samples were collected from underground adits or drill cores (Figure 3), and only the
freshest material was analyzed (supplementary materials). From the Huangshaping skarn, samples 7.11–3
and 7.11–14 were collected at Level 96 m, from the west side of the granite porphyry pluton; sample
7.8–4 was collected from Level 20 m; sample 7.14–21 was collected from Level 136 m; and sample 9.23–18
was collected at Level 56 m. All the Shizhuyuan skarn samples (SZY8-4, SZY8-8, SZY8-9, SZY8-10 and
SZY8-11) were collected at Level 490 m, close to the equigranular biotite granite. From the Xianghualing
skarn, samples XHL5-9, XHL5-15, XHL6-9 and XHL6-10 were collected at Level 272 m near the fault F1,
whereas samples XHL6-11 and XHL6-12 were collected at Level 182 m, closely related to the albite granite.

After sampling, each sample was cut for thin sections and the remainder was crushed to >200 mesh
size using an iron pestle and mortar. From the Huangshaping skarn, major element analysis was
conducted at Kyushu University (Fukuoka, Japan), using X-ray fluorescence spectrometry (XRF, Rigaku
RIX 3100, Tokyo, Japan), and the trace elements were determined by inductively coupled plasma mass
spectrometry (ICP-MS, Perkin Elmer Elan 9000, Perkin, Waltham, MA, USA) at the ALS Laboratory
in Vancouver, Canada. The XRF (Panalytical, Almelo, The Netherlands) and ICP-MS (Perkin Elmer
Elan 9000, Perkin, Waltham, MA, USA) analysis of the whole-rock compositions for the Xianghualing
and Shizhuyuan skarns was carried out at the ALS Laboratory in Guangzhou, China. For analysis of
major elements, samples were decomposed by lithium borate fusion, and the major elements were
analyzed by XRF with a determination of loss-on-ignition at 1000 ◦C. The “total” is a combination
of all data. The analytical process for trace element analysis is as follows: A prepared sample was
added to a lithium metaborate/lithium tetraborate flux, mixed well and fused at 1025 ◦C. The melt was
cooled and dissolved in a nitric, hydrochloric and hydrofluoric acid mixture and diluted for ICP-MS to
determine trace element content. Standard sample JG-2 was used to detect the reliability of analytical
results with errors for major elements and most trace elements of about 1–5% and 5–10%, respectively.
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4. Results

Major element compositions of the skarns from the Huangshaping, Shizhuyuan and Xianghualing
deposits are presented in Table S1, and trace element compositions are given in Tables S2–S4. Previously
published geochemical data on these skarns are discussed. The loss-on-ignition (LOI) for most samples
was <10 wt %. The skarns from the three deposits are characterized by variable chemical compositions,
notably for SiO2, Al2O3, total Fe, MgO and CaO. The oxides vary between deposits too, with the
Huangshaping skarn displaying the widest ranges of SiO2 (28.77–87.18%), total Fe (0.98–46.25%),
MgO (0.09–20.07%), CaO (1.33–37.78%), Na2O (0.03–3.95%) and K2O (0.12–6.88%), the Shizhuyuan
skarn showing the most variable MnO contents (0.12–2.46%), the Xianghualing skarn yielding
the widest range of Al2O3 (2.89–21.06%), TiO2 (<0.01–1.11%) and P2O5 (0.01–0.20%), respectively
(Figure 6a–i). When comparing the compositional range of skarns with those of skarn-related granites
and host sedimentary strata, the Huangshaping skarn is characterized by a relatively wide elemental
distribution, with only a few samples plotting around or within the granite range, while other samples
plot close to the range defined by the host strata. By contrast, the Shizhuyuan skarn has a relatively
narrow range of major elements that corresponds most closely to sedimentary strata. In addition,
the SiO2 contents of skarn samples from different deposits show distinct linear trends with other
oxides, such as Al2O3, total Fe, MnO and CaO (Figure 6).
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Figure 6. Correlation plots of skarn oxide compositions, compared to those of granites and strata of the
Huangshaping, Shizhuyuan and Xianghualing deposits. (a) SiO2 vs. Al2O3 diagram; (b) SiO2 vs. FeOT

(Fe2O3
T) diagram; (c) SiO2 vs. MgO diagram; (d) SiO2 vs. MnO diagram; (e) SiO2 vs. CaO diagram;

(f) SiO2 vs. TiO2 diagram; (g) SiO2 vs. Na2O diagram; (h) SiO2 vs. K2O diagram and (i) SiO2 vs.
P2O5 diagram. Colored arrows show correlation trends for skarns (color coded to match data points).
The orange box shows the range of composition of granites from all three deposits. The gray box shows
the composition of the Carboniferous limestone at Huangshaping and Devonian limestone at other
deposits in the Nanling range. No strata analysis was available at the Shizhuyuan and Xianghualing
deposits. Data for the granites are reference from [24,44,68,76]. Data for the strata are from [31,77].
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Likewise, the trace element compositions of all skarn samples are also highly variable
(Figure 7a–i). The Xianghualing skarn has the highest enrichments of LILE such as Ba (10.1–1045 ppm),
Rb (139.5–2440 ppm) and Cs (14.8 to 610 ppm), followed by the Huangshaping and Shizhuyuan
skarns. In addition, Sr is extremely enriched in the Shizhuyuan skarn (20.4–680 ppm), followed by
the Xianghualing (20.1–154 ppm) and Huangshaping (6.8–99.6 ppm) skarns. Regarding the HFSE,
the Huangshaping skarn contains the most variable contents of Nb (0.30–88.2 ppm), Hf (0.2–28.3 ppm)
and Th (0.82–48 ppm), respectively. The Xianghualing skarn has the highest Zr (up to 534 ppm) and U
(up to 90.3 ppm) concentrations, followed by the Shizhuyuan (up to 365 and 36.7 ppm, respectively) and
Huangshaping skarns (up to 130 and 32 ppm, respectively). On primitive mantle-normalized spider
diagrams (Figure 8a–c), the Huangshaping skarn samples are strongly depleted in Ti, but enriched
in Hf, while the Shizhuyuan skarn samples show moderate values for most elements. The weakest
Ba anomaly and most significant U anomalies are recorded in the Xianghualing skarn. By comparing
skarn compositions with the associated granite and sedimentary strata, it can be concluded that the
Huangshaping skarn is most closely related to the granite, whereas the Shizhuyuan skarn seems to be
more similar to regional strata in terms of its trace element composition.
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Figure 7. Correlation plots of trace elements vs. SiO2 in skarns. Colored arrows show correlation
trends for skarns (color coded to match data points). (a) SiO2 vs. Ba diagram; (b) SiO2 vs.Rb diagram;
(c) SiO2 vs. Sr diagram; (d) SiO2 vs. Hf diagram; (e) SiO2 vs. Th diagram; (f) SiO2 vs. Zr diagram;
(g) SiO2 vs. REE diagram; (h) SiO2 vs. La diagram and (i) SiO2 vs. Lu diagram. The orange box shows
the range of composition of granites from all three deposits. The box shows the composition of the
Carboniferous limestone at Huangshaping and Devonian limestone at other deposits in the Nanling
range. No strata analysis was available at the Shizhuyuan and Xianghualing deposits. Data sources for
the granites and strata are the same as in Figure 6.
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reduced, high-K-calc-alkaline, A2-subtype granitoids, formed in an extensional tectonic setting 

[24,33,34,44,63,68]. In addition, the granites are believed to have contributed a large proportion of the 
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Although the parental magmas of the three granitic plutons are highly fractionated, the degree of 

Figure 8. Primitive mantle-normalized trace element diagrams for granites, strata and skarns from
the (a) Huangshaping, (b) Shizhuyuan and (c) Xianghualing deposit. Skarn data are from this
study, and are reference from [25,31]. Strata composition of the Shidengzi Formation Carboniferous
limestone are reference from [31], Devonian mudstone and shale composition are reference from [77].
Granite composition of the Huangshaping granite porphyry are reference from [24], Shizhuyuan
equigranular biotite granite are reference from [44,68], Xianghualing albite granite are reference
from [76]. Normalized values for primitive mantle are from [78].

The rare earth elements (REE) of three skarn samples are characterized by variable total REE
contents and fractionation between LREE and HREE (Figure 9a–c). The Xianghualing skarn samples
have the most variable and highest total REE contents (up to 693.5 ppm), with high La (1.8–104 ppm),
Ce (3.5–245 ppm) (Figure 7g–i) and Yb (0.13–60.2 ppm). The average total REE content of the
Huangshaping and Shizhuyuan skarns is lower. In addition, the fractionation between LREE and HREE
in the Shizhuyuan skarn (highest average (La/Yb)N = 7.7) is stronger than that at the Huangshaping
and Xianghualing skarns (Figure 9). The negative Eu anomaly in the Xianghualing skarn samples is
the weakest and shows a similar REE pattern to its hosted granite. By contrast, the Huangshaping
skarn samples have the largest Eu anomalies, which are also similar to its parent granite (Figure 9a).
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5. Discussion

5.1. Magma Differentiation and Metasomatism

The skarns at the Huangshaping, Shizhuyuan and Xianghualing deposits are located at the contact
zones between granitic intrusions and strata (mainly carbonate rocks) (Figures 2–4). This reflects the
undisputed role of granites in the formation of skarns. It is important to examine the differences in
magma composition of the skarn-related granites at each deposit and to assess the possible impact on
the respective metal contents.

The skarn-related granites in the three deposits are highly differentiated and can be classified as reduced,
high-K-calc-alkaline, A2-subtype granitoids, formed in an extensional tectonic setting [24,33,34,44,63,68].
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In addition, the granites are believed to have contributed a large proportion of the volatile components
(especially fluorine, [24,25,36,42,44,62,68,72]) and ore-forming elements [16,40,47,52]. Although the parental
magmas of the three granitic plutons are highly fractionated, the degree of differentiation, which can be
inferred from whole-rock element compositions, could vary between the plutons. In general, the Rb
content will increase with increasing degree of differentiation, whereas Ba and Sr are usually enriched
in the early stage during magmatic evolution without an obvious variation of K. This means that
K/Rb and Rb/Sr ratios can be used to evaluate the degree of fractionation of the magmas [24,79,80].
The Xianghualing granite has the lowest K/Rb ratio (mean = 22), but the highest Rb/Sr ratio
(mean = 146.9), indicating that it is the most differentiated (Table S5, [81]). Moreover, the Laiziling
pluton (i.e., the Xianghualing granite) can be divided into several magmatic-hydrothermal zones from
the base to the top [73], also suggesting strong crystal fractionation. On the other hand, previous
studies reveal that the Huangshaping granite porphyry is coarse-grained and porphyritic in texture,
and crystallized over an extended period (~10 Myr; [82]) and at a high crystallization temperatures
(~915 ◦C; [34]). This contrasts with the relatively low crystallization temperatures (680–725 ◦C) for
both the Shizhuyuan and Xianghualing granite which have a hypidiomorphic granular texture [33,68].
In summary, the Xianghualing granite appears to exhibit the strongest degree of magma differentiation,
followed by the Huangshaping granite and finally, the Shizhuyuan granite.

By comparing the compositions of the skarns with the composition of the associated granites
and sedimentary strata, it is evident that the Huangshaping skarn, which can be classified as a
siliceous skarn, has the most variable elemental composition, and one that shows affinities to both the
granite and strata compositions (Figures 6 and 7), probably indicating varied protoliths of the skarn
components. The average content of Si in the Huangshaping skarn is much higher than those in other
skarns. This may imply that Si was sourced from the highly evolved granite in this deposit. Due to the
very low abundances of both Si and Al in the host strata (Table S6), the migration or exchange of these
two elements between two end members (granites and strata) is probably mainly controlled by fluids
derived from the granites. Both the Shizhuyuan and Xianghualing skarns exhibit positive correlations
between Al, Mn and Ca oxides and SiO2, whereas the Huangshaping skarns show two opposite trends
(see arrows in Figure 6a,d,e), indicating contributions from both the granites and strata. The negative
correlation between SiO2 and CaO in the Shizhuyuan and Xianghualing skarns can be attributed to
their protolith properties (carbonate rocks). Highly differentiated magma-related fluids may provide
strong exchange capacity and thus mobilize these major elements.

The average Al2O3 content in the skarns show a decreasing trend from Xianghualing
(average = 13.62%) to Shizhuyuan (average = 8.80%) and then to Huangshaping (average = 4.54%),
which is inconsistent with other oxides. This may indicate that the Xianghualing skarn inherited most
of its metal elements from the granite. By contrast, this effect is less pronounced at the Huangshaping
and Shizhuyuan skarns, respectively. It is also reasonable to speculate that the activity of Al was
suppressed by the gradual enrichment of Fe during metasomatism (Table S5). This is evidenced by
the gradation of garnet types from grossular to almandine with increasing metasomatism, and the
dominant pyroxene composition being hedenbergite [35].

Trace element contents may also reflect variations in the granite composition of the studied skarns.
Some trace elements, such as Ba, Rb, Cr, Cs, V, Ga and most REEs, are enriched in skarns and in the
associated granites, especially in the Xianghualing samples (Table S6). This implies the dominant
control of granites on these elements during metasomatism. Although the average contents of other
trace elements (such as Nb, Y, Zr, Th and U) in skarns are lower than those of granites, their maximum
values are comparable to as those in granites. This further suggests that granites influenced the
enrichment of those trace elements in the skarns. Moreover, consistent linear trends for these skarns
can be observed on the Zr vs. Hf, Ba vs. Sr, Zr vs. Ti and U vs. Th diagrams (Figure 10), probably
indicating that these elements may actived in pairs during metasomatism, aided by the intrusion of
granites. In addition, the two distinct and contrasting trends of the Huangshaping skarn on the Zr vs.
Ti diagram (green arrows, Figure 10c) indicates at least two types of skarns in this area.
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Figure 10. Correlation of trace elements in skarns, illustrating the geochemical behavior of typical trace
elements during metasomatism. (a) Zr vs. Hf diagram; (b) Ba vs. Sr diagram; (c) Zr vs. Ti diagram
and (d) Th vs. U diagram. The colored arrows are provided to highlight correlation trends (black
arrow shows overall trend for all skarns, with the green arrow for Huangshaping and blue arrow for
Shizhuyuan). The orange box shows the range of composition of all granites from the three deposits
and the gray box shows the range of composition of the Carboniferous limestone at Huangshaping and
Devonian limestone at other deposits in the Nanling range. Data sources are the same as in Figure 8.

In summary, the Xianghualing skarn composition is most strongly influenced by the parent granite
composition, by contrast, this effect is less pronounced at the Shizhuyuan and Huangshaping skarns,
respectively. Major elements such as Si and Al, and most trace elements such as Ba, Rb, Cs, Cr, V, Ga,
Nb, Zr, U and Th in the skarns are dominantly controlled by the composition of the related granites.

5.2. Strata Contribution to Skarns

The sedimentary strata also has an impact on the composition of skarns. The mean total FeO
content of the skarns is 16.26%, 10.86% and 10.02% at Huangshaping, Shizhuyuan and Xianghualing,
respectively (Table S5). These Fe contents can be can be primarily ascribed to stratigraphic fluids
released from host sediments or regional strata, due to the very low contents of Fe in the three related
granites. High contents of CaO (43.62%) and MgO (20.07%) in the skarns may stem from the carbonate
rocks at each deposit, and the similarity of MnO and TiO2 contents in skarns and strata indicate that
such components are dominantly inherited from the local strata (Figure 6d,f).

The Sr contents are relatively high in both the sedimentary strata and skarns (average = 143.3 ppm)
at Shizhuyuan (Table S6), indicating the dominant role of strata in Sr enrichment. The ∑REE content
varies widely within individual skarns, especially at Xianghualing where the ∑REE content ranges from
8.0 to 693.5 ppm, also suggesting the combined control of both granite and strata on its composition
at this site. The ratios of (LREE/HREE)T (6.1 to 8.4) and (La/Yb)N (3.8 to 7.7) in skarns are also in
accordance with the average ratios of the strata. Moreover, the steepness of the REE pattern from
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LREE to HREE at both Shizhuyuan and Xianghualing is more similar to the parent strata than the
corresponding granite on chondrite-normalized REE diagrams (Figure 9), suggesting that the host
strata influenced the REE signatures of the skarns. By contrast, the REE pattern of the Huangshaping
skarn can be classified into two types: (1) one shows a steep REE pattern and significant negative
Eu anomaly, similar to that of the parent granite; and (2) the other shows a shallower REE pattern
and a moderate Eu anomaly, reflecting control by both granite and strata. The REE contents of most
skarns moderately decrease along with increasing SiO2, except for some Huangshaping samples which
show the opposite trend for La and Lu (Figure 7h,i). All of this could imply varied protoliths of the
Huangshaping skarn.

In summary, the REE signatures of the Shizhuyuan and Xianghualing skarns are more strongly
influenced by the sedimentary strata, while the REE signatures at the Huangshaping skarn suggest
influence of both strata and granite. Major elements such as Fe, Mn, Mg and Ca in the skarns are
dominated by the host sedimentary strata, and Sr and REE patterns are mainly inherited from the
surrounding sedimentary rocks.

5.3. Source of Metals and Scales of Skarn Mineralization

As described below, numerous previous studies have focused on the temperature, pressure,
crystallization depth and ore-forming relationships in the skarns at the Huangshaping, Shizhuyuan
and Xianghualing deposits. For the Huangshaping skarn, two crystallization stages (>500 ◦C and
250–476 ◦C, respectively) are distinguished [32]. Homogenization temperatures of fluid inclusions in
the Shizhuyuan skarn minerals range from 350 ◦C to 535 ◦C [28]. Based on the analysis of hessonite
inclusions, the formation temperature of the Xianghualing skarn is estimated to be 430–570 ◦C [29].
Thus, the diagenetic pressures are estimated to be 0.2–0.85 kbar at Huangshaping [32,83], 1.8–3.2 kbar at
Shizhuyuan [30] and 0.2–1.0 kbar at Xianghualing [29], corresponding to the formation depth of skarns
and related mineralization at 0.7–3.0 km for Huangshaping, 5.4–12 km for Shizhuyuan, and 0.7–3.5 km
for Xianghualing. In summary, the Shizhuyuan skarns formed under the highest temperatures and
pressures and the deepest formation depth, consistent with most W skarns (formation depth of
5–20 km; [84]. Consequently, it can be inferred that the precipitation of multiple metals (especially
W) in the Shizhuyuan area occurred in a deep, high-pressure setting, in which magma differentiation
was largely suppressed. By contrast, local strata composition strongly influenced skarn formation
and mineralization.

Skarn mineralization in the Nanling Range can be divided into three types in terms of dominant
mineralization element: (1) the Huangshaping W–Mo–Sn; (2) Shizhuyuan W–Sn–Mo–Bi; and (3) the
Xianghualing Sn. The W skarns are closely related to calc-alkaline plutons and can be further divided
into reduced and oxidized types [4]. The reduced type W skarns are composed of hedenbergite,
grandite garnet and low-molybdenum scheelite in the early stages. During the later stages, garnet is
subcalcic, and dominated by spessartine and almandine. Moreover, enrichment of W is likely to be
favored by reduced environments and under more reduced conditions, there is strong affinity between
W and Sn [85]. The Sn skarn is closely related to high-silica magma under reducing conditions [4].
For the W–Mo–Cu assemblage, a reducing environment with high fluorine is favored. Therefore, it can
be concluded that reducing environments were dominated in the skarn mineralization in the Nanling
Range, with an increasing reduction states from the Xianghualing Sn to the Huangshaping W–Mo–Sn
and then to the Shizhuyuan W–Sn–Mo–Bi deposit. The abundant Bi contents in the Shizhuyuan skarn
may be attributed to the strong influence of the sedimentary wall rocks at Shizhuyuan.

As discussed above, the Xianghualing and Huangshaping skarns have a greater affinity to their
strongly differentiated parent granites, compared to the Shizhuyuan skarn which has strong affinities
to the host sediments. The Xianghualing granite is the most evolved, enriching in most trace elements
(e.g., Ba, Rb, Cr, Cs, V, Ga and most REEs), and its related skarn is also the richest. However, Sn
is the only ore-forming element at Xianghualing and metal reserves are relatively low compared to
the W–Mo–Sn skarn at Huangshaping. Compared to the Xianghualing and Huangshaping skarns,
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the Shizhuyuan skarn is characterized by the largest ore-forming scale, most varied mineral species
and smallest pluton size (~10 km2). It is interesting that such a small pluton contributed to the
formation of a giant polymetallic deposit. There are many similarities between these three deposits,
such as well-developed structures and multiphase magmatic-hydrothermal activity. We suggest that
strongly evolved granites (e.g., the Xianghualing granite) may be less favorable for the development of
mineralization, hence, resulting in a relatively small size of deposits. By contrast, less differentiated,
smaller plutons formed at greater depths (e.g., the Shizhuyuan granite) may favor the formation of
mineralized skarns where substantial amount of ore-forming metals stems from host sedimentary
strata. The sedimentary rocks at Shizhuyuan have high concentrations of metals (average W contents
of 5–6 ppm and average Sn contents of 2–8 ppm) [86], and the hot environment resulting from
deep magmatic activity probably creating suitable conditions for widespread fluid convection in the
sedimentary strata as well as strong water-rock interaction [70]. Although the abundance of ore metals
in the strata could be lower than in the granite, fluid circulation through a large volume of strata
may concentrate these elements more effectively than a limited volume of granite. The Shizhuyuan
deposit was less influenced by granite-derived fluids due to the relatively low degree of differentiation
of the magma; however, continuous magmatic activity and an extended hot environment likely
accounted for the prolonged circulation of stratigraphic fluids. These fluids carried ore-forming
elements through fractures widely developed in the deposit area, constantly assimilating ore-forming
material from surrounding strata, and eventually forming the giant Shizhuyuan skarn deposits
(Figure 11). By contrast, the Xianghualing granite experienced the strongest degree of magmatic
differentiation, resulting in relatively low abundance and a single element (Sn) skarn mineralization
with a minor contribution from the strata. The metasomatism and mineralization at Xianghualing has
more affinities with local magmatism. At Huangshaping deposit, both granite and strata may equally
have contributed in forming the W–Mo–Sn mineralization (Figure 11).
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Figure 11. A genetic model for W–Sn polymetallic skarn deposits in the Nanling Range, South China,
showing relative material contributions from granite and strata, respectively.

6. Conclusions

(1) Concentrations of Si, Al and most trace elements (e.g., Ba, Rb, Cs, Cr, V, Ga, Nb, Zr, U and Th) in
ore-related skarns controlled by related granites but FeO, CaO, MgO, MnO, TiO2, Sr and REE
signatures in most skarns are significantly controlled by the composition of the host sediments.
The composition of strata plays a crucial role in the enrichment of polymetallic elements, scale
and metallogenic ore species of the W–Sn skarn mineralization in South China.
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(2) The formation of the Shizhuyuan W–Sn–Mo–Bi polymetallic skarn deposit is strongly controlled
by strata during metasomatism. The Xianghualing Sn skarn is controlled by the granite
composition. Granite and strata may have contributed almost equally to the Huangshaping
W–Mo–Sn deposit, however.
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s1, Table S1: Major element compositions of skarns from the Huangshaping, Shizhuyuan and Xianghualing
deposit (%), Table S2: Trace element compositions of skarns in the Huangshaping deposit (ppm), Table S3: Trace
element compositions of skarns in the Shizhuyuan deposit (ppm), Table S4: Trace element compositions of
skarns in the Xianghualing deposit (ppm), Table S5: Minimum, maximum and average values of trace element
compositions in skarns, granites and strata (ppm), Table S6: Minimum, maximum and average values of major
element compositions in skarns, granites and strata (%).
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