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The Qinling-Dabie orogenic belt is the largest Mo mineralization belt in the world. The Yaochong por-
phyry Mo deposit is located in the northwest Dabie Mountains, with a proven reserve of 51 kt Mo metal
at an average grade of 0.058%. Here we report geochronology and geochemistry results of the Yaochong
porphyry Mo deposit. Zircon U-Pb LA-ICP-MS dating shows that the Yaochong porphyry dykes and a hid-
den intrusion formed at 135 Ma and 140 Ma, respectively, which are consistent with Early Cretaceous Mo
mineralization events in the Qinling-Dabie orogenic belt. Zircon grains from the Yaochong porphyry dikes
(2–1788) and the hidden intrusion from drill holes (41–1940) have highly variable Ce4+/Ce3+ values. It is
very likely that both the intrusion and the dikes have experienced high oxygen fugacity, but was partially
reduced through assimilation. Apatite grains from the Yaochong porphyry and the intrusion are charac-
terized by high but variable F concentrations and low Cl concentrations, suggesting that they formed in
an F-enriched environment with high F/Cl components in the magma source. The Ti-in zircon tempera-
tures of the porphyry dikes range from 700 to 710 �C, whereas the average temperature of the buried
intrusion nearby is 675 �C. Yaochong porphyry shows geochemical and petrologic characteristics similar
to those of low F stockwork type porphyry Mo deposit in North America, which may be inherited from the
Dabie suture zone.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

There are two types of porphyry Mo deposits, low-F and Climax
(high-F) types (Carten et al., 1993; Sillitoe, 1980; White, 1981; Sun
et al., 2016). Generally, low-F porphyry Mo deposits do not form in
the same regions or tectonic environments as Climax-type. Low-F
porphyry-Mo deposits on the west coast of North America formed
over a wider time interval from 144 to 8 Ma, with about half of the
reserves formed in the Cenozoic (Ludington et al., 2009a,b).
Climax-type porphyry deposits are associated with alkaline rocks.
In contrast, low-F porphyry-Mo deposits are mostly associated
with calc-alkaline granitic to granodioritic porphyries. They are
also less felsic, with lower F, Nb, and Ta concentrations, and sys-
tematically lower Mo grades (0.05–0.2% Mo) than those of the
Climax-type (0.1–1% Mo).
Qinling-Dabie orogenic belt is the largest Mo belt in the world
with proven reserves of more than seven million tonnes of Mo
metal (Li et al., 2012a,b, 2013; Stein et al., 1997; Zhang et al.,
2014; Chen et al., 2017). The formation of such a large porphyry
Mo belt is still debated. Previous studies suggested that Shapinggou
is a Climax-type porphyry Mo deposit (Zhang et al., 2014), whereas
Qian’echong is a low-F porphyry Mo deposit (Mi et al., 2015a,b;
Yang et al., 2012). With the exception of these two cases, there is
no classification for porphyryMo deposits in the Qinling-Dabie oro-
genic belt. Here we show that Yaochong is a low-F porphyry Mo
deposit. This implies that the Qinling-Dabie porphyry Mo belt is
comparable to those in western America, providing a good opportu-
nity to better understand porphyry Mo deposits in general.
2. Geologic backgrounds

The Central Orogenic Belt is located between the North China
and Yangtze Cratons (Fig. 1). The northwest Dabie Mountains is
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the middle part of the Qinling-Dabie-Sulu orogenic belt, located in
the eastern Central Orogenic Belt. The Dabie Mountains are famous
for the Triassic ultra-high-pressure metamorphic (UHPM) rocks
and situated to the south of the Luanchuan, north of the
Xiangfan-Guangji faults (Fig. 1) (Li et al., 1993, 2014; Zheng
et al., 2003; Zheng, 2008). The suture between these two blocks
is located along the Xiaotian-Mozitan Fault and the southern mar-
gin of the Huwan Formation (Sun et al., 2002b). Triassic magma-
tism is not well developed in the Dabie Mountains, with only
minor foliated garnet-bearing granite veins (Zhang et al., 2009),
which is dramatically different from the Cretaceous magmatism
in the Dabie Mountains (Huang et al., 2008; Ling et al., 2011a;
Zhao et al., 2011; Wang et al., 2007). Several mineralized small
Yanshanian granitic stocks, such as Tianmugou, Xiaofan, Mushan,
Dayinjian, Tangjiaping and Shapinggou, are also emplaced in the
Dabie Mountains and associated with large porphyry Mo deposits
(Fig. 1).

The Yaochong Mo deposit is situated in the western Dabie
Mountain, ca. 6 km northeast of the Xinxian County, Henan Pro-
vince (China) (Fig. 1). The geological units from northeast to south-
west are the Carboniferous Meishan Group, the Devonian-Triassic
Xinyang Group, the 0.85–0.43 Ga Sujiahe Group, the >0.75 Ga
Dabie/Tongbai complex, Neoproterozoic Suixian and Hong’an
Group and some Mesozoic volcanic rocks in the northeastern part.

The Dabie/Tongbai complex includes Neoproterozoic granitic
gneisses and supra crustal rocks. The granitic gneisses are wide-
spread in the region and intruded by the Late Paleozoic plutonic
rocks, Cretaceous intrusions and porphyry dykes (this study),
Fig. 1. Sketch map of the geology of the Dabie Mountains and the local
which were emplaced in the north of the deposit, and their contact
zones were partly altered. These plutons may be chronologically
surmised as: 1) the main Late Paleozoic intrusions, which are
gneissic fine-grained eclogites-containing (<5%) granite, with mag-
netite as accessory mineral (Li et al., 2001). 2) The Early Cretaceous
intrusion comprised of quartz diorite, fine- or medium-grained
monzogranite, porphyry stocks and dykes, typically with multi-
stage intrusions (Guo et al., 2004) (Fig. 2). Diorite or plagioclase
amphibolite enclaves may be observed in the quartz diorite and
monzogranite. 3) The porphyry stocks/dykes are NWW- or E-
trending and emplaced along faults, which are several hundred
meters long and a few or tens of meters wide. These stocks/dykes
are comprised of K-feldspar, plagioclase, quartz with minor epidote
and biotite, associated with Mo mineralization (Li et al., 2012a,b).

3. Regional and ore geology

The Yaochong porphyry Mo deposit in Xinxian County, Henan
Province, China, is located in the Hong’an terrane, the western part
of the Dabie orogen. The Dabie orogen is part of a >1500 km long,
Triassic continental collision belt between the North China Block
and the South China Block. The Yaochong porphyry deposit
contains four individual orebodies that are mainly hosted in
Neoproterozoic granitic gneisses. The total reserve is 88 Mt ores
at an average grade of 0.058% Mo. The main ore body is about
960 m long and 480–800 m wide, with a lenticular or sheet like
shape. It dips northward or northwestward, with edges branching
and pinching out (Wang et al., 2013). The main ore minerals are
ity of the Yaochong Mo deposit (Modified after Wang et al., 2014).



Fig. 2. Geological map of the Yaochong Mo deposit, showing the location of the exploration area and the intrusive granites (Modified by Wang et al., 2014).
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molybdenite and pyrite. Minor ore minerals include chalcopyrite,
magnetite, and sphalerite. The main gangue minerals include
quartz and K-feldspar, with minor sericite, biotite, epidote, chlo-
rite, and fluorite. Ore styles are disseminations, veinlets, stock-
works, and breccias. The alteration assemblages at Yaochong
deposit include the following: (1) potassic assemblage, which is
characterized by feldspar and biotite as the predominant
hydrothermal minerals and is present in the Yanshanian porphyry
and wall rocks; (2) a quartz-dominated assemblage, which is
widespread in the porphyry and wall rocks, in forms of quartz
blocks and quartz-sulfide stockworks; (3) a sericite-dominated
assemblage, which is mainly represented by alteration of feldspar
and biotite to sericite, with disseminated pyrite in veins and wall
rocks; (4) propylitic assemblages, with chlorite, epidote, and calcite
as predominant hydrothermal minerals; (5) carbonate-dominated
assemblages, mainly characterized by carbonate veins; and (6)
fluorite-bearing assemblages, mainly represented by disseminated
purple fluorite grains (Wang et al., 2014).
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4. Samples and analytical methods

We chose ten samples from the porphyry dikes and the buried
intrusion (Fig. 3), three of them were sampled from the outcrop-
ping dikes and seven from the buried intrusion. In the exploration
area that the granitic porphyry are light red, fine-grained, massive
structure. The main minerals are plagioclase, K-feldspar, and
quartz, the secondary minerals are epidote, biotite and metallic
minerals, which are closely related to molybdenummineralization.
Due to the late tectonic events, most of the phenocrysts are frag-
mented. Major and trace element analyses have been carried out
in the State Key Laboratory of Isotope Geochemistry, Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences using
XRF on a Rigaku ZSX100e instrument and a Perkin-Elmer Sciex
ELAN 6000 inductively coupled plasma mass spectrometer (ICP-
MS), respectively. The bulk rock major elements were conducted
using X-ray fluorescence spectrometry (Rigaku 100e) with analyt-
ical precisions better than 1% (Li et al., 2005). Trace elements of
bulk rock samples were analyzed at the CAS Key Laboratory of
Mineralogy and Metallogeny, Guangzhou Institute of Geochem-
istry, the Chinese Academy of Sciences, which use fluxed glasses
with a sample/flux ratio of 1:3 (Liang et al., 2009). The LA-ICP-
MS system consists of an Agilent 7500a ICP-MS coupled with a
Resonetics RESOLution M-50 ArF-Excimer laser source
(k = 193 nm). Laser energy was 80 mJ, and frequency was 10 Hz
with ablation spot of 69 lmin diameter. The ablated aerosol was
carried to the ICP source with He gas. NIST 612 was used as an
Fig. 3. Geological exploration profiles showing the location of sampled drill sites and the
and Resources, 2009).
external calibration standard, and 43Ca as the internal standard.
MPI Ding-Glass was analyzed as an unknown sample to monitor
(Li et al., 2012a,b; Liang et al., 2009; Tu et al., 2011). This method
is the best way to analyse refractory elements, like Nb and Ta,
and avoid influence from oxides.

Four samples from buried intrusion were chosen for F element
analysis, they were carried out in the ALS Minerals/ALS Chemex
(Guangzhou) Co Ltd, using ion electrode for F (F-ELE81a).

Zircon grains were separated from samples YC1-3, YC-6, YC-7
and YC-9, using standard density and magnetic separation tech-
niques followed by handpicking under a binocular microscope.
Selected zircon grains were mounted in epoxy mounts and then
polished down to near half sections to expose internal structures.
Transmitted and reflected light micrographs and cathodolumines-
cence (CL) images were used to identify clear domains for in situ
analyses.

Measurements of U, Th, and Pb of zircons were carried out using
a Cameca IMS 1280 large-radius SIMS at the Institute of Geology
and Geophysics, CAS, Beijing. Analytical procedures are described
by Li et al. (2009). The calibration of U-Th�Pb ratios was performed
relative to zircon standard Plésovice (337 Ma, Sláma et al., 2008),
and the correction of U concentrations was done by normalization
to zircon standard 91,500 (81 ppm; Wiedenbeck et al., 1995). A
long-term uncertainty of 1.5% (1RSD) for 206Pb/238U measurements
of the zircon standard was propagated to the unknowns (Li et al.,
2010), despite the fact that the measured 206Pb/238U error in a
specific session is generally �1%. Zircon standard Qinghu
shape of orebody (Modified after Geological Survey Team 3 of Henan Bureau Land
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(159.5 Ma; Li et al., 2009) was alternately analyzed as an unknown
sample to monitor the external uncertainties of SIMS U-Pb mea-
surements calibrated against standard 91,500. Measured composi-
tions were corrected for common Pb using non-radiogenic 204Pb.
Corrections are sufficiently small to be insensitive to the choice of
common Pb composition. The average present-day crustal compo-
sition (Stacey et al., 1975) is used for the common Pb assuming that
the common Pb is mainly surface contamination introduced during
sample preparation. Uncertainties for individual analyses in data
tables are reported at a 1r level; mean ages for pooled U/Pb analy-
ses are quoted at 2r levels. Data reduction was carried out using
the Isoplot/Ex v.3.0 program (Ludwig, 2003).

Trace elements analyses of zircon and apatite were carried out
by LA-ICPMS at the CAS Key Laboratory of Mineralogy and Metal-
logeny, Guangzhou Institute of Geochemistry, CAS. A RESOlution
M-50 laser-ablation system was used in conjunction with an Agi-
lent 7500 ICPMS (Li et al., 2012a,b; Liang et al., 2009; Tu et al.,
2011). The clearest, least fractured rims of the zircon crystals were
Table 1
Major and trace element of Yaochong porphyry.

Sample YC10-06 YC10-07 YC10-09 YC13-1 YC1

Al2O3 15.07 14.55 14.40 14.26 14.5
CaO 0.80 0.86 1.42 1.05 1.23
Fe2O3 1.57 1.62 1.52 1.29 1.34
K2O 5.05 5.04 5.05 4.51 4.56
MgO 0.41 0.42 0.40 0.31 0.31
MnO 0.02 0.02 0.04 0.05 0.05
Na2O 4.12 3.99 3.83 4.6 4.6
P2O5 0.11 0.11 0.11 0.068 0.06
SiO2 71.46 71.91 71.35 71.72 71.0
TiO2 0.31 0.30 0.29 0.23 0.22
L.O.I 1.04 1.13 1.53 1.44 1.62
Total 99.96 99.95 99.94 99.68 99.7
Ti 1855 1843 1794 2300 2205
V 21.96 22.71 21.47 16.00 15.0
Cr 9.43 4.79 4.06 10.00 10.0
Mn 137 155 314 526 498
Ga 22.29 21.83 21.89 26.10 27.2
Rb 169 169 171 236 237
Sr 335 328 314 273 349
Y 6.67 6.55 7.45 5.20 5.50
Zr 168 179 170 180 179
Nb 12.11 11.05 11.80 17.80 15.0
Cs 1.09 1.14 1.20 2.86 3.01
Ba 1699 1675 1738 1295 1285
La 46.6 42.5 52.0 40.3 39.2
Ce 84.1 75.5 93.9 74.1 71.6
Pr 9.26 8.48 10.47 7.52 7.42
Nd 31.6 29.3 36.3 25.5 24.4
Sm 4.60 4.30 5.21 3.48 3.35
Eu 1.11 1.06 1.26 0.67 0.75
Gd 3.14 2.95 3.62 1.72 1.71
Tb 0.31 0.31 0.37 0.20 0.19
Dy 1.23 1.22 1.43 0.77 0.87
Ho 0.19 0.19 0.22 0.13 0.14
Er 0.47 0.46 0.56 0.38 0.37
Tm 0.07 0.07 0.08 0.07 0.07
Yb 0.45 0.48 0.49 0.33 0.49
Lu 0.08 0.07 0.08 0.06 0.07
Hf 4.63 4.96 4.81 5.10 5.10
Ta 0.84 0.80 0.82 0.80 0.80
Th 12.16 11.64 11.76 18.35 16.2
U 2.66 2.936 2.76 5.19 3.93
p/al 0.0075 0.0077 0.0074 0.0048 0.00
k/al 0.3350 0.3465 0.3506 0.3163 0.31
T 791.5 795.0 783.3 787.9 785.
Th/La 0.26 0.27 0.23 0.46 0.41
Nb/Ta 14.42 13.86 14.41 22.25 18.7
Zr/Sm 36.58 41.52 32.63 51.72 53.4
Th/U 4.57 3.96 4.26 3.54 4.12
Zr/Hf 36.33 36.00 35.37 35.29 35.1
Sr/Y 50.15 50.03 42.21 52.50 63.4
La/Yb 103.35 88.99 107.22 122.12 80.0
selected for laser ablation analyses. Laser energy was 80 mJ and
frequency was 10 Hz with ablation spot of 31 lm in diameter.
The ablated aerosol was carried to the ICP source with He and Ar
gases. Both double-volume sampling cell and Squid pulse smooth-
ing device were used to improve the data quality (Li et al., 2012a,b;
Tu et al., 2011). Each spot analysis incorporated a background
acquisition of approximately of 20 s, followed by 40 s sample data
acquisition. Isotopes were measured in time-resolved mode. SRM
NIST 610 was used as an external calibration standard, and 43Ca
as the internal standard to calculate the machine drift. SRM NIST
612 were tested as the monitor for quality control. The detection
limits of ICP-MS for trace elements are mostly better than
10 ppb, with uncertainties of 5–10%. The calculations of trace ele-
ments were performed by ICPMSDataCal 7.0 (Liu et al., 2008).
Detailed information of the methods were discussed by previous
authors (Lin et al., 2016). Zircon Ce anomalies were calculated by
using software from the Research School of Earth Sciences, Aus-
tralian National University (Ballard et al., 2002; Liang et al., 2006).
3-2 YC13-3 YC13-6 YC13-7 YC13-8 YC13-9

9 16.36 14.01 15.5 13.6 14.12
0.42 1.29 2.48 0.5 1.81
1.06 2.55 3.47 0.39 2.27
6.86 1.26 2.74 4.51 4.42
0.15 0.87 1.05 0.06 0.62
0.01 0.08 0.15 0.01 0.04
4.91 6.24 4.99 4.89 3.78

7 0.046 0.133 0.186 0.002 0.159
2 68.43 71.53 66.95 74.55 69.41

0.14 0.39 0.68 0.04 0.37
1.09 1.29 1.46 0.82 2.86

8 99.58 99.68 99.81 99.37 100
1485 3962 6869 408 3785

0 12.00 39.00 20.00 12.00 39.00
0 10.00 10.00 <10 <10 10.00

120 89 1536 118 419
0 37.40 15.90 20.40 38.40 20.00

285 38.7 103 204 160
208 126 309 52.2 252
3.60 26.40 42.40 5.60 18.60
135 209 275 69 233

0 16.30 4.70 5.80 22.00 19.90
2.67 1.22 3.5 1.46 2.13
890 411 1145 70.3 1170
20.2 11.2 32.1 5.4 58.6
37.1 23.4 69.8 10.3 111.5
4.03 2.94 8.61 0.97 11.55
14.8 12.5 37.1 2.6 39.7
2.26 3.15 7.87 0.41 6.25
0.57 0.94 2.43 0.09 1.17
1.54 3.57 8.07 0.42 4.10
0.14 0.60 1.20 0.06 0.63
0.71 4.00 7.20 0.39 3.27
0.12 0.94 1.57 0.12 0.60
0.31 2.86 4.62 0.54 1.85
0.06 0.46 0.69 0.09 0.28
0.32 2.82 4.36 0.95 1.69
0.05 0.47 0.77 0.15 0.29
4.10 5.10 6.30 5.40 6.00
0.90 0.30 0.20 1.60 1.50
15.2 5.16 3.79 27.1 25.4
6.2 1.06 0.81 24.6 6.22

46 0.0028 0.0095 0.0120 0.0001 0.0113
25 0.4193 0.0899 0.1768 0.3316 0.3130
8 758.3 799.2 813.7 713.4 807.1

0.75 0.46 0.12 5.02 0.43
5 18.11 15.67 29.00 13.75 13.27
3 59.73 66.35 34.94 168.29 37.28

2.45 4.87 4.68 1.10 4.08
0 32.93 40.98 43.65 12.78 38.83
5 57.78 4.77 7.29 9.32 13.55
0 63.13 3.97 7.36 5.68 34.67



Table 2
Sample YC06,07,09 SIMS U-Pb ages.

Sample/ [U] [Th] [Pb] Th/U 206Pb ±s 207Pb ±s 207Pb ±s 206Pb ±s 207Pb ±s 207Pb ±s 207-
corr

±s

spot # ppm ppm ppm meas 238U % 235U % 206Pb % 238U 235U 206Pb age
(Ma)

YC10-6@1 3874 1176 99 0.304 0.0224 2.20 0.14969 2.49 0.04848 1.17 142.8 3.1 141.6 3.3 122.8 27.3 142.8 3.1
YC10-6@2 464 117 11 0.253 0.0215 2.23 0.14939 3.27 0.05039 2.39 137.1 3.0 141.4 4.3 213.0 54.4 136.9 3.0
YC10-6@3 2185 558 51 0.255 0.0211 2.20 0.14029 5.01 0.04811 4.50 134.9 2.9 133.3 6.3 104.8 102.9 135.0 3.0
YC10-6@4 440 81 10 0.184 0.0210 2.22 0.14003 3.34 0.04833 2.50 134.0 3.0 133.1 4.2 115.6 57.8 134.1 3.0
YC10-6@5 306 604 11 1.971 0.0218 2.22 0.14017 5.99 0.04654 5.56 139.3 3.1 133.2 7.5 25.5 128.3 139.7 3.1
YC10-6@6 358 564 11 1.576 0.0204 2.24 0.13815 3.70 0.04912 2.94 130.2 2.9 131.4 4.6 153.3 67.4 130.1 2.9
YC10-6@7 2428 436 57 0.179 0.0213 2.20 0.14401 2.65 0.04895 1.47 136.1 3.0 136.6 3.4 145.6 34.1 136.1 3.0
YC10-6@8 379 365 10 0.964 0.0205 2.28 0.14547 3.80 0.05135 3.05 131.1 3.0 137.9 4.9 256.5 68.5 130.7 3.0
YC10-6@9 831 121 20 0.146 0.0219 2.20 0.14790 3.01 0.04887 2.06 140.0 3.0 140.1 3.9 141.8 47.6 139.9 3.1
YC10-6@10 1343 900 36 0.670 0.0218 2.20 0.15124 2.96 0.05029 1.97 139.1 3.0 143.0 3.9 208.6 45.0 138.8 3.0
YC10-6@11 779 151 18 0.193 0.0210 2.29 0.13932 3.27 0.04817 2.34 133.8 3.0 132.4 4.1 107.4 54.3 133.9 3.0
YC10-6@12 1896 406 44 0.214 0.0211 2.21 0.13747 2.90 0.04722 1.88 134.7 2.9 130.8 3.6 60.1 44.2 135.0 3.0
YC10-6@13 1357 869 34 0.640 0.0206 2.22 0.13294 3.87 0.04688 3.17 131.2 2.9 126.7 4.6 43.1 74.1 131.5 2.9

YC10-7@1 5556 2271 140 0.409 0.0217 2.27 0.14503 2.60 0.04858 1.27 138.1 3.1 137.5 3.3 127.6 29.6 138.1 3.1
YC10-7@2 1372 1115 38 0.392 0.0214 2.20 0.14103 3.28 0.04776 2.43 136.6 3.0 134.0 4.1 87.2 56.6 136.8 3.0
YC10-7@3 1090 319 26 0.812 0.0210 2.21 0.14151 2.93 0.04889 1.93 133.9 2.9 134.4 3.7 142.6 44.7 133.9 2.9
YC10-7@4 1485 378 35 0.292 0.0210 2.25 0.13911 2.90 0.04797 1.83 134.2 3.0 132.3 3.6 97.7 42.8 134.3 3.0
YC10-7@5 876 344 21 0.254 0.0209 2.28 0.13817 3.30 0.04793 2.38 133.4 3.0 131.4 4.1 95.8 55.5 133.5 3.0
YC10-7@6 685 254 17 3.972 0.0213 1.61 0.14396 3.34 0.04907 2.93 135.7 2.2 136.6 4.3 151.2 67.2 135.7 2.2
YC10-7@7 1296 1291 38 0.323 0.0210 1.51 0.14196 2.50 0.04894 1.99 134.2 2.0 134.8 3.2 144.9 46.1 134.2 2.0
YC10-7@8 2225 8837 103 0.443 0.0218 1.54 0.13948 3.00 0.04649 2.58 138.8 2.1 132.6 3.7 23.0 60.7 139.2 2.1
YC10-7@9 1993 643 50 0.786 0.0221 1.53 0.14891 2.15 0.04885 1.50 141.0 2.1 140.9 2.8 140.8 34.9 141.0 2.2
YC10-7@10 2215 980 56 0.370 0.0216 1.56 0.14479 2.07 0.04856 1.36 137.9 2.1 137.3 2.7 126.7 31.8 137.9 2.1
YC10-7@11 2453 1929 66 0.996 0.0218 1.51 0.13473 6.93 0.04481 6.77 139.1 2.1 128.3 8.4 -65.8 157.5 139.7 2.4
YC10-7@12 895 338 22 0.378 0.0216 2.11 0.14354 2.99 0.04823 2.11 137.7 2.9 136.2 3.8 110.4 49.1 137.8 2.9

YC10-9@1 566 1058 19 0.355 0.0208 1.54 0.14313 3.54 0.04980 3.19 133.0 2.0 135.8 4.5 185.7 72.6 132.8 2.0
YC10-9@2 519 464 14 0.735 0.0216 1.52 0.14184 3.09 0.04753 2.68 138.0 2.1 134.7 3.9 75.8 62.6 138.3 2.1
YC10-9@3 2469 627 59 0.676 0.0214 1.70 0.14271 2.50 0.04836 1.83 136.5 2.3 135.5 3.2 116.8 42.5 136.6 2.3
YC10-9@4 985 242 23 0.358 0.0213 1.71 0.14099 2.73 0.04809 2.13 135.6 2.3 133.9 3.4 103.7 49.6 135.7 2.3
YC10-9@5 751 508 19 1.869 0.0206 1.51 0.12739 4.40 0.04479 4.13 131.6 2.0 121.7 5.1 -67.1 98.0 132.3 2.0
YC10-9@6 925 328 22 0.179 0.0206 1.74 0.13305 6.01 0.04690 5.76 131.3 2.3 126.8 7.2 44.2 132.1 131.6 2.3
YC10-9@7 3775 2329 101 0.246 0.0221 1.50 0.14775 1.93 0.04850 1.21 140.9 2.1 139.9 2.5 123.8 28.3 140.9 2.1
YC10-9@8 1872 335 43 0.254 0.0211 1.53 0.14358 2.16 0.04939 1.53 134.5 2.0 136.2 2.8 166.5 35.3 134.4 2.0
YC10-9@9 632 227 15 0.414 0.0208 1.50 0.13633 4.81 0.04745 4.57 133.0 2.0 129.8 5.9 71.9 105.2 133.2 2.0
YC10-9@10 1152 576 29 0.500 0.0216 1.52 0.14047 3.94 0.04718 3.64 137.7 2.1 133.5 4.9 58.3 84.5 138.0 2.1
YC10-9@11 530 390 14 0.894 0.0206 1.53 0.13720 3.97 0.04824 3.67 131.6 2.0 130.5 4.9 111.2 84.4 131.7 2.0
YC10-9@12 776 321 19 0.617 0.0215 1.52 0.14583 3.17 0.04924 2.79 137.0 2.1 138.2 4.1 159.1 63.9 136.9 2.1

YC1-3 U-Pb ICP-MS age

Pb Th U Th/U 207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U 208Pb/232Th

ppm ppm ppm calc Ratio 1r Ratio 1r Ratio 1r Age
(Ma)

1r Age
(Ma)

1r Age
(Ma)

1r Age
(Ma)

1r

1 10 214 358 0.598 0.0398 0.0094 0.1133 0.0289 0.0214 0.0004 error 109 26.3 136.6 2.5 129.9 5.4
2 10 220 316 0.696 0.0382 0.0076 0.1225 0.0257 0.0235 0.0004 error error 117.3 23.3 149.8 2.6 148.9 5.9
3 3 134 88 1.515 0.0728 0.0119 0.1986 0.0325 0.0202 0.0005 1009.3 335.2 183.9 27.5 129.1 3.5 135.8 6.3
4 11 335 383 0.874 0.0382 0.0044 0.1154 0.0129 0.0214 0.0003 error error 110.9 11.8 136.5 2.2 138 4.8
5 5 136 173 0.785 0.0492 0.0059 0.147 0.0169 0.0213 0.0004 166.75 245.0 139.2 14.9 136.1 2.8 143.5 6.1
6 7 123 251 0.488 0.0539 0.0051 0.1713 0.0145 0.0232 0.0005 364.9 212.9 160.5 12.6 147.6 3.2 153.8 6.9
7 18 400 644 0.621 0.0522 0.0045 0.1679 0.0149 0.0224 0.0004 294.5 198.1 157.6 12.9 142.8 2.6 174 10.2
8 4 167 141 1.191 0.0577 0.0053 0.1601 0.0149 0.0201 0.0005 520.4 203.7 150.8 13 128.2 3 131.5 5.3
9 6 165 217 0.761 0.057 0.0041 0.1767 0.0129 0.0223 0.0004 494.5 165.7 165.2 11.1 141.9 2.7 144 6.5
10 37 677 1369 0.494 0.0442 0.0018 0.1412 0.0059 0.0228 0.0003 error error 134.1 5.2 145.2 2.1 146.1 4.9
11 23 743 819 0.908 0.0491 0.0022 0.1434 0.0063 0.021 0.0003 153.8 107.4 136 5.6 134 2.1 129.9 4.2
12 110 2661 3887 0.685 0.0469 0.0015 0.1445 0.0049 0.0219 0.0003 55.7 64.8 137 4.4 139.9 1.9 135.8 4.4
13 8 228 279 0.818 0.0506 0.0033 0.1486 0.0092 0.0216 0.0004 220.4 150.0 140.7 8.1 137.9 2.7 132.2 5.7
14 18 499 637 0.783 0.0476 0.0027 0.1498 0.009 0.0225 0.0004 76.0 129.6 141.7 7.9 143.7 2.7 138.2 5.5
15 9 229 332 0.691 0.046 0.003 0.1407 0.0098 0.0222 0.0004 error 133.6 8.7 141.5 2.4 138.8 5.8
16 9 176 290 0.606 0.0608 0.0041 0.1861 0.0119 0.0227 0.0005 631.5 145.2 173.3 10.2 144.7 3 175.2 7.8
17 5 137 154 0.89 0.0795 0.0057 0.2244 0.0158 0.0208 0.0004 1183.3 142.6 205.6 13.1 132.8 2.6 160.5 7.5
18 7 156 249 0.628 0.0713 0.0047 0.1899 0.012 0.0195 0.0003 964.8 131.02 176.5 10.3 124.7 2.1 168.7 7.7
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Fluorine and chlorine compositions of apatite from the Yaochong
porphyry intrusions anddykeswere determinedby a JXA-8100elec-
tron microprobe at the Key Laboratory of Submarine Geosciences,
State Oceanic Administration, Second Institute of Oceanography.
SOA, Hangzhou. The analyzing conditions were 15 keV and 20 nA
current, with a 10 lmdiameter electron beam. Norbergitewas used
as standard for F, and Ba5(PO4)3Cl for Cl, apatite for Ca and P stan-
dards. Counting times were 20 s for Si, Al, Mg, Fe, Mn, Ca, Sr, and P
and reduce to 10 s for F and Cl to avoid volatile loss. Fluorine was
determined using Ka line obtained with a LDE1 crystal and chlorine
was determined using Ka line obtained with a PET crystal. Detail
method was described previously (Li et al., 2012a,b).



Fig. 5. Tectonic discrimination diagram (Pearce et al., 1984). The Y

Fig. 6. (a) Chondrite-normalized rare earth element (REE) patterns for the Yaochong ma
the Yaochong magmatic rocks. Primitive mantle normalizing values are from Sun and M

Fig. 4. Diagrams of P2O5/Al2O3 vs. K2O/Al2O3, showing that the Yaochong porphyry
falls into the High K and Med K area. Modified after (Crawford et al., 2007).

Table 3
Fluorine content of the Yaochong samples.

Sample F
Description ppm

Yc-4 2080
Yc-5 2210
Yc-6 1800
Yc-7 1480
Yc-9 1670
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5. Results

5.1. Whole-rock major and trace elements

Ten samples were analyzed for major and trace element compo-
sitions. The Yaochong granite is characterized by higher SiO2

(66.9–74.5 wt%), Al2O3 (13.6–16.3 wt.), Fe2O3 (0.39–3.47 wt%),
Na2O (3.78–6.24 wt%), K2O (1.26–6.86 wt%) contents, and lower
TiO2 (0.04–0.68 wt%), MgO (0.06–0.87 wt%), CaO (0.5–2.48 wt%),
and P2O5 (0.01–0.19 wt%). Almost all the granites formed at tem-
perature of 758–817 �C (Table 1).

Trace elements of the samples are characterized by high concen-
trations of large ion lithophile elements (LILE). According to the
chondrite-normalized REE diagram, they are enriched in light rare
earth elements (LREE) relative to heavy rare earth elements (HREE)
and show negative Eu-anomalies, which indicates removal of pla-
gioclase by fractional crystallization during magma evolution.

5.2. Whole rock F contents

Four samples were selected for the F content analysis, the fluo-
rine concentrations of the whole rock varying from 1480 to
2210 ppm (Table 3), lower than the Climax-type Mo deposit
(commonly>1 percent).

5.3. Zircon U-Pb age and trace element

Zircon U-Pb dating was conducted on four samples. Three of
them (YC10-06, YC10-07 and YC10-09) were determined by SIMS.
aochong granites are plotted in the field of VAG + Syn COLG.

gmatic rocks. (b) Primitive mantle-normalized rare earth element (REE) patterns for
cDonough (1989).
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The other one (sample YC13-1) was determined by LA-ICP-MS.
Zircon U-Pb dating results are listed in Table 2.

CL images of the zircon from sample YC13-1 display tight oscil-
latory zoning, which is typical of granitic zircons, consistent with
high Th/U (0.5–1.0), zircons from other samples with slightly
Fig. 7. U–Pb concordia diagram showing analytical results for zircons and the weighted a
C); 140 ± 3.2 Ma for analyses of Yaochong 1–3 (D). Data for the Yaochong porphyries ag

Fig. 8. Cathodoluminescence (CL) images of mineralized porphyry samples from the Y
hydrothermal alteration features, with a wide range Th/U (0.2–
1.9) (Fig. 8). SIMS zircon U-Pb dating for sample YC10-6 yields
206Pb/238U age 135.4 ± 2.3 Ma, sample YC10-7 yields 206Pb/238U
age 136.9 ± 1.6 Ma and sample YC10-9 yields 206Pb/238U age
134.9 ± 1.9 Ma (Fig. 7). LA-ICP-MS analysis for zircons from sample
verage 206Pb/238U ages about 134.9–136.9 Ma for analyses of Yaochong 6, 7, 9 (A, B,
es are listed in Table 2.

aochong porphyry intrusions, showing the magmatic and hydrothermal zircons.



Fig. 9. Zircon chondrite-normalized REE diagram. Chondritic values are from Sun and McDonough (1989).

Fig. 10. Ce3/4+Ce3+ and (Eu/Eu*)N ratios of individual grains for Yaochong porphyry
deposits as well as Qian’echong and Shapinggou porphyries from Dabie, China. Data
of Qian’echong and Shapinggou samples in Dabie were all from the buried
intrusions and the dykes (Mi et al., 2014; Zhang et al., 2015). This diagram shows
that the Yaochong porphyry has more varied oxygen fugacity.

Fig. 11. Ce3/4+Ce3+ and Y/Ho ratios of individual grains for Yaochong porphyry
deposits as well as Qian’echong and Shapinggou porphyries from Dabie, China. Data
of Qian’echong and Shapinggou samples in Dabie were all from the buried
intrusions and the dykes (Mi et al., 2015a; Zhang et al., 2014).

Fig. 12. Zr/Hf and Y/Ho ratios of individual grains for Yaochong porphyry deposits,
pink oval-shaped area showing the magmatic zircon and the blue oval-shaped area
showing the hydrothermal zircons (Bau, 1996).
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YC13-1 yields 206Pb/238U age 140 ± 3.2 Ma (Fig. 7). The dating
results suggest that the altered dikes were formed �5 Ma earlier
than the buried intrusions.

These zircon grains are LREE depleted and HREE enriched, with
Ce concentrations ranging from 2 to 385 ppm, and Eu concentra-
tions ranging from 0.2 to 60 ppm. These grains are characterized
by positive Ce and negative Eu anomalies.. The zircon grains from
sample YC10-6, YC10-7 and YC10-9 show larger range of LREE con-
centrations (Fig. 9), whereas sample YC13-1 shows a complete
accord of REE patterns (Fig. 9). Zircon grains from YC samples have
Ce(IV)/Ce(III) and (Eu/Eu⁄)N ratios ranging from 2 to 1800 and from
0.1 to 1.1, respectively (Appendix I). These highly varied ratios
show that the zircons were not from the unique source.

Use Ti-in-zircon thermometer, the temperature of zircon
formation ranges from 650–750 �C (Appendix I). This is relatively
lower than the Qian’echong 700–740 �C (Mi et al., 2015b) and



Fig. 13. Backscattered electron (BSE) images of apatite from Yaochong porphyries, Apatite chondrite-normalized REE diagram. Chondritic values are from Sun and
McDonough (1989). (A) Apatite grains from sample YC10-6 are all intact prismatic crystals and have smooth surface, they had accordant REE diagram; (B) Apatite grains from
sample YC13-1 have difference of the surface characteristics may caused by slight discrepancy of minerals composition.

Fig. 14. A diagram of F versus Cl in apatite from Yaochong deposit. (A) The colored
dots represents Yaochong Mo porphyry deposit; (B) The lavender area represents
Dexing copper porphyry deposit (Zhang et al., 2013), the pale blue area represents
Qian’echong porphyry deposit (Mi et al., 2015b). Compared to the Dexing apatite,
the Yaochong apatite has higher F but lower Cl concentrations, similar to
Qian’echong apatite.
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Shapinggou 820–860 �C (Zhang et al., 2013). These represent the
temperatures at which zircon crystallized. The magmas may have
experienced slightly higher temperatures.

5.4. Apatite major and trace elements

The apatite grains from sample YC10-6 are mostly intact pris-
matic crystals and have smooth surface as shown by backscattered
electron (BSE) images (Fig. 13). The grains from sample YC13-1
have fractures and corrosions surface (Fig. 13). The fluorine con-
centrations in apatite grains are relative high, varying from 2.9%
to 4.1%. In contrast, the chorine concentrations in apatite are very
low, ranging from 0.001% to 0.010% (Appendix II). The ratios of flu-
orine and chorine are extremely high, indicating that these studied
apatite grains here all belong to fluorapatite Figs. 14 and 15.

The chondrite-normalized REE patterns of apatite from the Yao-
chong porphyries are enriched in LREE and depleted in HREE, with
negative Eu anomalies (Appendix III). The apatite grains of outcrop
sample YC10-6 show similar patterns for those with smooth sur-
face and those without fractions and zones. The apatite grains of
the buried porphyry sample YC13-1 show more scattered patterns,
with fractures and diversity zones on the surface (Fig. 13). These
differences between sample YC10-6 and YC13-1 indicating that
the YC13-1 experienced more fluid influences.
6. Discussion

6.1. Oxidation state and rock-forming temperatures

Zircon is a good record of oxygen fugacity (Ballard et al., 2002;
Liang et al., 2006). Magmatic zircon usually has a positive Ce
anomaly, depending on the oxygen fugacity. Ce4+ is much more
compatible in zircon than Ce3+, zircon crystallized from magma
with a higher oxygen fugacity has a larger Ce anomaly. The Ce4+/
Ce3+ value is a sensitive and robust indicator of magmatic oxida-
tion state given that zircon is very refractory (Ballard et al.,
2002). In addition, the ionic radii of Eu3+ are smaller than those
of Eu2+, and Eu3+ is preferentially incorporated into zircon over
Eu2+. Therefore, Eu anomalies may also reflect oxygen fugacities.

The calculated Ce4+/Ce3+ values of the Yaochong zircon are vari-
able from 2 to 1940, the intrusion has slightly higher Ce anomalies
than the outcrop porphyry veins. In a Ce4+/Ce3+ versus (Eu/Eu⁄)N
diagram, most Yaochong samples fall in the upper right area, sug-
gesting high oxygen fugacity of the Yaochong porphyry. The large
range of the values shows that the Yaochong porphyry dykes and
intrusions have complicated evolution (Figs. 10, 11, 12).

Zircon is much more resistant to alteration than most rock-
forming minerals and has high closure temperatures, even
>900 �C for U-Pb system (Lee et al., 1997). It is a good record of
oxygen fugacity (Ballard et al., 2002; Bolhar et al., 2008; Li et al.,
2012a,b; Liang et al., 2006) and a reliable geothermometer, which
is stable through high-grade metamorphism and partial melting of
the host rock (Lee et al., 1997). Using the Ti-in-zircon thermometer,
the magmatic zircon grains yield temperatures of 675–713 �C, with
slightly higher temperatures for the porphyry veins than the
buried intrusions. These temperatures are similar to, but slightly
lower than that of the Qian’echong porphyries (Mi et al., 2015b)
but much lower than that of ShapinggouMo deposit with porphyry
(860 ± 30 �C) (Zhang et al., 2013).
6.2. Yaochong, a Low-F stockwork Mo deposit in the Dabie Mountains

Climax-type porphyry Mo deposits are mostly distributed in
western North America. They are consistently found in a post-
subduction, extensional tectonic setting and are associated with
A-type granites. Low-fluorine stockwork molybdenite deposits
are closely related to subduction related magmas, similar to
porphyry copper deposits, e.g., being similar in their tectonic set-
ting and the petrology (calc-alkaline) of associated igneous rock
types. In the eastern Pacific, low-F porphyry Mo deposits are
mainly restricted to the western Canada and the northwest United
States.



Fig. 15. The Pacific plate was subducting towards the Yangtze Block, with the ridge between Pacific and Izanagi plates pointing towards the Qinling orogenic belt at �140 Ma
(Sun et al., 2007, 2010; Ling et al., 2009). The front of the subducting plate may have reached the Dabie Mountains (Ling et al., 2011), resulting in adakites (Wang et al., 2007;
Huang et al., 2008; He et al., 2011). The Yaochong Low-F Mo deposits was located near the front edge of the subducting plate. During slab roll-back commenced at �115 Ma,
Climax-type Shapinggou Mo deposit associated with A-type granite formed. Therefore, the front line of the subductiing plate was likely between Yaochong and Shapinggou.
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The Yaochong Mo porphyry deposit is similar in many ways to
the Low-F stockwork deposits in the USA (Ludington et al., 2009b).
First, in mining grade and associated mineralization, Yaochong is a
Mo deposit with Mo content 0.058% and with economic concentra-
tions of Cu. Second, petrological characteristic showing that
Yaochong porphyry belongs to middle to high K series (Fig. 4),
which is different from the A-type granites Climax deposits.
Moreover, the Yaochong porphyry has low Rb (39–285 ppm), Nb
(5–22 ppm) and Ta (0.2–1.6 ppm), and high Sr (52–334 ppm),
which are also different from those of the Climax deposits (Table 1)
(Carten et al., 1988). In addition, F content is another characteristic
of the Low-F type deposits. Yaochong Mo deposit has fluorine con-
tents of 1670–2210 ppm. In contrast, plutons enriched in fluorine
(commonly have >1 percent) in Climax deposits. They are also in
common with the ore-forming fluid system, types of vein and the
compositional types of fluid inclusion (pure CO2, CO2 bearing,
aqueous, and solid bearing). The ore-forming fluid system at
Yaochong was initially high temperature, high salinity, and
CO2-rich and then progressively evolved to CO2-poor, lower salin-
ity, and lower temperature, by mixing with meteoric water, which
results in ore precipitation. Yaochong was initially high tempera-
ture (128–501 �C), high salinity (<13 wt% NaCl eq.), the H-O-C iso-
tope result (quartz separates from the veins yielded a d18O value of
7.7–11.2‰, corresponding to d18OH2O values of �1.3 to 6.9‰ using
temperature estimates from fluid inclusion data; dDH2O values of
fluid inclusion vary from �80 to �55‰, and d13CCO2 from �2.3 to
2.7‰) suggesting that the ore-fluids evolved from magmatic to
meteoric sources (Wang et al., 2014), which is also consistent with
low-F type deposits Figs. 5 and 6.

6.3. Tectonic setting of Yaochong porphyry Mo deposit

The Qinling orogenic belt has experienced two major collisions:
a Palaeozoic collision along the Shangdan suture and a Triassic col-
lision along the Mianlue-Huwan suture (Sun et al., 2002a,b; Meng
and Zhang, 1999, 2000; Qin et al., 2008, 2009, 2010). In the Triassic,
the South and North China Blocks finally collided, forming the
famous Dabie-Sulu ultrahigh- pressure metamorphic belt in the
east (Hacker et al., 1998; Zheng et al., 2003; Li et al., 1993) as well
as syn-orogenic granites in the Qinling region in the west section of
the Qinling–Dabie orogenic belt ( Sun et al., 2002a; Qin et al., 2007;
Zhou et al., 2008). Most of the Mo mineralization in the
Qinling-Dabie orogen however occurred in the Cretaceous (Li
et al., 2003, 2004, 2005, 2006, 2012a,b; Lu et al., 2002; Mao
et al., 2005, 2008, 2010; Zhu et al., 2008; Wang et al., 2017). There
are two mineralization events in the Qinling orogen in the Early
Cretaceous, the main Mo mineralization occurred between 130
and 148 Ma and the later one at �115 May (Li et al., 2012a,b).
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Yaochong was formed at 134–140 Ma, belongs to the first peak
in the Early Cretaceous period �145 Ma (total tonnage >3.5 Mt).
Previous authors proposed that this peak age of the Qinling molyb-
denum belt approximates to that of adakitic rocks and correspond-
ing Cu-Au deposits in the lower Yangtze River belt (Li et al., 2012a,
b). In addition, the linearly distributed Lower Yangtze River belt is
roughly the east extension of the Qinling molybdenum belt. The
magmatic and mineralization event in the lower Yangtze River belt
has been attributed to a ridge subduction, based on the drifting his-
tory of the Pacific plate, as well as the distribution of adakites, A-
type granites, and associated deposits (Ling et al., 2009; Sun
et al., 2010). This is supported by geochemical studies (Liu et al.,
2010; Ling et al., 2011). Given that ridge subduction may cause
deformation in the overriding plate far away from the subduction
zone (Espurt et al., 2008; Sobolev and Yu Babeyko, 2005), it is likely
that the magmatism and mineralization in Qinling molybdenum
belt were triggered by the ridge subduction along the lower
Yangtze River belt, which caused reactivation of the Qinling oro-
genic belt along the Erlangping back-arc basin due to the far-
field effect of the ridge subduction. During the magmatism, Mo-
enriched back-arc meta-sediments were involved, resulting in
high-Mo primitive magmas and Mo deposits.
7. Conclusions

The Yaochong intrusion formed at about 140 Ma. This belongs
to the main mineralization period in the Qinling-Dabie Mo belt.
The large range of the oxygen fugacity values and the temperature
indicate that the Yaochong porphyry dykes and intrusions have a
more complex evolution history.

The Yaochong deposit is similar to the low-F Mo deposit in
terms of geochemical characteristics and tectonic settings. Based
on the tectonic evolution in eastern China, we propose that the
Yaochong Mo deposit formed by a far-field effect of the ridge sub-
duction along the Lower Yangtze River Belt.
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