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Abstract: The Sanshandao Au deposit is located in the famous Sanshandao metallogenic belt, Jiaodong area. To 

date, accumulative Au resources of 1000 t have been identified from the belt. Sanshandao is a world-class gold 

deposit with Au mineralization hosted in Early Cretaceous Guojialing-type granites. Thus, studies on the genesis 

and ore-forming element sources of the Sanshandao Au deposit are crucial. He and Ar isotopic analyses of fluid 

inclusions from pyrite (the carrier of Au) indicate that the fluid inclusions have 3He/4He=0.043–0.21 Ra with an 

average of 0.096 Ra and 40Ar/36Ar=488–664 with an average of 570.8. These values represent the initial He and Ar 

isotopic compositions of ore-forming fluids for trapped fluid inclusions. The comparison of H–O isotopic 

characteristics combined with deposit geology and wall rock alteration reveals that the ore-forming fluids of the 

Sanshandao Au deposit show mixed crust–mantle origin characteristics, and they mainly comprise crust-derived 

fluid mixed with minor mantle-derived fluid and meteoric water during the uprising process. The ore-forming 

elements were generally sourced from pre-Cambrian meta-basement rocks formed by Mesozoic reactivation and 

mixed with minor shallow crustal and mantle components.  

 
Key words: Sanshandao Au deposit, He and Ar isotopes, fluid inclusions, crustal fluid, mantle-derived fluid  

 

E-mail: lishoujun@126.com 

 
1 Introduction 
 

The Sanshandao Au deposit is located in the famous Sanshandao Au metallogenic belt, Jiaodong 
area, and it is a typical Jiaodong-style Au deposit (Zhai Mingguo et al., 2001; Yang Liqiang et al., 
2014; Song Mingchun et al., 2015a). Sanshandao is a world-class Au deposit with Au mineralization 
hosted in Early Cretaceous Guojialing-type granites, as well as one of the largest Au deposits in the 
giant Jiaodong Au metallogenic province (Deng et al., 2010). In recent years, with the discovery of 
ultra large gold deposits in the northern waters of Sanshandao and the Xiling Au deposit, which are 
controlled by the Sanshandao fault belt, the accumulative Au resources that have been identified in the 
Sanshandao Au metallogenic belt have exceeded 1000 t. The belt plays an important role in the three 
large metallogenic belts of Jiaodong. Therefore, research on the genesis and ore-forming element 
sources of the Sanshandao Au deposit is crucial. However, explanations about the sources of 
ore-forming fluids of Au deposits in the Jiaodong area vary; the possible sources mainly include 
post-magmatic hydrothermal mineralization (An et al., 1988; Yao et al., 1990; Li et al., 1993; Li et al., 
2006), metamorphic hydrothermal mineralization (Shen, 1994; Li et al., 1995), hydrothermal 
reactivation mineralization of deep meteoric water circulation (Zhang, 1989; Yang et al., 1991), and 
mixed crust–mantle-derived fluid mineralization (Deng et al., 2000; Yang et al., 2000; Zhang et al., 
2002; Mao et al., 2005). 

Rare gases, particularly He and Ar, have stable isotopic chemical properties but extremely variable 
isotopic compositions in crust and mantle reservoirs. Research into the rare gases of deposits is a 
hotspot in modern geosciences, and the isotopic composition of rare gases is of great significance to 
uncover the sources, genesis, and evolution of ore-forming fluids. The degree of gas leakage of pyrite 
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is much lower than that of other minerals. Isotopic fractionation induced by dispersion and loss of He 
and Ar from fluid inclusions and epigenetic superimposition of He and Ar can be neglected (Hu et al., 
1999). Through He and Ar isotopic analyses of fluid inclusions in pyrite and comparison of H and O 
isotopes of quartz grains, the sources and evolution of ore-forming fluids of the Shanshandao Au 
deposit were analyzed. 

 
2 Geologic setting 

 
2.1 Regional geology 

The Sanshandao Au deposit is located in the northwest of Jiaodong Peninsula, near Sanshan Island, 
approximately 20 km NNE of Laizhou City, and geotectonically within the Jiaobei faulted uplift (IV), 
Jiaobei uplift (III), Jiaoliao uplift region (II), and North China Plate (I). Northwestern Jiaodong 
lithologically consists of pre-Cambrian metamorphic rocks and Mesozoic–Cenozoic geological bodies. 
The pre-Cambrian metamorphic rocks comprise the Neoarchean granite–greenstone belt, which is 
composed of dominant TTG gneiss and secondary meta-gabbros, with minor residual enclaves of the 
Neoarchean Jiaodong Group, Mesoarchean Tangjiazhuang Group, and Paleoproterozoic Jingshan and 
Fenzi Groups. The Mesozoic geological bodies principally include Jurassic Linglong-type granites 
(163–155 Ma; zircon U–Pb age; Yang et al., 2012; Ma et al., 2013), Cretaceous Guojialing-type 
gzranites (132–123 Ma; zircon U–Pb age; Wang et al., 2014; Liu et al., 2014), Weideshan-type granites 
(120–113 Ma; zircon U–Pb age; Goss et al., 2010; Li et al., 2012), Laoshan-type granites (115.4–90 
Ma), and acidic and medium-basic dykes. Among the fault systems that control gold deposits in 
northwestern Jiaodong, the NNE–NE trending ore-controlling fault system is the most important one 
and directly controls ultra large and large Au deposits and most medium–small Au deposits within the 
area. The three main ore-controlling faults from west to east are the Sanshandao, Jiaojia, and Zhaoping 
faults. Northwestern Jiaodong is under a tectonic framework constituted by multi-phased, polygenetic 
magmatic activities and predominant NE-trending fault structures. 

Fig. 1 Geological map of northwestern Shandong Peninsula (a) and bedrocks of nearby regions of the Sanshandao 

fault 
1-Quanternary; 2-Cretaceous; 3-Palaeoproterozoic; 4-Cretaceous Weideshan-type granites; 5-Cretaceous Guojialing-type granites; 

6-Jurassic Linglong-type granites; 7-Archean TTG (including meta-gabbro enclaves); 8-Measured and inferred fault; 9-Ultralarge, 

large/medium–small Au deposit; 10-Au ore body 

 

2.2 Deposit geology 
Accumulative Au reserves of 200 t have been identified from the Sanshandao Au deposit. Currently, 

52 t of Au reserves have been mined, and the annual production is approximately 8 t (data sourced from 
Shandong Gold Group Co., Ltd.). The deposit is controlled by the Sanshandao fault, which is located in 
the west end of the Jiaodong Au cluster area. The fault is merely outcropped at the surface locally and 
mostly covered by Quaternary sediments. The fault extends from Sanshandao Town southwestwards to 
Panjiawuzi, with two ends extending into the Bohai Sea. The southwestern end of the fault is 
outcropped again at Furong Island after extending into sea. The fault has an outcropped length of 12 
km and a width of 50–200 m in the land, and it occurs as an ―S‖ shape in plan view. The fault generally 
strikes 40° with local 70–80° and dips to SE at 45–75°. The fault chiefly spreads along contact between 
the Guojialing-type monzonitic granites (data not published) and the Qixia, Huilongkuang Unit banded 
biotite tonalitic gneiss (including meta-gabbro enclaves). It is lithologically composed of mylonite, 
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cataclasite, and cataclastic rocks; has a continuous, stable major fracture surface; and shows 
compressoshear signature. 

Previous scholars used mineralization characteristics to divide gold deposits in northwestern 
Shandong Peninsular into fractured-zone altered rock type (Jiaojia type), quartz vein type (Linglong 
type), and transitional type (altered rock type+quartz vein type) (Zhang et al., 1988; Lv and Yang, etc. 
1993; Yang et al., 1996; Hu et al., 1998). Mineralization types within the Sanshandao fault belt are 
divided into fractured-zone altered rock and vein types depending on ore body shape, attitude, and 
occurrence location. On the basis of ore-controlling factors, ore texture–structure and type, and wall 
rock alteration, the fractured-zone altered rock type can be further divided into phyllic rock, silicified 
rock, and potash alteration rock subtypes. Moreover, vein type can be further categorized into silicified 
vein, vein-like phyllic, and quartz–sulfide vein subtypes. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2  Ore characteristics of the Sanshandao Au deposit 

a-Silicified vein ore type; b-Vein-like quartz–sulfide ore type; c-Beresitized cataclasite ore type; d-Beresitized granitic cataclasite ore type  

a b 

 

c d 
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Fig. 3 Combined section of Orebody ①-1 

1-Quaternary; 2-Metagabbro; 3-Monzonitic granite; 4-Beresitized granite; 5-Beresitized granitic cataclasite; 6-Beresitized cataclasite; 

7-Drift; 8-Drillhole; 9-Base point with ID; 10-Ore body with ID 

No. ①-1 is the dominant ore body and occurs as an asymmetric Z-shaped irregular vein, showing 
divergence, convergence, swelling, shrinkage, wedge-out, and reoccurrence. In general, the ore body 
strikes approximately 35° and dips to SE at 34–44°. The ore body thickness is 0.95 at minimum, 12.08 
at maximum, and 6.65 m at average. The thickness variation coefficient is 68.9%, which indicates a 
stable thickness type (the aforementioned values are calculated by the accumulative single-engineering 
thickness of multiple layers). The ore body extends discontinuously along striking or dipping and 
shows wedge-out and reoccurrence characteristics. The single-sample Au grade of the ore body is 
15.40×10

-6
 (ZK48-2) at maximum. The single-engineering Au grade varies from 1.74×10

-6
 to

 
5.65×10

-6
 

with an average of 3.25×10
-6

 and a grade variation coefficient of 70.6%, indicating homogeneous grade 
distribution. 

In this paper, hydrothermal mineralization of the Au deposit is divided into pyrite–quartz–sericite, 
gold–quartz–pyrite, gold–quartz–polymetallic sulide and quartz–calcite stages. 

Pyrite–quartz–sericite stage: is the early stage of gold mineralization and marked by sericite or 

 

 
This article is protected by copyright. All rights reserved. 



 

 

Fig.4 Characteristics of fluid inclusions from the Sanshandao Au Deposit 

a-round and round-like inclusion group in quartz; b-irregular inclusion group in quartz; 

c-elongated inclusions in quartz; d-irregular two-phase inclusions in quartz; e-I-1-type 

inclusions in quartz; f-I-g-type inclusions in quartz; g-II-l-type inclusions in quartz; h-II-g 

-type inclusions in quartz; i-II-2l-type inclusions in quartz; j-IIICO2- type inclusions in 

quartz; k-II-l-type inclusions in quartz; l-II-g- type inclusions in calcite 

quartz–pyrite veins; 2) gold–quartz–pyrite stage: is the major mineralization stage of the area and 
characterized by quartz–pyrite veinlets and stockworks within the phyllic alteration zone or by 
Au-bearing quartz–pyrite veins filled within secondary faults; 3) gold–quartz–polymetallic sulfide 
stage: is a significant mineralization stage and mainly characterized by veinlet-disseminated 
mineralization, filled with veinlets that cut through the quartz–pyrite veins of Stage II, or by 
veinlet-stockworked mineralization within dessiminated ores; 4) gold–quartz–polymetallic sulfide 
stage: is a significant mineralization stage and mainly characterized by veinlet-dessiminated 
mineralization, filled with veinlets that cut through the quartz–pyrite veins of Stage II, or by 
veinlet-disseminated mineralization within dessiminated ores. 

 
2.3 Characteristics of fluid inclusions 

In the Sanshandao Au 
deposit, fluid inclusions are 
mainly hosted in quartz. Quartz 
samples were collected from 
ore veins of variable 
mineralization stages or ore 
types of the same 
mineralization stage. Quartz 
contains many types of fluid 
inclusions. Most of the fluid 
inclusions are colorless and 
transparent, and low amounts 
of inclusions bearing organic 
gases such as carbon are 
brownish black. The fluid 
inclusions are generally regular 
or irregular. Regular inclusions 
are dominated by rounded, 
elliptical, and negative crystals. 
Irregular inclusions are 
dominated by elongated 
banded, crescent, and spoon 
shapes. They are small and 
mostly <10 μm in diameter, 
clustering from 2 μm to 7 μm. 
Several large inclusions have 
diameters of up to 15 μm. Fluid 
inclusions in host minerals of 
variable types and origins show 
obvious size distribution laws. 
Fluid inclusions of the 
Sanshandao Au deposit consist 
of vapor and liquid phases. 
Considering phase 
composition, percentage, and 
the relationship of various 
phases of fluid inclusions at room temperature, fluid inclusions of the deposit area can be divided into 
three types: single-phase (I type), two-phase (II type), and three-phase inclusions (III type). 
Characteristics of the various types of fluid inclusions are shown in Fig.4 and Table 1 (Hu et al., 2000; 
Wang et al., 2015). 
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Table 1 Composition and development characteristics of different fluid inclusions 

 
3 Collection and analytical methods of samples 

 
Five samples were collected from underground works and drillholes of the Sanshandao Au deposit 

for this study, including three from −135 and −390 m levels and two from ore-intersected drillholes. 
Fluid inclusions of pyrite from various ore types of early, major, and late mineralization stages were 
tested. Individual pyrite minerals were separated from Au-bearing ores using the panning method, 
and >500 mg of 40–60 mesh sample was selected to have > 99% of pyrite using a binocular 
microscope (sample selection was accomplished in Langfang Geosciences Exploration Technical 
Service Co., Ltd.). Pyrite He and Ar isotopic analyses were completed at the Lanzhou Research Center 
of Oil and Gas Resources, Institute of Geology and Geophysics, Chinese Academy of Sciences on a 
Noblesse mass spectrometer (produced by Britain Nu). Instrument parameters were as follows: high 
pressure of 7.0 kV and trap electric current of 400 (for Ne, Ar, and Xe) and 500 mA (for He). 

4
He, Ne, 

and Ar were tested using Faraday Cup, whereas 
3
He, Kr, and Xe were tested using an ion counter. 

Clean air collected from the suburbs was used as the standard sample. Air has 
4
He=1.10E-14, an Ar 

content of 0.934%, 
4
He/

20
Ne=0.3185, Ra=

3
He/

4
He=1.400E-06, 

38
Ar/

36
Ar=0.1880, and 

40
Ar/

36
Ar=295.5. 

The LDB03-01-2016 rare-gas isotopic mass spectrometry peak/height ratio method was employed as 
testing basis. More details can be found in the literature (Chunhui Cao et al., 2018). 
 
4 Analytical results 

 
He and Ar isotopic analytical results of fluid inclusions from pyrite of the Sanshandao Au deposit are 

shown in Table 2. 
 

Table 2  He and Ar isotopic compositions of fluid inclusions of pyrite from gold deposits in the Jiaodong 

area 

 

Dep

osit 
Sample ID 

40
Ar/

36

Ar 

3
He/

4
He 

(10
-6
) 

40
Ar×10

-7          

(cm
3
STP/g) 

4
He×10

-7  

(cm
3
STP/g) 

R/Ra 
40

Ar* 

(%) 
F

4
He 

40
Ar*/

4
H

e 

Mantl

e-deri

ved 

He 

(%) 

Data 

sour

ce 

San 

shan

dao 

135M-TW1 664 0.068 17.37 138 0.0484 55.50 31876.3

7 
0.13 0.434

4 This 

stud

y 

 

390-TW1 488 0.169 8.91 33.9 0.1207 39.45 11220.8

6 
0.26 1.357

0 
390-TW2 529 0.296 9.48 21.0 0.2114 44.14 7081.45 0.45 2.513

7 HZK8401T

W3 
562 0.076 15.37 101 0.0543 47.42 22317.7

9 
0.15 0.510

0 HZK8401T

W4 
611 0.061 18.46 142 0.0434 51.64 28392.3

6 
0.13 0.370

7 

Cang

shan 

Csh1 425±2 2.29±0.41 5.7 2.11 1.64 30.47 950.60 0.82 20.67 
Mao 

et 

al., 

200

5 

Csh2 382±1 1.56±0.09 14.21 5.27 1.11 22.64 856.02 0.61 14.03 

Csh5 284±2 1.91±0.28 23.14 1.31 1.36 0.00 97.15 － 17.21 

Csh6 445±1 1.82±0.14 8.66 8.06 1.3 33.60 2502.53 0.36 16.39 

Csh7 357±2 1.45±0.13 16.69 4.88 1.04 17.23 630.72 0.58 13.02 

Jiao 

jia 

JJ-190-2 719±19 2.51±0.38 2.94 2.33 1.79 58.90 3443.02 0.74 22.68 

Mao 

et 

al.,2

005 

JJ-190-10 512±1 3.02±0.47 25.34 9.32 2.16 42.29 1137.84 1.15 27.32 

JJ-190-13 363±4 1.33±0.28 13.61 7.27 0.95 18.60 1171.62 0.35 11.93 

JJ-190-14 516±2 2.86±0.52 5.50 3.22 2.04 42.73 1825.35 0.73 25.87 

Jjia3 350±2 1.06±0.21 6.59 4.12 0.76 15.57 1322.15 0.25 9.47 

Type Sub type Vapor/liquid ratio Composition 
Main development  

stage 

Single phase 

inclusion 

(I type) 

Pure liquid-phase 

inclusion 

(I-l type) 

— Saline solution 
Moderate-late 

mineralization stage 

Pure vapor-phase 

inclusion (I-g type) 
— Vapor CO2+CH4 

Early mineralization 

stage 

Two-phase 

inclusion 

(II type) 

 

Two-phase inclusion 

(II-l type) 
L/(V+L)>50% 

Saline solution, vapor H2O, 

vapor CO2+CH4 

Moderate-late 

mineralization stage 

Two-phase inclusion 

(II-g type) 
V/(V+L)>50% 

Saline solution, vapor H2O, 

vapor CO2+CH4 

Moderate-late 

mineralization stage 

Double liquid-phase 

inclusion (II-2l type) 
LCO2/LH2O+ CO2 5%–20% Saline solution, liquid CO2 

Early-moderate 

mineralization stage 

Three-phase 

inclusion (III 

type) 

CO2 three-phase 

inclusion (III CO2 type) 

VCO2+LCO2/ V+L 

35%–55% 

Saline solution, liquid CO2, 

vapor CO2+CH4 

Early-moderate 

mineralization stage 
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Zhao

dao 

shan 

Zk16-2-2 429 0.056 8.10 36.90 0.0433 31.12 11808.6

6 
0.22 0.33 

Zha

ng, 

201

0 

Zk16-3-1 393 0.504 4.16 5.70 0.36 24.81 3253.69 0.73 4.41 

Zk16-3-5 6946 0.378 2.30 3.23 0.27 95.75 58940.1

8 
0.71 3.26 

Zk80-2-1 794 0.098 2.42 9.29 0.08 62.78 18417.1

7 
0.26 0.71 

Zk120-1-1 1637 0.140 3.10 20.30 0.10 81.95 64771.6

6 
0.15 1.09 

Jin 

qing 

ding 

JQD-KD-2 475 0.651 3.36 3.43 0.47 37.79 2929.88 0.98 5.75 

Che

n, 

201

0 

JQD-785-3 463 3.073 1.05 0.42 2.2 36.18 1119.03 2.50 27.81 

JQD-585-13 728 0.133 2.39 6.41 0.1 59.41 11797.6

0 
0.37 1.03 

JQD-635-01 981 0.160 1.08 4.01 0.12 69.88 22008.5

6 
0.27 1.28 

JQD-B10 1508 0.177 2.2 9.65 0.13 80.40 39967.5

9 
0.23 1.43 

Ying

ge 

zhua

ng 

YGZS115-2 1877 0.052 4.15 101.1 0.04 84.26 276292.

65 
0.04 0.30 

Zho

u, 

201

0 

YGZS115-1

4 
463 0.280 7.38 29.7 0.2 36.18 11258.5

7 
0.25 2.37 

YGZN80-16 690 0.496 12.90 25.6 0.36 57.17 8273.73 0.50 4.34 

YGZS75-2 636 0.525 5.55 12.92 0.38 53.54 8945.99 0.43 4.60 

YGZN80-30 643 0.571 4.73 4.16 0.41 54.04 3417.00 1.14 5.02 

 
5 Discussion 

 
5.1 He and Ar isotopic characteristics 

The pyrites in the samples are mostly semi-automorphic, automorphic and irregular grains. They are 
disseminated in sericite or filled in fissures in vein shape. The main particle size ranges from 0.01 mm 
to 2 mm. Generally, the parts rich in fine pyrite have higher gold grade. It can be divided into early and 
late generations. Early generation pyrite is irregular granular, a small amount of cubic automorphic 
crystals are distributed in quartz, sericite and other minerals. Owing to hydrothermal modification and 
stress in later period, it is often crushed, cracks develop, and metasomatized by late fine pyrite and 
arsenopyrite, or filled with late generation pyrite, presenting crushing structure. Coarse-grained pyrite 
often contains chalcopyrite, pyrrhotite and other minerals, or is intersected by galena and chalcopyrite 
veins in the gold-bearing polymetallic sulfide stage. Late-generation fine-grained pyrite is also veined 
and reticulated with chalcopyrite, galena and arsenopyrite in quartz and early pyrite. 

The fluid inclusions of pyrite analyzed by the institute are dominated by primary inclusions; thus, the 
influence from late-stage diffusion and loss can be excluded. Pyrite samples analyzed by the institute 
were all collected from underground works and drillholes, so the possibility that cosmogenic 

3
He exists 

in fluid inclusions can be ignored. Given that Li-bearing minerals are absent in the area, the influence 
from the epigenetic superimposition of radiogenic 

3
He can be excluded. The analyses show that fluid 

inclusions of pyrite in the samples have F
4
He=7082–28392, which is much higher than 1 (Kendrick et 

al., 2001; Mao et al., 2005); therefore, atmosphere contamination on He in fluid inclusions can be 
disregarded. Inert gases in hydrothermal solution may have four sources: 1) atmospheric saturated 
water, including meteoric water and sea water, and its typical He and Ar isotopic composition is 
3
He/

4
He=1Ra (Ra represents atmospheric He 

3
He/

4
He =1.4×10

-6)
, 

40
Ar/

36
Ar =295.5; 2) mantle-derived 

fluid, with high 
3
He concentration, 

3
He/

4
He clustering from 6 Ra to 9 Ra, and greatly variable 

40Ar/36Ar, generally >40,000; 3) crustal radiogenic He and Ar; the ratio of 
3
He/

4
He typically varies 

from 0.01 Ra to 0.05 Ra, and the ratio of 40Ar/36Ar is also high; and 4) atmospheric He and Ar; as the 
content of He is very low in the atmosphere and insufficient to affect the He isotopic composition of 
crustal fluid. However, it is 
impossible to identify whether 
the fluid is mixed with 
atmospheric Ar (Stuart F M, 
1995).  

Among the five samples, 
fluid inclusions from pyrite have 
3
He/

4
He=0.043–0.21 Ra, with 

an average of 0.096 Ra, slightly 
higher than the value (0.01–0.05 
Ra) of crustal material (Stuart F 
M, 1995; Burnard P G, 1999) 
but obviously lower than that 
(6–9 Ra) of typical mantle 
material (Stuart F M, 1995; 
Burnard P G, 1999). A 

3
He–

4
He 

isotopic evolution diagram (Fig. 
3) shows that He isotopic 
compositions of the ore-forming 

 
Fig. 4 He isotope composition of fluid inclusions in pyrite from the 

Sanshandao gold deposit and the deposits in the Jiaodong area  

(the base map was modified after Mamyrin et al., 1984)  
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fluid plot are within the transitional field from crust to mantle compositions and close to crustal 
composition. The 

3
He/

4
He ratio varies from 10

-6
 to 10

-7
, showing signatures of mixed mantle–crust 

composition. If the ore-forming fluid is a simple binary mixed crust–mantle model, then the 
3
He /

4
He 

ratios can be used to derive the ratio of mantle-derived fluid (Rm)/crustal fluid (Rc) in the fluid. The 
percentage of mantle-derived He can be calculated using the following formula: mantle-derived 
He(%)=[(R-Rc)/(Rm-Rc)]×100, Rc end-member value=2×10

-8
, and Rm end-member value=1.1×10

-5
 (Li 

et al., 2003). The calculation indicates that fluid inclusions in pyrite of the Sanshandao Au deposit have 
mantle-derived He between 0.37% and 2.51% with an average of 1.04%, implying that He of the Au 
ore-forming fluids was mainly sourced from crustal He, with low amounts of mantle-derived He. Fluid 
inclusions in pyrite from the Zhaodaoshan Au deposit (quartz vein type) have 

3
He/

4
He=0.04–0.36 R/Ra, 

with an average of 0.17 R/Ra, between crustal He and mantle-derived He. The percentage of 
mantle-derived fluid involved in mineralization varies from 0.33% to 4.41%, and that of crust-derived 
fluid is predominant (Zhang, 2010). Fluid inclusions in pyrite from the Jinqingding Au deposit (quartz 
vein type) have 

3
He/

4
He=0.1–2.2 R/Ra, with an average of 0.60 R/Ra, between crust-derived He and 

mantle-derived He. Mantle-derived He in the fluid inclusions of pyrite accounts for 1.03%–27.81%, 
which is consistent with the results of the study(Mao et al., 2008). 

The fluid inclusions in pyrite have 
40

Ar/
36

Ar=488–664, with an average of 570.8, and 
40

Ar varies 
within (8.93–18.5)×10

-7
cm3STP/g. The 

40
Ar/

36
Ar ratio is approximately twice of the 

40
Ar/

36
Ar ratio 

(298). This result indicates that crustal radiogenic Ar (
40

Ar*) exists in the fluid. The percentage of 
radiogenic Ar was calculated to vary from 39.45% to 55.50%, with an average of 47.63%. The He and 
Ar isotopic composition plot on a R/Ra–

40
Ar/

36
Ar diagram (Fig. 4), near the crust-derived fluid field, 

with injected atmosphere precipitation and mantle-derived fluids, suggests that the ore-forming fluid is 
dominated by crust-derived fluid mixed with meteoric water and mantle-derived fluid. The ratio of 
40

Ar*/
4
He varies from 0.13 to 0.45, with an average of 0.22, which is slightly higher than the crustal 

value (0.156) and lower than the mantle value (0.33–0.56) (Stuart et al., 1995; Hu et al., 1997a). 
Existing research has indicated that underground water capturing radiogenic 

40
Ar and 

4
He from the 

crust is correlated with the closure temperatures of He and Ar. For most minerals, the closure 
temperature of He is very low (200 °C), whereas that of Ar is much higher (>200 °C) (Ballentine et al., 
2002). In the area, the end-member 

40
Ar*/

4
He ratio of crust-derived fluid in the ore-forming fluids is 

higher than that of normal crust-derived fluid. Meteoric water trapped some radiogenic 
40

Ar during the 
major mineralization stage, and the temperature of the ore-forming fluids was high (>200 °C); this is 
consistent with the actual major mineralization stage temperature (170 °C–335 °C, generally >200 °C) 
of the area (Fan et al., 2005). Therefore, the ore-forming fluid of the area was principally sourced from 
the crust and contaminated with deep mantle-derived fluid at a variable degree. Meteoric water 
participated in the uplifting process of the ore-forming fluid( B.R.HACKER,2009).  

 
5.2 H and O isotope 
characteristics 

 
The complete homogenization  

emperatures of CO2-H2O of Ⅱ-l, 
Ⅱ-g and ⅢCO2 -type inclusions 
from the SanshandaoAu Deposit 
were tested; the results indicate 
that the complete homogenization 
temperatures of fluid inclusions 
from the area varied from 
139.7°C to 437.8 °C, with a 
concentration of 180-340 °C and 
minor of <180 °C and >340 °C. 
Generally, the temperature data 
indicate moderate-low 
temperature ore-forming fluids 
(Wang et al., 2016). 

Quartz H–O isotopes of the 
Sanshandao Au deposit have 
δ

18
OQ-SMOW=13.1–15.1‰ with an 

average of 14.4 ‰, and calcite He 
and O isotopes have δ

18
OC-SMOW 

=11.4–12.2‰, with an average of 
11.9‰. On the basis of the 
homogenization temperatures of 
fluid inclusions from the tested 

 
 

 

ASM.-Atmospheric saturated water; M.-Mantle-derived fluid range; 

C.-Crustal fluid range 

Fig.5 40Ar/36Ar-R/Ra diagram of fluid inclusions in pyrite from gold 

deposits in Sanshandao and the other Jiaodong area 

 (the base map was modified after Duan et al., 2016) 
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samples, calculation using the mineral water O isotopic fractionation equation shows that the 
ore-forming fluid has δ

18
OW-SMOW=1.0–8.5 ‰, with an average of 5.26‰. In this analysis, water of 

fluid inclusions from the Sanshandao Au deposit has δD=-69.2–-82.1‰, with an average of -75.1‰. 
 

Table 3  Hydrogen and oxygen isotopic compositions of the ore-forming fluid from the Sanshandao Au 

deposit 

 

Sample ID Mineral 

Mineral

ization 

stage 

δ
18

Omineral(‰
) SMOW 

δ
18

Owater( ‰) 

SMOW 

Homogeniza

tion 

temperature 

(°C) 

δD (‰) 

SMOW 
Data source 

S08196-5 Quartz I 15.1 8.5 304 -69.2 

Wang,2016 

S09132-10 Quartz I 14.2 8.3 327 -71.5 

S05232-13-a Quartz II 14.6 6.7 273 -71.1 

S07217-II-2 Quartz II 13.1 5.3 274 -73.8 

S09132-3-a Quartz II 14.6 6.9 276 -72.0 

S08196-16 Quartz III 14.3 5.0 239 -79.5 

S09132-19 Quartz III 14.9 5.8 244 -71.2 

S05232-13-b Calcite IV 11.4 3.6 273 -82.1 

S09132-3-b Calcite IV 12.2 4.9 287 -80.9 

S09132-18 Calcite IV 12.0 1.9 226 -80.8 

S09132-20 Calcite IV 12.0 1.0 209 -74.4 

H and O isotopic testing includes samples of four mineralization stages of the Sanshandao Au 
deposit; fluid inclusions of Mineralization Stage I have δ

18
OW-SMOW=8.3–8.5‰ with an average of 

8.4‰ and δD=−69.2‰ to −71.5‰, with an average of −70.3‰; fluid inclusions of Mineralization 
Stage II have δ

18
OW-SMOW=5.3–6.9‰ with an average of 6.3‰ and δD=−71.1‰ to −73.8‰, with an 

average of −72.3‰; fluid inclusions of Mineralization Stage III have δ
18

OW-SMOW=5.0–5.8‰ with an 
average of 5.4‰ and δD=−71.2 to −79.5‰ with an average of −75.4‰; fluid inclusions of 
Mineralization Stage IV have δ

18
OW-SMOW=1.0–4.9 ‰ with an average of 2.9‰ and δD=−74.4 to 

−82.1‰ with an average of −79.6‰. Accordingly, from the early to late mineralization stages, fluid 
inclusions have δ

18
OW-SMOW, and δD gradually decreases(Deng et al., 2015). 

H and O isotopic values are plotted on the ore-forming fluid δD–δ
18

O correlation diagram (Fig. 5) 
proposed by Taylor (1974). This diagram shows that the H and O isotopic compositions of 
mineralization stages I and II mainly fell within the magmatic water field, whereas those of 
mineralization stages III and IV mainly fell within the left part of the magmatic water field. From the 
early to late mineralization stages, H 
and O isotopic values decreased slightly 
and gradually fell near the meteoric 
water line. Therefore, ore-forming fluids 
of the early mineralization stage were 
mainly magmatic water. With the 
evolution of ore-forming fluids, 
meteoric water was injected gradually in 
the late stage, and the fluids were 
continuously separated. Thus, 
temperature decreased continuously, 
and massive amounts of Au precipitated 
from the fluids. 

Accordingly, early-stage ore-forming 
fluids of the Sanshandao Au deposit 
were chiefly magmatic hydrothermal 
solution. The major mineralization stage 
was dominated by magmatic 
hydrothermal solution mixed with 
meteoric water. In the late 
mineralization stage, the amount of 
meteoric water mixed with ore-forming 
fluids gradually increased. 
 
5.3 S and Pb isotopes 

The pyrite δ34S values are 10.9 ‰ 

 
 

Fig.6 δD-δ18O diagram of ore-forming fluids from gold deposits 

in Sanshandao and Jiaodong area  
(the base map was modified after Taylor,1974; Sheppard, 1977) 
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and 10.9–11.5 ‰ respectively in Mineralization Stages I and II of the Sanshandao Au Deposit (Wang et 
al. 2016). Pyrite and sphalerite from Mineralization Stage III have δ34S values of 11.5‰ and 10.9 ‰ 
respectively. Pyrite from Mineralization Stage IV has 34S=10.9 ‰. The results show that different 
mineralization stages have similar δ34S values, which are much higher than those of Jiaodong Group 
rocks (7.2–7.6 ‰, Yang,1998). But the value is similar to that of rock deltaδ34S in jingshan 
group(9.3–9.8 ‰, Deng,2015). The Guojialing and the Linglong Granites have lower δ34S values 
(4–8 ‰) within the region. Mafic dykes have δ34S=4–6 ‰. 

The Pb istopic tests of gold deposits in the Jiaodong area indicate that rocks and Au ores of the 
Jiaodong Group have similar Pb isotopic values, all of which evenly fell within the orogenic-belt and 
lowe crustal Pb fields. This suggests that these rocks and ores are closely correlated in genesis 
(Lin ,1999). 

 
5.4 Sources of ore-forming elements 

In the Mesozoic time, the Yangtze Plate collided with the North China Plate, whereas the Pacific 
Plate subducted beneath and extruded the Eurasian Plate and deeply incised the Yishu fault of the upper 
mantle. These phenomena led to large-sized sinistral strike-slipping and subsequent complex activity 
associated with widespread tectono-magmatic hydrothermal events. The bedded crust-derived 
re-melting Linglong granites formed in the Late Jurassic time, leading to Au activation, dispersion, and 
migration in primary ore sources (pre-Cambrian meta-basement rocks). The participated 
high-temperature hydrothermal solution dissolved ore-forming elements (such as Au), forming an 
initial Au-bearing hydrothermal solution. The Linglong-type granites are considered the derived ore 
source rock series of Au mineralization (Li et al., 2007). With lithosphere thinning and mantle material 
upwelling, the Guojialing-type granodiorites, which are mainly of crustal and mixed crust–mantle 
sources, formed in the early Cretaceous period; the post-magmatic hydrothermal solution provided a 
main heat source and ore-forming fluids for Au mineralization and played a key role in mineralization. 
Au-rich multi-sourced ore-forming fluids entered into structural fissure systems and altered and 
replaced wall rocks, thereby increasing the concentration of ore-forming elements in ore-bearing 
hydrothermal solution. With the uplift of intrusions and decrease in temperature, injection of meteoric 
water quickened Au precipitation, forming a series of gold deposits (Fig. 6)(Yang et al.,2012). The 
ore-forming fluids of Au deposits in the Jiaodong area are of mixed crust–mantle origin and dominated 
by crust-derived fluids; the ore-forming elements were generally sourced from pre-Cambrian 
metamorphic basement rocks and mixed with minor shallow crustal and mantle components (Tan et 
al.,2012;Yang et al., 2014).   

 

Fig.7 the diagram of ore-forming fluids from gold deposits in Jiaodong area 

 
6 Conclusions 
 
（1） Fluid inclusions of pyrite from the Sanshandao Au deposit have 

3
He/

4
He=0.043–0.21Ra with 

an average of 0.096 Ra and 
40

Ar/
36

Ar=488–664 with an average of 570.8. These values basically reflect 
the primary He and Ar isotopic compositions of ore-forming fluids when fluid inclusions were 
captured. 
（2）He and Ar isotopic compositions of ore-forming fluids of the Sanshandao Au deposit indicate 

that the ore-forming fluids display mixed crust–mantle signatures, dominated by crustal fluids, with 
minor mantle-derived fluids. 
（3）Combined with deposit geology, wall rock alteration, fluid inclusions, and isotopic evidence, 

the ore-forming fluids of the Sanshandaod Au deposit display mixed crust–mantle signatures, with 
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minor meteoric water during uprising of the ore-forming fluids. The ore-forming elements were 
generally sourced from pre-Cambrian meta-basement rocks formed by Mesozoic reactivation and 
mixed with minor shallow crust and mantle components.   
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摘要： 

三山岛金矿位于胶东著名的三山岛成矿带上，该成矿带累计查明金金属资源量已超过

1000t，三山岛金矿是早白垩世郭家岭型花岗岩容矿的世界级金矿床，对三山岛金矿床的成

因和物质来源的研究就显得尤为必要。本文对载金矿物黄铁矿中流体包裹体He、Ar 同位素

研究表明，流体包裹体中
3
He/

4
He0.043～0.21Ra，平均0.096Ra，

40
Ar/

36
Ar值的变化范围为

488～664，平均值570.8，该值基本反映了流体包裹体被俘获时成矿流体的初始He、Ar同位

素组成。结合矿区地质特征、围岩蚀变，对比氢氧同位素特征，认为三山岛金矿成矿流体具

有壳幔两端元混合的特征，以地壳流体为主，有少量幔源流体的加入，且成矿流体上升过程

中加入少量大气降水。成矿物质总体来源于中生代活化再造的前寒武纪变质基底岩石，并混

入了少量浅部地壳和地幔组分。 

关键词：三山岛金矿；He、Ar同位素；流体包裹体；地壳流体；地幔流体 
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