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Abstract

To better understand processes leading to porphyry Mo deposit formation, the metal content, volatile content,
and crystallization conditions of melt inclusions from pre- and synmineralization intrusions in six porphyry(-
skarn) Mo deposits of northeastern China (Aolunhua, Hashitu, Lanjiagou, Songbei, Wanbaoyuan, and Yangji-
azhangzi) were investigated by means of laser ablation-inductively coupled plasma-mass spectrometry and
electron microprobe analysis. The ore-forming silicate melts were one to four times more evolved than average
granite with 1 to 7 ppm Mo. The ore-related intrusions crystallized predominantly at 760° to 690°C and 3.7 to
1.0 kbar, except for the one at Hashitu, which crystallized at 770° to 740°C and lower pressures (2.0-1.0 kbar).
Fertile silicate melts at Hashitu contain up to 0.4 wt % F, 0.03 to 0.09 wt % Cl, 5.0 to 7.0 wt % H.0, 10 to 24
ppm Cs, and 200 to 500 ppm Rb, whereas those at Yangjiazhangzi and Wanbaoyuan contain less Cs (3-6 ppm
and 5-7 ppm, respectively), less Rb (180-220 ppm and 200-240 ppm, respectively), and negligible F (<0.15
wt %) but have similar CI (0.03-0.05 wt %) and HsO (5.3-6.5 wt % and 4.0-5.2 wt %, respectively) contents.
Calculated melt viscosities in fertile magmas (log 7 = 4.3-6.1 Pa s) are at the lower end of the values reported
for felsic melts at the same temperature.

Comparison between syn- and premineralization intrusions in individual deposits reveals that the ore-related
intrusions were similarly evolved and had similar Mo contents and crystallization conditions as the nonmineral-
izing intrusions. The only difference is that the premineralization intrusions tend to occur as batholiths. The
key to porphyry Mo mineralization lies in the focusing of fluid into and through a small rock volume on the top
of the intrusion.

For the studied porphyry Mo deposits, the mineralizing magmas are all Mo poor, indicating Mo enrichment
is not required to form porphyry Mo deposits. Metal endowments in porphyry Mo deposits have no direct rela-
tionship with the composition and crystallization condition of mineralizing melts but are linked with the fluid
flux released from the underlying magma chamber through a cupola.

Introduction of the associated magmas (e.g., enriched in F, Rb, Nb, and Ta;

Porphyry Mo deposits (defined as containing >0.05 wt % Mo udington and Plumlee, 2009).

an(lip ar}ll ri]/[o/Cu rEz)ltio >(l; Carten et al., 199%3), together with In the past 10 to 20 years, China has emerged as the coun-
porphyry Cu-Mo deposits, are our most important sources try Wl,th the largest Mo reserves (8,300 Mt>' It is now the
of Mo. These deposits are characterized by a stockwork of world’s largest Mo p.roducer (201\7 production ~ 130,000 t Mf’
molybdenite + quartz = pyrite + K-feldspar = biotite = fluo- metal; U.S. Geological Sgrvey, 2017). However, many C}_n'
rite veins that are spatially and genetically related to felsic, "5¢ porphyry Mo deposits proved to be difficult to classify
porphyritic, plug-shaped intrusions. Porphyry Mo deposits with the tectonic ?lasmﬁcatlon schemes proposed by Carten
were traditionally grouped into two classes based on the char- et al. (1993), Ludington al}d Plumlee (2909), and Taylor et
acteristics displayed by the deposits in western North Amer- a.I' (2012), bfec:ause many of them formed in response to con-
ica (White et al,, 1981; Carten et al., 1993; Ludington and tl.ne.ntall collision rather than dge to subduction or incipient
Plumlee, 2009; Taylor et al., 2012): (1) Climax-type porphyry rifting, in contrast to 'the deposits of the Rocky Mountains of
Mo deposits, which are associated with F-rich (commonly western North Amenc'a (Carten et al., 1993; Ludm'gton and
>1.0 wt %), highly evolved rhyolitic magmas (e.g., Climax, Plumlee:, 2009). For th'lS reason, a new class of deposfcs, called
Henderson-Urad, and Questa) generated in a within-plate P OStCOHlSlO_nal' or Dable; type porphyry Mo dgp951ts, has befsn
tectonic environment, and (2) Endako-type porphyry Mo pr.op.osed, in pa.rtlcular for the occurrences within the Dabie-
deposits, which are associated with low-F (usually less than }?mhng orogenic b.elt (e.g., Chen etal., 2017). Although much
0.1 wt %), differentiated calc-alkaline granitoids in arc set- 3% been legrned m the past few decades about the nature
tings (e.g., Endako, Quartz Hill, and Logtung). Climax-type of ore-forming melts in Climax-type porphyry Mo deposits
porphyry Mo deposits have generally received more atten- through the analy/s1s of fluid and melt inclusions (e.g., Lowen-
tion than arc-related porphyry Mo deposits because of their stern, 1995_5 Audetat, 2010, 2015; Zhang and Audet.at, 20_17>>
higher ore grade (typically 0.1-0.3 wt % Mo; Ludington and relatively little is known about the nature of melt inclusions

Plumlee, 2009) and the peculiar geochemical characteristics fro.m Chinese porphyry Mo deposits. Lowenstern <,1994) and
Shinohara et al. (1995) proposed a magma convection model
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efficiently from voluminous Mo-poor magma (2-25 ppm Mo;
Audétat and Li, 2017, and references therein). In their model,
copious amounts of bubbly magmas (i.e., Mo-laden, fluid-rich
magmas) were delivered through the magma chamber into
the cupola by means of weight-derived magma convection.
However, it is not clear whether this model is also applicable
to Endako- and Dabie-type porphyry Mo deposits, as the geo-
chemistry and crystallization conditions of magmas related to
these two types of deposits have not been well constrained.
In this study, we investigated samples from six large (0.12—
1.7 Mt Mo) porphyry(-skarn) Mo deposits in northeastern
China that range in age from Early Jurassic to Early Cre-
taceous and vary in terms of tectonic setting from within a
reactivated craton margin (Yangjiazhangzi, Songbei, and
Wanbaoyuan) to within a composite accretionary orogen (Aol-
unhua and Hashitu; Fig. 1). The main focus of this study is
on melt inclusions, small droplets of silicate melt that were
trapped during the growth of magmatic phenocrysts and are
able to provide information on the original metal and vola-
tile content of the melt at various degrees of magma evolu-
tion (e.g., Lowenstern, 1995; Frezzotti, 2001; Webster, 2006;
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Audétat et al., 2008; Audétat and Lowenstern, 2014). The
aim of this study is to (1) provide a detailed assessment of the
composition of melts in the magmas associated with porphyry
(-skarn) Mo deposits in northeast China, (2) compare the melt
inclusion data with similar data obtained from Climax-type
porphyry Mo deposits, and (3) discuss the results in light of
the genetic model proposed for the genesis of porphyry Mo
deposits.

Geologic Background

A regional-scale geologic and tectonic map of northeastern
China showing the location of the six investigated porphyry Mo
deposits is shown in Figure 1. Four of them (Yangjiazhangzi,
Songbei, Lanjiagou, and Wanbaoyuan) are located within the
North China craton; the other two (Aolunhua and Hashitu)
are located within the Central Asian orogenic belt. Yangji-
azhangzi, Songbei, and Lanjiagou formed between 191 and
183 Ma, and the others formed between 147 and 130 Ma. The
Early Jurassic deposits may have formed in an active conti-
nental margin related to the northwestward subduction of the
Paleo-Pacific plate (e.g., Davis et al., 2001; Chen et al., 2007).
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Fig. 1. (a) Simplified geologic map of China, showing the main tectonic units. (b) Simplified geologic map of northeastern
China and surrounding regions, showing major geologic units, geographical reference points, and the locations of major
porphyry(-skarn) Mo deposits (modified from Ouyang et al., 2013). Mineralization ages taken from Yang et al. (1989), Huang
et al. (1994), Ma et al. (2009), Han et al. (2009), Zhai et al. (2014), and Chu et al. (2017).
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Alternatively, a postcollisional extensional setting related to
collision between the North China craton and the amalgam-
ated terranes of Central Asian orogenic belt (Xiao et al., 2003)
has been proposed based on the contemporary development
of rift basins, alkaline complexes, mafic-ultramafic complexes,
and bimodal volcanism in the eastern part of the North China
craton (Yang et al., 2006; Guo et al., 2007; Zhang et al., 2014).
Early Cretaceous mineralization was contemporary with the
exhumation of metamorphic core complexes, extensive mafic
to felsic magmatism, and the development of intracontinental
rift basins throughout northeastern China—events that have
been interpreted to indicate crustal extension and astheno-
spheric upwelling (Wu et al., 2011, and references therein; Xu
et al., 2013). These processes may relate to orogenic collapse
after the collision between the Central Asian orogenic belt
and Siberia craton (Meng, 2003), rollback of the subducted
Paleo-Pacific plate during the Late Jurassic (Wang et al.,
2006; Li et al., 2012; Zhang et al., 2014), or a combination of
both phenomena (Wu et al., 2011).

81

Yangjiazhangzi Mo deposit

Yangjiazhangzi is located in the eastern part of the North
China craton (Fig. 1b), an Archean craton that has undergone
lithospheric thinning since the early Mesozoic (Gao et al.,
2004; Xu et al., 2006). The deposit contains 0.26 Mt Mo at an
average grade of 0.14% (Huang et al., 1989). Molybdenum
mineralization occurs mainly in Precambrian carbonate rocks
at the southern margin of the large Yangjiazhangzi pluton
(Wu et al., 1990; Fig. 2a). The Yangjiazhangzi pluton contains
coarse-grained syenogranite with minor fine-grained syeno-
granite and granite porphyry (Huang et al., 1994; Wu et al,,
2006). The coarse-grained syenogranite varies from equigran-
ular to porphyritic and was intruded by the fine-grained sye-
nogranite and granite porphyry (Fig. 2a; Huang et al., 1994).
A general lack of quartz veins coupled with only weak sericite
alteration of the coarse-grained syenogranite (Fig. 3a) that
occurred away from the skarn mineralization center for about
100 m (App. Fig. S1) suggests that the coarse-grained syeno-
granite was emplaced before mineralization. The fine-grained
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Fig. 2. (a) Simplified geologic map of the area around the Yangjiazhangzi, Lanjiagou, and Songbei deposits (modified from
Wu et al., 1990). (b) Geologic map and cross section of Songbei (Chu et al., 2017). (c) Geologic map of Lanjiagou (Han et al.,
2009). (d) Geologic cross section through Lanjiagou (see Fig. 2c for the location of the section; Zheng et al., 2014).
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Fig. 3. Representative photographs showing the geologic relationships of intrusions and veins described in this study. (a)
Yangjiazhangzi coarse-grained syenogranite intruding into Archean gneiss. (b) Songbei granite porphyry cut by biotite vein,
in turn cut by quartz veins with K-feldspar halos and quartz-molybdenite-pyrite veins with sericite alteration envelopes. (c)
Lanjiagou fine-grained syenogranite cut by quartz vein with K-feldspar envelopes, in turn truncated by quartz-molybdenite
veins. (d) Aolunhua monzogranite porphyry cut by quartz with fine-grained K-feldspar halos and quartz-molybdenite veins.
(e) Hashitu monzogranite truncated by rhyolite porphyry. (f) Hashitu rhyolite porphyry cut by quartz with K-feldspar halos
and quartz-molybdenite veins. (g) Wanbaoyuan granodiorite truncated by chalcopyrite veinlets with sericite and chlorite
alteration halos. (h) Wanbaoyuan rhyolite porphyry with molybdenite veinlets.
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syenogranite and granite porphyry intruded Precambrian car-
bonate rocks and produced skarn mineralization. Therefore,
these two phases are interpreted as synmineralization intru-
sions. Whole-rock analyses of the synmineralization phases
of the Yangjiazhangzi pluton are similar with respect to their
major elements (SiOz = 71-77 wt %, KO = 4.1-5.5 wt %;
A/CNK = molar Al,O3/(CaO + NasO + K50), 0.9-1.1), trace
elements (Lax/Ybx = 7.7-9.1, 0Eu = 0.6-0.7), and O isotope
composition (6'0%o = 8.1-8.8; Wu et al., 1990; App. Table
S1). Zircon U-Pb dating of the fine-grained syenogranite gives
ages ranging from 189.0 = 4.0 to 188.0 + 2.0 Ma (Wu et al.,
2006), contemporaneous with molybdenite Re-Os mineraliza-
tion ages of 191.0 + 6.0 to 187.0 + 2.0 Ma (Huang et al., 1994).
The Songshuluo diorite crops out about 1.0 km west of the
mine (Fig. 2a). It has a zircon U-Pb age of 221.0 = 2.0 Ma (Wu
et al., 2006), indicating that it is a premineralization intru-
sion. Melt inclusion analysis samples were obtained from the
granite porphyry phase of the premineralization syenogranite
(Yang 4, Fig. 4a), and from the granite porphyry phase (Yang
5, Fig. 4b) and rhyolite porphyry phase (Yang 1 and Yang 2,
Fig. 4c) from the synmineralization intrusion (Table 1).

Songbei Mo deposit

Songbei is located ~3.0 km west of Yangjiazhangzi (Fig. 2a). It
has an indicated resource of 0.17 Mt Mo at an average grade
of 0.10% (Zeng et al., 2013). Intrusive rocks throughout the
mining area comprise ﬁne—grained syenogranite, granite por-
phyry, and diabase (Fig. 2b). The fine-grained syenogranite
stock crops out to the south of the deposit and was intruded
by pink granite porphyry. The main body of granite porphyry
intruded along the contact between Permian sandstone and
Proterozoic to Paleozoic limestone, and into the limestone
itself, where most of the Mo mineralization occurs. Biotite
and quartz veins with K-feldspar alteration halos affected this
intrusion (Fig. 3b), indicating the granite porphyry was a syn-
mineralization body. Zircon U-Pb dating of granite porphyry
yielded an Early Jurassic age (184.0 + 2.0 Ma), contempo-
raneous with Mo mineralization (molybdenite Re-Os age of
183.2 + 3.0 Ma; Chu et al., 2017). The granite porphyries are
silica (74-76 wt %) and KsO rich (4.7-5.6 wt %) and metalu-
minous to mildly peraluminous with A/CNK between 1.0 and
1.1 (Chu et al., 2017). They are characterized by moderate
fractionation between light rare earth elements (LREEs) and
heavy rare earth elements (HREEs) (Lax/Ybx = 2.6-15.2),
strongly negative Eu anomalies (0Eu = 0.1-0.5), and enriched
Hf isotope compositions (enf(t) values from —-10.0 to —6.9),
indicating that their parental magmas were produced by par-
tial melting of ancient lower crust of the North China craton
(Chu et al., 2017). Unaltered diabase dikes crosscut the Mo
orebodies (Fig. 2b). Two samples of rhyolite porphyry phase
from the synmineralization intrusion (Song 1 and Song 2, Fig.
4g), which proved suitable for melt inclusion analyses, were
identified in the Songbei open pit.

Lanjiagou Mo deposit

Lanjiagou is located ~20 km northwest of Yangjiazhangzi (Fig.
2a). It has an indicated resource of 0.22 Mt Mo at an aver-
age grade of 0.13% (Huang et al., 1989). Lanjiagou has been
divided into the upper Lanjiagou, middle Lanjiagou, lower
Lanjiagou, Xiaomagou, Yuanbaoshan, and Xishan ore blocks.

In all blocks, mineralization is characterized by molybdenite-
bearing quartz veins hosted by the Lanjiagou pluton. The Lan-
jiagou pluton crops out continuously over an area of ~20 km?
and consists of coarse-grained syenogranite and fine-grained
syenogranite (Fig. 2c, d). The coarse-grained syenogranite
constitutes the bulk of the pluton and was intruded by syn-
mineralization fine-grained syenogranite that contains A-type
veins (Figs. 3¢, 4h). Whole-rock analyses of the fine-grained
syenogranite show that it is silica (75-76 wt %) and K>O rich
(4.5-6.6 wt %) and metaluminous to mildly peraluminous
(A/CNK = 0.96-1.06), with strong fractionation between
LREEs and HREEs (Lan/Ybx = 9.4-31.3) and moderate
negative Eu anomalies (0Eu = 0.5-0.7; Dai et al., 2008; this
study). The fine-grained syenogranite has a U-Pb zircon age
of 185.0 + 1.8 Ma (Zheng et al., 2014), which agrees within
error with the Re-Os age of 183.1 + 0.8 Ma for molybdenite
(Han et al., 2009). As is the case at Songbei, the coarse- and
fine-grained syenogranite and the orebodies are cut by NE-
trending unaltered diabase dikes (Fig. 2d). Only one sample
of the synmineralization phase (Lanji 7, Fig. 4h) was included
in the melt inclusion study, owing to the poor preservation
state of the melt inclusions.

Aolunhua Mo deposit

Aolunhua is situated in the Great Xing’an Range, which is
a part of the eastern segment of the Central Asian orogenic
belt (Xiao et al., 2003; Fig. 1). It was formed in a postsubduc-
tion setting related to the rollback of the Paleo-Pacific plate
in the east and the closure of Mongolia-Okhotsk Ocean in
the northwest (Meng, 2003; Wu et al., 2005; Xu et al., 2013).
The deposit contains an inferred resource of 1.70 Mt Mo at
an average grade of 0.05% (Chen et al., 2012). Mineraliza-
tion is characterized by molybdenite-bearing quartz veins
(0.5-3.0 cm wide) in the monzogranite porphyry (Fig. 3d;
App. Fig. Slc), which is the main intrusion at Aolunhua (Fig.
5a). In the center of the intrusion, the monzogranite porphyry
grades into an equigranular monzogranite. Both the monzo-
granite porphyry and the equigranular monzogranite contain
abundant mafic microgranular enclaves (MMEs) of dioritic
to quartz monzodioritic composition (Ma et al., 2013). Zir-
con U-Pb dating of the monzogranite porphyry and MMEs
returned ages of 131.9 + 0.5 and 132.2 + 1.1 Ma (Ma et al.,
2013), respectively, which are in agreement with the Re-Os
age of 132.1 + 1.2 Ma obtained from molybdenite (Ma et
al., 2009). The monzogranite porphyry is crosscut by bar-
ren quartz porphyry and diorite dikes (Fig. 5a). Zircon U-Pb
dating of the dikes indicates they intruded at 125.7 = 0.6 Ma
(Ma et al., 2013)—i.e., their emplacement postdates the ore-
forming hydrothermal event by about 6 m.y. The monzo-
granite porphyry has SiO» contents of 68 to 70 wt % and KoO
contents of 3.4 to 4.5 wt %, and is metaluminous (A/CNK =
0.9-1.0) in composition (Ma et al., 2013). It is characterized
by a high fractionation between LREEs and HREEs (Lax/
Ybx = 12.7-23.6), a negligible Eu anomaly (0Eu = 0.9-1.0),
and a high Sr/Y ratio (55-80; Ma et al., 2013). Its Sr-Nd-Hf
isotope signatures (57Sr/%6Sr; = 0.7049-0.7052, ena(t) = 0.5—
1.4, en(t) = 3.5-9.8) and the occurrence of MMEs indicate
that it was derived by mixing of juvenile crust-derived felsic
magma with previously metasomatized lithospheric mantle-
derived mafic magma (Ma et al., 2013). Only one sample of
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Fig. 4. Photographs of polished thick sections and melt inclusions in quartz phenocrysts and matrix quartz. (a) Yangjiazhangzi
granite porphyry sample Yang 4. (b) Yangjiazhangzi granite porphyry sample Yang 5. (c¢) Yangjiazhangzi rhyolite porphyry
sample Yang 2. (d) Coarsely crystallized melt inclusion in sample Yang 4 (top) and finely crystallized melt inclusions in sample
Yang 5 (bottom). (e) Finely crystallized melt inclusions in sample Yang 2. (f) The same melt inclusions as shown in (e), after
homogenization at 2.0 kbar and 780°C in a rapid-quench cold-seal pressure vessel. (g) Songbei rhyolite porphyry sample Song
1. (h) Lanjiagou fine-grained syenogranite sample Lanji 7 cut by quartz vein with fine-grained K-feldspar halos. (i) Decrepi-
tated, finely crystallized melt inclusions in sample Song 1 (top) and finely crystallized melt inclusion in sample Lanji 7 (bottom).
Abbreviations: Afs = alkali feldspar, Bt = biotite, MI = melt inclusion, PI = plagioclase, Qtz = quartz.
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Fig. 5. (a) Simplified geologic map of Aolunhua (Ma et al., 2013
(c) Cross section along the marked line in (b) (Zhai et al., 2018

2010).

monzogranite porphyry (Aolu 11, Fig. 6a), collected from the
open pit, proved appropriate for melt inclusion work.

Hashitu Mo deposit

Hashitu is located ~50 km northwest of Aolunhua (Fig. 1).
The deposit contains an indicated resource of 0.13 Mt Mo at
an average grade of 0.13% (Zhai et al., 2018). Orebodies are
hosted by monzogranite and syenogranite (Fig. 5b, ¢). Mon-
zogranite varies from coarse equigranular to porphyritic and
is exposed in the southern part of the deposit, where it covers
an area of ~8 km?2 (Fig. 5b). It was cut by quartz-molybdenite
+ pyrite veins with sericite and chlorite alteration halos (Zhai
et al., 2018), sourced from the synmineralization intrusion
(Fig. 5¢), suggesting that monzogranite was emplaced prior
to mineralization. The syenogranite has a sharp intrusive

=z

. (b) Simplified geologic map of Hashitu (Zhai et al., 2018).
. (d) Schematic cross section of Wanbaoyuan (Song et al.,

=

contact with the monzogranite (Fig. 5¢) and crops out mainly
in the northern part of the deposit. It contains quartz veins
with K-feldspar envelopes (Zhai et al., 2018) and is therefore
interpreted to be a synmineralization intrusion. Zircon U-Pb
dating returned an age of 147.0 + 1.0 Ma for monzogranite
and an age of 143.0 + 2.0 Ma for syenogranite (Zhai et al.,
2014). Diamond drilling has revealed two other synmineral-
ization phases of rhyolite porphyry and granite porphyry at
depth, which intruded the monzogranite and were in turn cut
by quartz and molybdenite veins (Fig. 3e, f). The synminer-
alization phases at Hashitu have similar major and trace ele-
ment compositions (SiOz = 76-77 wt %, K20 = 4.6-5.8 wt %,
A/CNK = 0.9-1.0, Lan/Yby = 3.2-9.7, 6 Eu = 0.02-0.12; Zhai
etal., 2014; this study) and Nd isotope values (exq(t) = 1.1-2.1;
Ding et al., 2016). Two drill core samples of premineralization
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(a) Aolunhua monzogranite por-
phyry sample Aolu 11. (b) Hashitu porphyritic monzogranite sample Hash 10. (¢) Hashitu rhyolite porphyry sample Hash
6. (d) Coarsely crystallized melt inclusion in sample Aolu 11. (e) Coarsely crystallized melt inclusions in Hash 10. (f) Partly
crystallized melt inclusions in Hash 6. (g) The same melt inclusions as in (), after homogenization at 2.0 kbar and 780°C in
a rapid-quench cold-seal pressure vessel. (h) Hashitu granite porphyry sample Hash 5. (i) Wanbaoyuan granodiorite sample
Wan 10. (j) Wanbaoyuan rhyolite porphyry sample Wan 1. (k) Coarsely crystallized melt inclusion coexisting with triangular,
semitransparent molybdenite crystal in sample Hash 5. (1) Coarsely crystallized melt inclusion in sample Wan 10. (m) Finely
crystallized melt inclusion in sample Wan 1. (n) The same melt inclusions as in (m), after homogenization at 2.0 kbar and
780°C in a rapid-quench cold-seal pressure vessel. Abbreviations: Afs = alkali feldspar, Bt = biotite, Hbl = hornblende, MI =
melt inclusion, Mo = molybdenite, PI = plagioclase, Qtz = quartz.
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monzogranite (Hash 10 and Hash 13, Fig. 6b), two samples of
synmineralization rhyolite porphyry (Hash 6 and Hash 7, Fig.
6¢), and one sample of synmineralization granite porphyry
(Hash 5, Fig. 6h) contained workable melt inclusions.

Wanbaoyuan Mo deposit

Wanbaoyuan is located in the eastern part of the North China
craton, near the boundary between China and North Korea
(Fig. 1b). It has an indicated resource of 0.12 Mt Mo at an
average grade of 0.12% (Hu et al., 2007). Mineralization pro-
duced molybdenite-quartz veins (1-2 cm in width) in granodi-
orite and molybdenite veinlets (1-1.5 mm in width) in rhyolite
porphyry (Song et al., 2010; Figs. 3h, 5d). The granodiorite is
the oldest and largest intrusion, covering an area of ~126 km?
(Song et al., 2010). Zircon U-Pb dating of granodiorite yielded
an age of 130.0 + 0.4 Ma (Yang et al., 1989). In the mining
area, granodiorite was intruded by synmineralization rhyolite
porphyry, which contains quartz veins with K-feldspar and
biotite envelopes (Song et al., 2010) and molybdenite vein-
lets (Fig. 3h), and was cut by chalcopyrite veinlets with ser-
icite alteration halos (Fig. 3g), indicating that granodiorite is
a premineralization intrusion. Small lamprophyre and diorite
dikes, which are contemporaneous with rhyolite porphyry
(Hu et al., 2007; App. Fig. S2), occur in the southeastern part
of the deposit. The granodiorite has SiOs contents of 63 to
66 wt % and KO contents of 3.7 to 3.9 wt %, and it is metalu-
minous (A/CNK = 0.9-1.0; App. Table S1). It is characterized
by strong fractionation between LREEs and HREEs (Lax/
Yby = 9.4-18.7), a negligible Eu anomaly (0Eu = 0.9-1.0),
and high Sr/Y ratios (38-41). The rhyolite porphyry is rich in
silica (SiOg = 74-78 wt %) and KoO (5.7-6.6 wt %) and is per-
aluminous (A/CNK = 1.1-1.7). It is characterized by only a
slight fractionation between LREEs and HREEs (Lan/Ybx =
0.6-0.9) and a strong negative Eu anomaly (Eu = 0.03-0.06).
One sample of premineralization granodiorite (Wan 10, Fig.
6i) and three samples of synmineralization rhyolite porphyry
(Wan 1, Wan 2, and Wan 3, Fig. 6j) collected from the under-
ground mine proved suitable for melt inclusion analyses.

Methods

Doubly polished thin sections of 0.3- to 0.5-mm thickness
were prepared from each sample and subsequently examined
with a standard petrographic microscope, with a focus on melt
inclusions and mineral inclusions occurring within quartz
phenocrysts. Selected phenocrysts and melt inclusions were
analyzed by laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) or were rehomogenized and sub-
sequently analyzed by electron probe microanalysis (EPMA).

Major and trace elements in nonhomogenized, unexposed
melt inclusions were analyzed with a 193-nm ArF Excimer
laser ablation system coupled to a PerkinElmer Elan DRC-e
quadrupole ICP-MS at the Bayerisches Geoinstitut. The
laser was operated at 5 to 10 Hz and an energy density of 3
to 10 J/cm? at the sample surface. The sample chamber was
flushed with He gas at a rate of 0.4 I/min, to which 5 ml/min
Hs gas was added on the way to the ICP-MS system (Guillong
and Heinrich, 2007). The ICP-MS system was tuned to a ThO
rate of 0.07 + 0.02% and a rate of doubly charged Ca ions
of 0.10 + 0.03% based on measurements on NIST SRM 610
glass. Measured elements include 7Li, 1B, 23Na, Mg, 27Al,

308, 39K, 42Ca, 49Ti, 55Mn, 5Fe, 65Cu, S5Rb, 85Sr, $9Y, 90Zr, %3Nb,
9Mo, 115Sn, 133Cs, 137Ba, 140Ce, 184W, 205Ph, 209Bi. and 235U,
using dwell times of 10 to 40 ms per isotope. NIST SRM 610
was used as an external standard and was analyzed twice at the
beginning and the end of each block of up to 20 analyses. A
well-characterized in-house obsidian standard was analyzed in
each session as an unknown to check the accuracy of the anal-
yses. A beam diameter of 40 um was used for glasses, whereas
for melt inclusions the size of the beam was adjusted to ensure
ablation of the entire melt inclusion but at the same time keep
the amount of ablated host mineral to a minimum. Before
each melt inclusion analysis, the quartz host was analyzed
nearby in order to get a clean and sufficiently long signal that
could be used for Ti-in-quartz (TitaniQ) thermobarometry.

Entire, unexposed melt inclusions were ablated by means
of a pulsed laser beam out of the surrounding quartz host and
any excess ablated host was subtracted numerically from the
resulting LA-ICP-MS signals until constraints from whole-
rock compositional data (for use as internal standard) were
met (Halter et al., 2002). A total of 118 melt inclusions were
analyzed. Internal standardization of the melt inclusions from
Aolunhua, Yangjiazhangzi, Lanjiagou, and Songbei was based
on SiOz vs. Al,O3 trends defined by corresponding whole-rock
data published in Ma et al. (2013), Wu et al. (1990), Chu et
al. (2017), and in the present study (App. Table S1). For the
melt inclusions from Hashitu and Wanbaoyuan, fixed Al,Os
contents of 11.5 and 12.0 wt %, respectively, were used based
on whole-rock data and EPMA analyses of rehomogenized
melt inclusions (App. Tables S1, S2). Because quartz-hosted
melt inclusions tend to lose Na during postentrapment melt
crystallization (Zajacz et al., 2009; Audétat and Lowenstern,
2014), estimates regarding their original NasO contents had
to be made. Based on whole-rock data and EPMA analyses,
a value of 4.0 wt % NasO was chosen for Aolunhua, Yangji-
azhangzi, Lanjiagou, and Songbei, whereas for Hashitu and
Wanbaoyuan a value of 3.5 wt % NaxO was chosen. The sum
of the major element oxides of melt inclusions was then nor-
malized to 100 wt %—i.e., the analyses are reported dry.
Uncertainties associated with these analyses are estimated at
5 to 7%, except for elements close to the detection limit.

LA-ICP-MS analyses of the host quartz were quantified
based on NIST SRM 610 as an external standard and normal-
izing the sum of all major element oxides to 100 wt %. The
accuracy of these analyses was checked periodically by means
of the quartz standard described in Audétat et al. (2015).

A total of 48 unexposed melt inclusions in quartz phe-
nocrysts from the ore-related intrusions at Hashitu, Wan-
baoyuan, and Yangjiazhangzi were rehomogenized and then
analyzed by EPMA at the Bayerisches Geoinstitut. For this
purpose, melt inclusion-bearing quartz fragments of ~2- X
2- X 0.5-mm size were cut out of the polished sections and
placed in an open Pt capsule in the top of a vertically oper-
ated  titanium-zirconium-molybdenum (TZM)  cold-seal
pressure vessel, where the melt inclusions were rehomog-
enized at 1.5 to 2.0 kbar, confining Ar pressure in one step
of four days’ duration at 780°C. The runs were terminated
by dragging the samples with the help of a magnet from the
hot end to the cold end of the pressure vessel within ~20 s.
After this treatment, most melt inclusions were found to be
fully rehomogenized and quenched to silicate glass, but some
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larger inclusions remained heterogeneous and contained a
vapor bubble + small crystals, probably in response to slow
melting kinetics. Quartz fragments were polished by hand to
expose fully rehomogenized inclusions on the sample surface
for subsequent analysis by EPMA. These analyses were per-
formed on a JEOL JXA-8200 microprobe equipped with five
spectrometers and TAP, PET, LiF, and LDE1 spectrometer
crystals, using 15 kV, 20 nA, and a beam defocused to 10 gm.
Sodium, K, Si, S, and Fe were measured first, with Na and K
being measured for 10 s on peak and 5 s on each background
(10/2 X 5), and Si, Al, Ti, Fe, Mn, Mg, and Ca with 20/2 X 10,
and F, Cl, and S with 60/2 X 30. Time-resolved signals showed
up to 10% loss of Na in the most hydrous glasses, but no loss
of Cl and F. Standardization was performed on albite (Na,
Si), orthoclase (K), spinel (Al), MnTiO3 (Mn, Ti), metallic Fe,
enstatite (Mg), wollastonite (Ca), fluorite (F), vanadinite (Cl),
and barite (S). A topaz crystal that contains 20.5 + 0.5 wt %
F according to X-ray diffraction measurements and the equa-
tions for cell parameters a and b given by Alberico et al. (2003)
was measured as an unknown. It returned F values of 20.1 +
0.2 wt %. Rough estimates of water contents were obtained
by taking the difference to 100 wt % total and correcting it
for the abundance of F. However, owing to uncertainties in
the homogenization procedure and the EPMA analyses them-
selves (e.g., Devine et al., 1995; Donovan and Vicenzi, 2008),
these values are associated with an error of at least +1 wt %.

Results

Yangjiazhangzi

Representative LA-ICP-MS analyses of melt inclusions from
Yangjiazhangzi are listed in Table 2, whereas the full dataset
of 25 melt inclusions is provided in Appendix Table S3. Melt
inclusions in the premineralization intrusion are crystallized
(Fig. 4d) and contain ~80 wt % SiOg, 350 to 440 ppm Rb, 5
to 11 ppm Cs, and 4 to 6 ppm Mo. They are thus distinctly
more evolved than average granite (150 ppm Rb, 5 ppm Cs;
Taylor, 1964), but are less evolved than mineralizing magmas
of Climax-type Mo systems (300-1,000 ppm Rb, 10-30 ppm
Cs; Lowenstern, 1994; Mercer et al., 2015; Audétat and Li,
2017; Figs. 7, 9).

Melt inclusions in synmineralization phases are mostly
glassy and negative crystal shaped (Fig. 4e). They are rhyolitic
in composition (79-80 wt % SiOs) and contain significantly
less Rb (mostly 180-220 ppm) and Cs (mostly 3-6 ppm) than
those of the premineralization intrusion, suggesting a lower
degree of melt fractionation. Molybdenum concentrations in
the silicate melts show a narrow range of 2 to 4 ppm with an
average value of 2 ppm, which is about two times less than
in similarly evolved melts from Climax-type deposits (Fig. 8).

Representative EPMA analyses of 24 rehomogenized melt
inclusions from synmineralization phases are provided in
Table 3, and the full dataset is available in Appendix Table
S2. Because many melt inclusions developed local decrepita-
tion halos (e.g., Fig. 4d), only about half of the melt inclu-
sions returned realistic NasO values (3.7—4.3 wt %), with the
others containing either too little (2.0-3.1 wt %) or too much
(4.6-5.4 wt %) NasO compared to whole rocks (3.6-4.4 wt %
NaO; App. Table S1). The anomalous values were thus cor-
rected to an NaxO content of 4.0 wt % (based on the average

composition of the other inclusions). A few melt inclusions
also showed unrealistic K2O and Al;Os; concentrations and
were therefore replaced by the average values present in the
other inclusions (3.5 wt % for K2O and 11.5 wt % for AlyOs,
respectively). After these corrections and normalization to
100 wt % (i.e., dry composition), the rehomogenized melt
inclusions gave values that agreed with the results obtained
by LA-ICP-MS. The rehomogenized melt inclusions contain
up to 0.05 wt % CI, 0.07 wt % S (expressed as SOs), and 4.6
to 7.4 wt % HoO (with a mode at 5.3-6.5 wt %, based on the
difference from a total 100 wt %, corrected for O-F substitu-
tion), whereas F contents were always below the detection
limit of ~0.15 wt % (App. Table S2).

Songbei

Melt inclusions in the synmineralization intrusion from Song-
bei are finely crystallized and partially decrepitated (in the
upper part of Fig. 4i), and they range in size from 14 to 60 ym.
The melt inclusions are rhyolitic in composition (78-81 wt %
SiOs) and contain 140 to 1,300 ppm Rb (with a mode at 150
250 ppm) and 2 to 88 ppm Cs (with a mode at 2-5 ppm; App.
Table S3). The wide range of incompatible element concen-
trations indicates that the melts were trapped under varied
degrees of magma fractionation. However, Mo concentrations
in the silicate melts are relatively constant at 3 + 1 ppm, which
is at the lower end of the range observed in barren and Climax-
type ore deposits at this degree of melt fractionation (Fig. 8).

Lanjiagou

Melt inclusions in the synmineralization sample from Lanjia-
gou are finely crystallized (in the lower part of Fig. 4i) and
measure up to 45 um in size. Because they are sparse and
relatively poorly preserved, only two were analyzed. The
analyzed melt inclusions contain 78 to 79 wt % SiO2, 220 to

340 ppm Rb, 2 to 8 ppm Cs, and 4 to 5 ppm Mo (App. Table
S3) and are thus slightly more evolved than average granite.

Aolunhua

Melt inclusions in the synmineralization sample from Aol-
unhua are coarsely crystallized and commonly surrounded
by halos of tiny fluid inclusions (Fig. 6d). The analyzed melt
inclusions are rhyolitic in composition (77-80 wt % SiOs)
and span a wide concentration range of compatible elements
(50-320 ppm Sr and 56-800 ppm Ba) and incompatible ele-
ments (70-280 ppm Rb, with a mode at 200-250 ppm Rb,
and 1-16 ppm Cs, with a mode at 5-10 ppm Cs). The low Mo
concentrations in the melt inclusions are similar to those in
the deposits described above, ranging from 1 to 3 ppm (App.
Table S3).

Hashitu

Melt inclusions in premineralization phases from Hashitu
are coarsely crystallized (Fig. 6e). They contain, on average,
80 wt % SiOs, plus 300 to 650 ppm Rb (with a mode at 300
420 ppm) and 5 to 48 ppm Cs (with a mode at 10-28 ppm).
Molybdenum concentrations range from 1 to 5 ppm, with an
average of 3 ppm.

Melt inclusions in synmineralization phases from Hashitu
are either finely crystallized or glassy and are rarely inter-
grown with molybdenite inclusions (Fig. 6f, k). They are
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Fig. 7. Trace element signatures of (a) melt inclusions and (b) whole rocks of the present study, plotted on the tectonic
discrimination diagram of Pearce et al. (1984) and Pearce (1996). The trace element signatures of melt inclusions analyzed
from Climax-type deposits (Lowenstern, 1994; Audétat, 2010, 2015; Audétat et al., 2011; Mercer et al., 2015; Audétat and
Li, 2017; Zhang and Audétat, 2017) and of whole rocks associated with Endako Mo deposit (Whalen et al., 2001) are shown

for comparison.

geochemically similar to the premineralization melt inclu-
sions, containing 79 to 81 wt % SiOs, 200 to 730 ppm Rb (with
a mode at 200-500 ppm), 8 to 53 ppm Cs (with a mode at
10-24 ppm), and 1 to 7 ppm Mo (3 ppm, on average; App.
Table S3). The presence of molybdenite inclusions in quartz
phenocryst suggests that this magma was at least temporarily
molybdenite saturated. However, the rarity of the molybde-
nite inclusions and the fact that the Mo content of the silicate

melt generally increases with increasing degree of melt frac-
tionation (monitored by Rb or Cs; Fig. 8) suggest that only
minor molybdenite precipitated.

Seventeen melt inclusions from synmineralization phases
were rehomogenized for EPMA. The rehomogenized melt
inclusions contain 4.4 to 7.8 wt % HoO (with a mode at
5.0-7.0 wt %), up to 0.4 wt % F, 0.03 to 0.09 wt % Cl, and
<0.02 wt % S (App. Table S2).
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Fig. 8. Molybdenum concentrations vs. (a) Cs concentratio

ns and (b) Rb concentrations in melt inclusions analyzed in the

present study. The Mo, Cs, and Rb concentrations in melt inclusions analyzed from Climax-type porphyry Mo deposits (Low-
enstern, 1994; Audétat, 2010, 2015; Audétat et al., 2011; Mercer et al., 2015; Audétat and Li, 2017; Zhang and Audétat, 2017),
subeconomic occurrences with affinity to Climax-type deposits (Audétat, 2010; Lerchbaumer and Audétat, 2013; Audétat
and Li, 2017), and barren granites (Audétat and Pettke, 2003; Audétat et al., 2008; Lerchbaumer and Audétat, 2013) are
shown for comparison. The Cs and Rb contents of average granite are taken from Taylor (1964). Abbreviations: AB = aver-
age composition of primitive arc basalts (GEOROC database; references given in Bali et al., 2012); L.C, BC, UC = average
composition of lower crust, bulk crust, and upper crust, respectively (Rudnick and Gao, 2003); OIB = average composition of

oceanic island basalts (Sun and McDonough, 1989).

Wanbaoyuan

Melt inclusions in the premineralization intrusion from
Wanbaoyuan are finely crystallized, have irregular shapes,
and are commonly surrounded by halos of tiny fluid inclu-
sions (Fig. 51). The analyzed melt inclusions are rhyolitic
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in composition (77-79 wt % SiOg) and are relatively rich in
compatible elements (42-58 ppm Sr and 350-380 ppm Ba)
and low in Cs (2-3 ppm), but still contain more Rb (190-
230 ppm) than average granite. The Mo concentration in
these melt inclusions is 4 to 5 ppm (App. Table S3), which
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is slightly lower than values of similarly evolved melts from
Climax-type deposits (Fig. 8).

Melt inclusions in the synmineralization intrusion are finely
crystallized, have rounded shapes (Fig. 6m), and could be
completely rehomogenized (Fig. 6n). They contain ~79 wt %
SiOs and ~7.8 wt % total alkalis (Na:O + KoO; App. Table S3).
In terms of trace element compositions, they record a higher
degree of fractionation than the melts from the premineral-
ization phase, as they contain 1 to 12 ppm Sr, 5 to 15 ppm
Ba, and 3 to 10 ppm Cs (the latter with a mode at 5-7 ppm).
The Rb concentrations (180-310 ppm; with a mode at 200—
240 ppm), however, are approximately the same. The Mo con-
centration in these melt inclusions is 1 to 5 ppm.

Seven melt inclusions from the synmineralization phase
were rehomogenized for EPMA, but three analyses returned
unreasonable NasO values. After correcting the NasO content
to 4.0 wt % and normalizing the total to 100 wt %, the rehomog-
enized melt inclusions contain 4.0 to 5.2 wt % HoO and 0.03
to 0.05 wt % Cl, whereas S contents were <0.02 wt % and
F contents were always below the detect limit of 0.15 wt %
(App. Table S2).

In summary, all melt inclusions analyzed from the six inves-
tigated porphyry Mo deposits in northeast China are rhyo-
litic in composition. The least-evolved melt inclusions, which
approach the composition of the bulk magmas, contain 2 to
11 ppm Cs and 150 to 390 ppm Rb, suggesting that they are
one to two times more evolved than average granite. An excep-
tion is the melts from Hashitu, which contain 10 to 28 ppm Cs
and 200 to 500 ppm Rb and, thus, are about three to four
times more evolved than average granite. Molybdenum con-
centrations were generally rather low in the melts of both
pre- and synmineralization intrusions, with most values fall-
ing between 1 and 7 ppm. Fluorine concentrations are below
the detection limit of ~0.15 wt % in all deposits except for
Hashitu, where melts containing up to 0.4 wt % F were found.
Water contents are high in the synmineralization intrusions of
Hashitu and Yangjiazhangzi (with a mode at 5.0-7.0 wt %) and
slightly lower (4.0-5.2 wt % H»0) at Wanbaoyuan.

Reconstruction of Magmatic P-T-fo, Conditions

To reconstruct the crystallization conditions of the mineraliz-
ing magmas, the following methods were used: (1) zircon satu-
ration thermometry (Watson and Harrison, 1983), (2) TitaniQ
thermobarometry (Huang and Audétat, 2012; Audétat, 2013),
and (3) oxygen fugacity estimates based on molybdenite satu-
ration (Audétat et al., 2011; Sun et al., 2014). The results are
summarized in Table 4, and the full data set is available in
Appendix Table S3.

All analyzed melt inclusions in quartz are metaluminous
to peraluminous in composition and have been saturated in
zircon, as demonstrated by the common presence of zircon
inclusions within the quartz phenocrysts, thus permitting use
of the zircon saturation thermometer of Watson and Harrison
(1983). The results obtained for Aolunhua, Lanjiagou, Wan-
baoyuan, and Yangjiazhangzi are mostly between 730° and
690°C, whereas the melt inclusions from the synmineraliza-
tion intrusion of Songbei returned slightly higher temperatures
of 760° to 720°C (Table 4). Interestingly, the temperatures
obtained from the premineralization intrusions at Wanbaoyuan
and Yangjiazhangzi are, on average, slightly higher than those

obtained from the corresponding synmineralization intrusions
(770°=690°C vs. 720°—690°C at Wanbaoyuan; 790°-730°C vs.
720°-690°C at Yangjiazhangzi), which points to the input of
new magma prior to mineralization. In view of the consider-
able F contents of some melt inclusions from Hashitu (up to
0.4 wt % F), we calculated two zircon saturation temperatures
for each inclusion: one assuming zero fluorine content and one
assuming 0.4 wt % F. The latter was calculated based on the
model of Keppler (1993) to account for the strongly enhanced
Zr solubility in fluorine-bearing melts. Consequently, Zr con-
centrations of the melt inclusions from the Hashitu deposit are
lowered by 8%, resulting in a temperature decrease of 7° to
9°C. Fluorine-corrected melt temperatures for the premin-
eralization phases range from 770° to 670°C (with a mode at
760°-730°C), similar to those of the synmineralization intru-
sions (range from 780°-710°C, with a mode at 770°-740°C).

The TitaniQ approach described by Huang and Audétat
(2012) and Audétat (2013) to reconstruct the pressures of
quartz phenocryst crystallization uses the composition of melt
inclusions next to the analyzed quartz to derive the tempera-
ture and the activity of TiOz in the magma. The latter was cal-
culated based on the TiOs solubility model of Kularatne and
Audétat (2014). For Hashitu, both a value assuming zero fluo-
rine and a value assuming 0.4 wt % F were calculated, the lat-
ter using experimental data of Aseri et al. (2015). Results for
the synmineralization intrusions from Aolunhua, Lanjiagou,
Songbei, Wanbaoyuan, and Yangjiazhangzi are similar, with
most values falling within the range of 3.7 to 1.5 kbar, which is
comparable with the results of the premineralization intrusions
(4.1-2.1 kbar; Table 4). At Hashitu, pressures calculated with
corrected TiOz activities and zircon saturation temperatures are
slightly lower than the other deposits, with most values ranging
from 2.0 to 1.0 kbar in the synmineralization intrusion and from
2.8 to 1.0 kbar in the premineralization intrusions (Table 4).

As discussed above, melt inclusions in the synmineralization
intrusions from Hashitu, Yangjiazhangzi, and Wanbaoyuan
contain between 5.0 and 7.0 wt %, 5.3 and 6.5 wt %, and 4.0
and 5.2 wt % H-0, respectively. These water contents require
minimum entrapment pressures of 2.6 to 1.4 kbar at Hashitu,
2.3 to 1.6 kbar at Yangjiazhangzi, and 1.6 to 1.0 kbar at Wan-
baoyuan (Johannes and Holtz, 1996). Comparison of these
pressures with those constrained via TitaniQ (2.0-1.0 kbar at
Hashitu; mostly 3.7-1.5 kbar at the other localities) shows that
the corresponding averages agree well at Hashitu and Yangji-
azhangzi, whereas at Wanbaoyuan the calculated minimum
saturation pressures are on average ~1 kbar lower (Table 4).
This suggests that the ore-forming magmas at the former two
localities were likely fluid saturated through most of their
crystallization history.

The synmineralization granite porphyry sample from Hashitu
was molybdenite saturated, as indicated by the occurrence of
molybdenite inclusions of unambiguously primary origin within
quartz phenocrysts (Fig. 6k). Applying the method of using the
Mo content of molybdenite-saturated melts in conjunction with
zircon saturation temperatures (Audétat et al., 2011; Sun et al.,
2014) to estimate magmatic fo,, we obtain a value of ~0.7 log
units above the quartz-fayalite-magnetite buffer (i.e., QFM +
0.7) for the ore-related magma of Hashitu. For the other five
deposits, no estimate of fo, could be made because no molyb-
denite inclusions were found in the quartz phenocrysts.
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Table 4. Composition and Properties of Silicate Melts in Fertile Versus Barren Magmas of the Present Study and in Climax-Type Mo Deposits

Deposit Aolunhua Hashitu Hashitu Lanjiagou Songbei Wanbaoyuan Wanbaoyuan

Fertility Fertile Fertile Barren Fertile Fertile Fertile Barren

Mo reserve 1.7 Mt 0.13 Mt 0.22 Mt 0.17 Mt 0.12 Mt

Setting! I A-1 A-1 1 I 1 I

Mo (ug/g) 1-3 (avg. 2) 1-7 (avg. 3) 1-5 (avg. 3) 4-5 (avg. 4) 1-5 (avg. 3) 1-5 (avg. 2) 4-5 (avg. 4)

Rb (/tg/g) 200-250 200-500 300420 220-340 150-250 200-240 190-230

Cs (ug/g) 5-10 10-24 10-28 2-8 2-5 5-7 2-3

F (wt %) <04 <0.15

Cl (wt %) 0.03-0.09 0.03-0.05

S (wt %) <0.02 <0.02

H:0 (wt %)2 5.0-7.0 4.0-5.2

Min. P (kbar)3 1.4-2.6 (avg. 2.0) 1.0-1.6 (avg. 1.3)

T (°C)* 700-730 740-770 730-760 700-710 720-760 690-720 690-770

P (kbar)3 2.0-2.5 1.0-2.0 1.0-2.8 19 1.5-2.5 2.3-3.5 2.3-4.1
(avg. 2.3) (avg. 1.5) (avg. 1.9) (avg. 2.1) (avg. 2.5) (avg. 3.5)

log n (Pas)s 4.3-5.1 5.8-6.1

logfo2 (AFMQ)7 0.7

Deposit Yangjiazhangzi Yangjiazhangzi Urad-Henderson® Silver Creek? Climax!© Pine Grovel!

Fertility Fertile Barren Fertile Fertile Fertile Fertile

Mo reserve 0.26 Mt 1.0 Mt 0.12 Mt 2.20 Mt 0.37 Mt

Setting! 1 I-A A A A A

Mo (ug/g) 24 (avg. 2) 4-6 (avg. 5) 10-25 (avg.19) 34 (avg. 3) 5-7 (avg. 6) 24 (avg. 3)

Rb (ug/g) 180-220 350-440 500-700 400-500 500-1,500 400-500

Cs (,ug/g) 3-6 5-11 10-20 11-15 15-90 12-15

F (wt %) <0.15 0.5-1.0 0.25-0.32 3.1-3.9 0.2-0.9

Cl (wt %) <0.05 0.21-0.35 0.04-0.05 0.06-0.12 0.04-0.12

S (wt %) <0.07 0.01-0.02

H>0 (wt %)2 5.3-6.5 6.0-7.0 6.0-9.0 4.0-6.0 6.0-8.0

Min. P (kbar)3 1.6-2.3 (avg. 2.0) 2.0-2.6 (avg. 2.3) 2.6-4.0 (avg. 3.4) 1.0-2.0 (avg. 1.5) 2.0-3.2 (avg. 2.8)

T (°C)4 690-720 730-790 740-780 780-800 710-730 710-720

P (kbar)3 2.0-3.7 (avg. 2.7) 2.1-3.3 (avg. 2.9) 1.5-3.0 (avg. 2.6) 2.9-4.5 (avg. 4.1) 1.2-2.6 (avg. 2.1) 2.5-4.5 (avg. 3.7)

log n (Pas)s 4.9-5.6 4449 3.4-44 4.8-4.9 4.5-5.1

logf02 (AFMQ)? 2.2 2.2 1.5

1T = T type (arc related); A = A type (within plate)
2 Estimated by using the water-by-difference method

3 Minimum entrapment pressure based on the melt H2O content and solubility data in the haplogranite system (Johannes and Holtz, 1996)
4 Zircon saturation temperature according to Watson and Harrison (1983), using the original Zr concentrations measured in the melt inclusions
5 Titanium-in-quartz (TitaniQ) pressure calculated according to the calibration of Huang and Audétat (2012)

6 Magma viscosity calculated based on the model of Giordano et al. (2004)

7 Oxygen fugacity based on molybdenite solubility models of Audétat et al. (2011) and Sun et al. (2014); AFMQ = relative to the fayalite-magnetite-quartz

buffer
8 Data from Mercer et al. (2015) and Zhang and Audétat (2017)
9 Data from Zhang and Audétat (2017)
10 Data from Audétat (2015)

11 Data from Lowenstern (1994), Audétat et al. (2011), and Zhang and Audétat (2017)

In summary, at Yangjiazhangzi and Wanbaoyuan, the syn-
mineralization intrusions tend to have crystallized at slightly
lower temperatures than the premineralization intrusions
(720°-695°C vs. 790°-730°C at Yangjiazhangzi, 720°-690°C
vs. 770°-690°C at Wanbaoyuan), whereas the calculated pres-
sure ranges are similar. At Hashitu, no systematic difference
in the crystallization conditions of syn- vs. premineralization
intrusions was observed.

Discussion

Apparent Mo-poor character of the mineralizing magmas

Metals in porphyry(-skarn) Mo deposits are derived from
magmas from which metal-bearing fluids exsolved (Heden-
quist and Lowenstern, 1994). Hence, a key consideration

when evaluating the processes responsible for generation of
porphyry Mo deposits is the Mo content of the mineralizing
magmas. As summarized in Table 4, the mineralizing melts of
the six deposits investigated in this study contained between
1 and 7 ppm Mo. The corresponding average of ~3 ppm Mo
is distinctly lower than that reported for Climax-type depos-
its and barren intrusions (Fig. 8). It may be that the miner-
alizing melts at Hashitu were molybdenite saturated before
growth of the melt inclusions; hence, the Mo content of the
bulk magma may have been significantly higher. However,
the molybdenite inclusions are too sparse to account for the
loss of Mo. An alternative possibility for the low Mo content
of the mineralizing magmas is that Mo had exsolved into the
fluid phase before the magma was fully crystallized. As shown
in Figure 8, Mo concentrations measured in melt inclusions
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from the synmineralization samples of individual deposits cor-
relate positively with Rb and Cs concentrations, suggesting
the interpretation that the melts investigated in the present
study are Mo poor is valid.

On the (Y + Nb) vs. Rb tectonic discrimination diagram of
Pearce et al. (1984) and Pearce (1996), most of the mineral-
izing melts in this study plot within the syncollisional (S-type)
granite field, whereas their corresponding whole-rock sam-
ples plot both in the volcanic arc (I-type) granite and syncol-
lisional (S-type) granite fields (Fig. 7). This discrepancy may
stem from the fact that this discrimination diagram was devel-
oped for granitic whole rocks, whereas residual liquids such
as aplites, pegmatites, and many melt inclusions are distinctly
more evolved and thus contain more Rb (Audétat, 2015).
The I- and S-type natures of the mineralizing melts contrast
with the melt inclusion compositions from Climax-type Mo
deposits, which plot in the field of within-plate (A-type) gran-
ite (Audétat and Li, 2017; Fig. 7). Irrespective of whether
they are I, S, or A type, these mineralizing magmas share a
similar Mo-poor character (1-25 ppm; Mercer et al., 2015;
Zhang and Audétat, 2017; Table 4). Therefore, we suggest
that mineralizing magmas for porphyry(-skarn) Mo deposits
are all Mo poor, regardless of the tectonic settings in which
they formed. Magmatic Mo enrichment is therefore not nec-
essary for forming porphyry Mo deposits.

Factors affecting Mo mineralization potential

Many stages in the formation of porphyry Mo deposits may
have an impact on the mineralization potential, including the
generation of melts in the source region, the buildup of the
upper crustal magma chamber, the timing of fluid satura-
tion, the efficiency of metal extraction by the exsolving flu-
ids, and the efficiency of fluid focusing (e.g., Lerchbaumer
and Audétat, 2013; Audétat and Li, 2017). Available isotope
data show that Nd and Hf isotope compositions of mineral-
izing magmas investigated in this study are highly variable.
For example, zircon Hf isotope compositions of the synminer-
alization rhyolite porphyry at Songbei (en(t) = —10.0 to —6.9)
suggest an ancient lower-crustal source (Chu et al., 2017),
while Nd and Hf isotopes of the ore-related monzogranite
porphyries of Aolunhua (exa(t) = 0.5-1.4; enr(t) = 3.5-9.8)
indicate a hybrid source between newly underplated basaltic
crust and previously metasomatized lithospheric mantle (Ma
et al., 2013). Neodymium isotope composition of the ore-
related syenogranite intrusion at Hashitu (ena(t) = 1.1-2.1)
suggests a juvenile basaltic crust magma source (Ding et al.,
2016). Independent of the exact nature of the source regions,
these magmas were all able to produce major (=0.1 Mt Mo)
porphyry(-skarn) Mo deposits. This implies that the magma
source region for the formation of porphyry Mo deposits is
not as important as the requirement for substantial volumes
of hydrous felsic magma to be produced.

No systematic difference in the Mo content of the silicate
melts in pre- vs. synmineralization intrusions is evident in any
of the deposits studied (Fig. 8). This suggests that the Mo con-
tent of the silicate melt does not play a critical role for the
formation of porphyry Mo deposits. It is possible that Mo was
more efficiently extracted by aqueous fluids exsolved from
the mineralizing intrusions than from the barren intrusions.
Lerchbaumer and Audétat (2013), Audétat and Li (2017),

and Zhang and Audétat (2018) showed that the available data
do not give any evidence for higher fluid-melt partition coef-
ficients or higher Mo contents in the fluids of mineralizing
intrusions. Thus, the efficiency of metal extraction by the
exsolving fluids is unlikely to have been a significant factor in
controlling mineralization.

The low Mo content of the mineralizing magmas implies
that large magma volumes were required to provide all of
the Mo present in the deposits (0.13-1.7 Mt Mo; Table 4).
Assuming an extraction efficiency of 100%, a minimum of
24 km? of magma was required to produce mineralization at
Yangjiazhangzi, =21 km? for Songbei, =20 km? at Lanjiagou,
>315 km3 at Aolunhua, =12 km3 at Hashitu, and =22 km?3 at
Wanbaoyuan. It is possible that the premineralization intru-
sions of each of these deposits failed to produce mineraliza-
tion simply because they were too small. Previous estimates
of minimum magma volumes for barren vs. mineralized intru-
sions did not reveal any systematic differences (Lerchbaumer
and Audétat, 2013; Audétat and Li, 2017). Our results are
consistent with their observations, because the premineraliza-
tion pluton in the Songbei-Yangjiazhangzi-Lanjiagou district
(=200 km?; Fig. 2a) is much larger than that of the synmineral-
ization intrusions (~4 km? at Lanjiagou). Two points should be
noted here: (1) the rock volume of the synmineralization intru-
sion was defined by its exposed area in the field and thickness
constrained by geologic cross section (Fig. 2¢, d), and (2) for
the premineralization pluton, exposed over an area of =10 X
20 km (Fig. 2a), a minimum thickness of 1 km was assumed.

The evidence presented above suggests that the potential
for producing porphyry Mo mineralization is determined
after the arrival of hydrous, Mo-poor magmas in the upper
crust and does not relate to the Mo content of the fluid or to
the magma volume. Other factors are likely to be the amount
of fluid that exsolves from the intrusions (Lowenstern, 1995),
the timing of fluid saturation (Bodnar et al., 2014), or how
efficiently these fluids were focused (Shinohara et al., 1995;
Audétat and Li, 2017). The amount of fluid exsolved depends
primarily on the intrusion size and its original water content.
Field relationships at Lanjiagou, Hashitu, and Wanbaoyuan
suggest that the barren, precursor plutons were initially fluid
undersaturated, whereas the ore-forming stocks were fluid
saturated. Evidence includes the breccia bodies that formed
at the rim of the synmineralization intrusion at Lanjiagou (Fig.
2¢) and Mo-mineralized veins at Hashitu and Wanbaoyuan
that emanate from the ore-forming stocks, but not from the
precursor intrusion (Fig. 5¢, d). Some of the barren plutons
did not exsolve enough fluid to produce a deposit, but most of
the granite compositions sensu stricto plot near the fluid-sat-
urated eutectic in the quartz-albite-orthoclase diagram (Tut-
tle and Bowen, 1958), indicating that the barren intrusions
should have been fluid saturated or at least close to saturation
and thus could have exsolved significant volumes of fluid.

The estimated pressures at which the ore-forming magmas
were emplaced were mostly within 2 to 1 kbar, correspond-
ing to emplacement depths of 8 to 4 km at an average upper
crustal density of 0.27 g/cm?, similar to those reported from
Climax-type deposits (6-2 km; White et al., 1981; Lerchbau-
mer and Audétat, 2013; Audétat and Li, 2017) and from por-
phyry Cu(+Mo, Au) deposits (6-1 km; Seedorff et al., 2005).
This highlights the fundamental role of magma emplacement
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depth (impact on fluid saturation; Burnham, 1985) as a vital
aspect of porphyry ore formation. There is no difference in
emplacement depths calculated for the syn- and preminer-
alization intrusions (Table 4), so not all of the intrusions that
crystallized at this depth range induced Mo mineralization.

Another potential factor is magma viscosity, which deter-
mines how efficiently the evolved, residual melts can separate
from a cooling crystal mush, and what will happen once sig-
nificant volumes of such melts are amassed under the roof of
the magma chamber (Lange, 1994; Baker and Vaillancourt,
1995; Giordano et al., 2004). Melt viscosities obtained from
the deposits investigated in the present study (4.3-5.1 Pa s
at Hashitu, 4.9-5.6 Pa s at Yangjiazhangzi, and 5.8-6.1 Pa s
at Wanbaoyuan; Table 4) are higher than those calculated
for Climax-type deposits (Audétat, 2015; Zhang and Audé-
tat, 2017). However, in all cases the calculated melt viscosi-
ties plot at the lower end of the range of viscosities displayed
by ordinary rhyolites (Fig. 9). Hence, porphyry-Mo—forming
melts generally have relatively low viscosities, but there are
exceptions, such as Wanbaoyuan. The barren Huangshan
pluton studied by Zhang and Audétat (2018) showed similar
low magma viscosities. The fluorine content of ore-forming
magmas can reduce the viscosity of magmas significantly
(Dingwell et al., 1985), and the high fluorine activity in Cli-
max-type deposits indicates that fluorine may be important
(e.g., Audétat, 2015). However, the mineralizing melts in this
study contain 0.4 wt % F (Table 4), implying that fertile
magmas in porphyry Mo systems do not necessarﬂy have to
be F rich.

It is concluded that the efficiency of fluid focusing has the
biggest impact on mineralization potential. The efficiency of

8
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fluid focusing is controlled by the development of a cupola
above the batholithic magma chamber, which acts as a con-
duit along which fluids can be focused (Burnham, 1979; Low-
enstern, 1994; Shinohara et al., 1995). The premineralization
intrusions investigated in this study are distinguished by tend-
ing to occur as batholiths (exposed area up to 200 km?2; Wu et
al., 2006; Hu et al., 2007; Zhai et al., 2018), which may have
inhibited the focusing of fluid flow. In contrast, the synminer-
alization intrusions were emplaced into the premineralization
intrusions or wall rocks as vertically attenuated stocks, pipes,
or dike swarms (Figs. 2, 5, App. Figs. S1, S2). It remains
unclear as to what fundamentally controls the formation of
cupolas, although deep faults linked with external triggers
such as volcanic edifice collapse or megaearthquakes might
be critical factors (Piquer et al., 2015; Richards, 2018).

Controls on Mo endowment

The deposits investigated in this study vary in size from
0.12 to 1.70 Mt. Despite their different metal endowments,
their mineralizing melts have similar compositions and crys-
tallization conditions. They have low Mo (1-7 ppm) and F
(<0.4 wt %) and elevated water contents (4.0-7.0 wt %) with
crystallization temperatures of 770° to 690°C and emplace-
ment depth between 8 and 4 km (Table 4). Similar charac-
teristics have been documented for mineralizing melts from
Climax-type deposits, although these melts are more evolved
(3-10X more than average granite) and contain higher F
(0.2-3.9 wt %; Audétat and Li, 2017) than the melts investi-
gated in the present study. However, in all cases, there is no
direct relationship between the compositions and crystalliza-
tion conditions of mineralizing melts and Mo tonnages (Table
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Fig. 9. Estimated viscosities of melt inclusions investigated in the present study (blue boxes), compared to estimates for
melts associated with Climax-type porphyry deposits (red boxes, Zhang and Audétat, 2017). Preeruption magma viscosities of

unmineralized mafic to felsic magmas are indicated by stars (

Scaillet et al., 1998) and circles (Takeuchi, 2011).
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4). Fluid inclusion LA-ICP-MS analysis results from Audétat
(2015) and Audétat and Li (2017) did not reveal any signifi-
cant variations in Mo contents of the fluids exsolved from the
different mineralizing intrusions. Thus, we suggest that the
difference in metal endowment lies in the fluid flux through
the cupola, which, in turn, is controlled by the size of cupola
and the duration of fluid release. The size of the mineralized
intrusions investigated in this study cannot be constrained in
the present study. Nevertheless, it could be that the volume of
fluid release was the major control on metal endowment. The
arguments are as follows: (1) the size of the individual syn-
mineralization intrusion in porphyry Mo deposits is typically
small (less than 500-m diameter; Lowenstern, 1994; Brown
and Kahlert, 1995; Seedorff and Einaudi, 2004; Gaynor et al.,
2019), and (2) evidence for multiple intrusive and vein-form-
ing events is observed in many large porphyry Mo deposits
(e.g., Urad-Henderson and Endako; Carten et al., 1988; Selby
and Creaser, 2001; Seedorff and Einaudi, 2004).

Conclusions

Silicate melts in the synmineralization porphyry intrusions in
northeastern China are one to four times more evolved than
average granite. The silicate melts have Mo (1-7 ppm) and F
(0.4 wt %) depletion but were enriched in HO (4.0-7.0 wt
%). Thermobarometric results suggest that the magma crys-
tallized at 770° to 690°C and 3.7 to 1.0 kbar, which is within
the typical range displayed by porphyry Mo and porphyry Cu
deposits (e.g., Seedorff et al., 2005; Audétat and Li, 2017).
The viscosity of the silicate melts (4.3-6.1 Pa s) is at the
lower end of the range reported for other rhyolites at these
temperatures.

Within individual deposits, no systematic differences in
the degree of magma fractionation, crystallization conditions,
Mo content of the silicate melt, and magma volume were
noted between pre- and synmineralization intrusions. The
only difference seems to be that the premineralization intru-
sions tend to occur as batholiths. Hence, the mineralization
potential is most strongly controlled by fluid focus into and
through a smaller rock volume. A prerequisite for this process
is the formation of a cupola at the apex of a batholith, which
is probably promoted by activated subvertical faults above the
magma chamber (e.g., Piquer et al., 2015).

The results of this study indicate that magmatic Mo and F
enrichment is not an essential prerequisite for porphyry Mo
development. Molybdenum tonnages of porphyry Mo depos-
its have no direct relationship with the composition and crys-
tallization condition history of mineralizing intrusions. The
key factor is the volume of fluid released from the underlying
magma chamber together with its focusing into a cupola (e.g.,
Carten et al., 1988; Seedorff and Einaudi, 2004).
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