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Objective 

The Zhangjiawa iron deposit is the largest-tonnage and representative iron skarn deposit, with proven reserves 
of 290 Mt at an average of 46% Fe (up to >65%), in the Laiwu district, eastern North China Craton (NCC) (Fig. 
1a,b; Duan et al., 2017). Iron mineralization at Zhangjiawa is mainly hosted along northern contact zone 
between the Kuangshan dioritic intrusion and Middle Ordovician carbonate rocks that host numerous evaporite 
intercalations (Fig. 1b,c). The hydrothermal titanite U-Pb dating, showing a weighted mean 206Pb/238U age of 
131 ± 4 Ma, reveals the Zhangjiawa deposit formed in the early stage of Early Cretaceous (Duan et al., 2017). 
Magnetite is the major ore mineral, followed by hematite, pyrite and chalcopyrite. Besides high-grade iron ores, 
copper and cobalt can be of comprehensive utilization, with reserves of 217,256 and 48,548 tons, respectively 
(Zong et al., 2012).  

With further geological exploration, Sanchahe deposit was recently discovered as first medium-sized 
iron-gold skarn deposit with gold grade of 1.00–24.77 g/t, in the southeastern Laiwu district (Fig. 1b). The 
Fe-Au orebodies are located near the contact between Tietonggou diorite and Ordovician limestone xenoliths. 
Native gold mainly occurs in the late sulfide stage, coexisting with pyrite and chalcopyrite at Sanchahe (Ma et 
al., 2018). The ore-related Tietonggou complex formed during 135–131 Ma (Yang et al., 2006, 2012), which is 
coeval with the iron skarn mineralization in Laiwu. The new discovery of Sanchahe Fe-Au deposit provides the 
possibility of reevaluating gold metallogenic potential of the other major iron deposits in Laiwu. In this paper, 
we report on the newly discovered gold in the Zhangjiawa iron deposit, then carry out in situ composition and 
sulfur isotope analysis of associated pyrite, which are used to provide insights into the exploration of 
gold-bearing iron skarn deposits in the western Shandong area, as well as gold sources for the Early Cretaceous 
gold mineralization in the NCC. 

Methods 

Sample of sulfide-bearing iron ore (0-22-30) was collected from drill core (ZK0-22) in the Zhangjiawa I 
mining area. Pyrite grains were handpicked, then mounted in epoxy mounts and polished to expose their 
interiors. The mount were subsequently examined using optical microscopy, scanning electron microscopy 
(SEM), and electron probe microanalysis (EPMA), which was conducted using a JXA-8230 Superprobe at the 
Center for Material Research and Analysis, Wuhan University of Technology. 

Trace element concentrations of pyrite were determined using Laser Ablation-Inductively Coupled 
Plasma-Mass Spectrometry (LA-ICP-MS). The analytical instrumentation employed in this study was a Photon 
Machines Analyte G2 LA system (193 nm, 4 ns excimer) attached to a PerkinElmer DRC-e ICP-MS, housed at 
the U.S. Geological Survey (USGS), Denver Federal Center, USA. Spot ablation was carried out using a 30-μm 
spot size at 5 J/cm2 and using 7 Hz, with a 35-s baseline and 40 to 50 s of ablation. Ablated materials were 
transported via an He carrier gas to a modified glass mixing bulb where the He plus the sample aerosol were 
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mixed coaxially with Ar prior to the ICP torch. Concentration and detection limit calculations were conducted 
using the protocol of Longerich et al. (1996). Signals of pyrite were calibrated using USGS MASS-1 sulfide 
reference material, and iron (57Fe) was used as the internal standard. The reference material (MASS-1) was 
analyzed five to 10 times at the beginning of the analytical session and monitored throughout the session for 
drift. 

Sulfur isotope analysis were carried out on pyrite using a Nu Plasma II multi-collector inductively coupled 
plasma mass spectrometer (MC-ICP-MS) system, equipped with a RESOlution S-155 193 nm ArF excimer laser 
at the GPMR, China University of Geosciences, Wuhan. During the experiment, the diameter of the laser spot 
was 33 μm with a laser repetition rate of 10 Hz, and the ablation process was set to last for 40 s. The national 
pyrite standard WS-1 was used in this study. Standard-sample bracketing (SSB) was used to determine the δ34S 
values of samples throughout the MC-ICP-MS analytical sessions. The true sulfur isotope ratio was calculated 
by correction for instrumental mass bias by linear interpolation between the biases calculated from two 
neighboring standard analyses. The analytical precision (2σ) was about ± 0.3 per mil. Detailed analytical 
conditions and procedures can be seen in Zhu et al. (2016). 

 
Results 
 

Sample 0-22-30 used for this study is an iron ore dominated by magnetite coexisting with phlogopite, which 
is overprinted with the later pyrite-chlorite-serpentine veins. Calcite in the last stage fills in the fractures and 
vugs (Fig. 1d). Based on optical characteristics, backscattered electron (BSE) observation and energy dispersive 
spectrometer (EDS) analysis, native gold and chalcopyrite were recognized, which occur as irregular inclusions 
about 5 to 50 μm in diameter in pyrite (Fig. 1e–j), implying that minor gold and chalcopyrite are coexisting with 
pyrite in the sulfide stage at Zhangjiawa. 

Major and trace element compositions of gold-bearing pyrite determined by EPMA and LA-ICP-MS from the 
iron ores are given in Appendix 1. In the 21 trace elements for analysis, only Co, Ni, As and Mn almost can be 
detected, with the contents of 9316.6–8518.4 ppm, 558.0–1671.8 ppm, 97.3–167.5 ppm and 5.7–8.7 ppm, 
respectively. High Co and Ni concentrations of pyrite indicate that ore-forming fluids mainly linked to the 
dioritic or even more mafic deep-seated intrusive rocks. However, the undetectable Au and Cu suggest that these 
elements are not incorporated into the pyrite crystal lattice, which further supports the fact that the mineral 
inclusions of chalcopyrite and native gold in pyrite are the main occurring states of Cu and Au at Zhuangjiawa. 
The similar geological characteristics and occurrences of gold of Zhangjiawa and Sanchahe skarn deposits 
indicates that Laiwu district should be prospective for the exploration and exploitation of skarn Fe ores with 
subsidiary gold. Besides, the Fe-Au mineralization-related intrusions at Laiwu were mainly derived from partial 
melting of the enriched lithospheric mantle and coeval with widespread Early Cretaceous gold deposits (130–
120 Ma) in the NCC, which thus provides new evidence that the gold for the craton-scale gold mineralization 
was sourced from the metasomatized lithosphere mantle of the NCC (Zhu et al., 2015). 

Pyrite from the Zhangjiawa iron ore (0-22-30) has δ34S ranging from 17.3 to 18.8‰, which is similar to or 
even higher than the pyrite δ34S values from the other major iron skarn deposits in Han-Xing and An-Lin 
districts (Fig. 1k; Appendix 2). Based on the fact of iron orebodies mainly occuring between Mesozoic 
ore-related intrusions and Ordovician carbonate rocks in North China Craton, these relatively high δ34S values 
of pyrite suggesting that the sulfur in ore-forming fluids was largely derived from the Ordovician marine 
sulfates in the wallrocks. 

 
Conclusions 
 

1. Native gold, coexisting with pyrite and chalcopyrite, has been newly discovered in the Zhangjiawa deposit, 
which is the largest-tonnage iron skarn deposit in the Laiwu district. 

2. Gold mainly occurs as mineral inclusions in pyrite instead of incorporation into the pyrite crystal lattice in 
the Zhangjiawa iron skarn deposit; The high δ34S values of pyrite hosting fine-grained native gold and 
chalcopyrite, indicate that the sulfur in ore-forimg fluids was largely derived from the Ordovician marine 
sulfates.  

3. The similar geological characteristics and occurrences of gold of the Zhangjiawa and Sanchahe skarn 
deposits suggests that Laiwu district should be prospective for reevaluating gold metallogenic potential of the 
other major iron deposits.  

4. The occurrences of gold-bearing iron skarn deposits in Laiwu, provide new evidence for the key 
contribution of gold from the metasomatized lithosphere mantle of the North China Craton. 
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Fig. 1. Geological maps of North China Craton 
 (a) and Laiwu district (b), showing the locations of the Zhangjiawa and Sanchahe deposits (modified from Duan et al., 2017, 2020); A representative 
cross section in the Zhang I mining area (c); Photograph of hand specimen, reflected-light photomicrographs, BSE images and EDS results of sample 
0-22-30 (d-j), showing the occurrences of pyrite, chalcopyrite and native gold; Sulfur isotopic compositions of pyrite from the major iron skarn 
deposits in North China Craton (k), and the temporal curve for δ34S values of sulfate seawater are from Chang et al. (2008). Abbreviations: Cal = 
calcite, Ccp = chalcopyrite, Chl = chlorite, Mag = magnetite, Phl = phlogopite, Py = pyrite, Srp = serpentine.  
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Appendix 1 Electron probe microanalysis (EPMA) and laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) analyses of pyrite  
from the Zhangjiawa iron skarn deposit 
EMPA (wt%); Sample: 0-22-30 
No. Fe Cu Zn Au As Ni Co Cr S Total            
1 46.02 b.d.l 0.05 b.d.l 0.01 0.04 0.76 b.d.l 53.54 100.43            
2 46.65 b.d.l b.d.l b.d.l 0.06 0.06 0.16 0.01 53.01 99.96            
3 46.76 b.d.l 0.02 b.d.l b.d.l 0.10 0.14 b.d.l 53.44 100.45            
4 45.83 b.d.l b.d.l b.d.l b.d.l 0.04 0.82 b.d.l 53.61 100.31            
5 45.99 0.01 b.d.l b.d.l 0.04 0.08 0.61 b.d.l 53.64 100.38            
6 45.18 0.02 0.02 b.d.l b.d.l 1.00 0.89 b.d.l 53.67 100.78            
7 44.64 b.d.l b.d.l b.d.l b.d.l 0.61 1.52 b.d.l 53.47 100.24            

LA-ICP-MS (ppm) ; Sample: 0-22-30 
No. V Cr Mn Co Ni Cu Zn As Se Mo Ag Cd Sn Sb Te W Au Hg Tl Pb Bi 
1 b.d.l b.d.l 8.3 36438.4 617.5 b.d.l b.d.l 97.3 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 0.3 
2 b.d.l b.d.l b.d.l 85818.4 781.7 b.d.l b.d.l 121.6 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 
3 b.d.l b.d.l 6.2 9316.6 1517.9 b.d.l b.d.l 134.5 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 0.2 b.d.l 
4 b.d.l b.d.l 5.7 82478.9 558.0 b.d.l b.d.l 167.5 b.d.l b.d.l 0.7 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 
5 b.d.l b.d.l 8.7 56449.6 1671.8 b.d.l b.d.l 131.0 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 

b.d.l = below detection limit 
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Appendix 2 Sulfur isotope data for pyrite from the iron skarn deposits in North China Craton 
Deposit Sample δ34S (‰) Reference Deposit Sample δ34S (‰) Reference 

Han-Xing district Beiminghe B-110-6-3 13.5 

Shen et al., 2012 

Xishimen XSM2-09 14.3 

Wen et al., 2017 

 B-230-2-5 12.2 

 XSM2-12 14.9  B-230-2-3 13.7 

 XSM2-21 15.4  B-245-3 14.4 

 XSM2-01 14  B-245-5 16.5 

 XSM2-07 17.3 An-Lin district 

 XSM-27 15.5 Lizhen LZ-5 11.8 

Ouyang et al., 2012 

 XSM-36 15.7  LZ-9 12 

 XSM-38 18.6 Jingjiazhuang JJZ-1 15 

 XSM-29 17.8  JJZ-8 11.9 

 XSM-42 14.5  JJZ-16 12.8 

 XSM-43 15.4  JJZ-17 12.4 

 ZK18-1 18.5 Dongye DY-31 15.6 

 ZK57-1 18.1  DY-32 11.9 

 M89-1 14.7 Li et al., 2013  DY-33 16.2 

 S55-5-2 18.4   DY-34 15.9 

Fushan F003-3 12.1 Wang et al., 2012 Laiwu district 

 F004-4 6  Zhangjiawa 0-22-30 17.5 

This study  F006-1 5.9    18.8 

 F008-2 6.1    17.3 

 F024-1 9.9      

 XX-3 11.6 Li et al., 2013     
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