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Abstract Mo–Cumineralization in the Baituyingzi district of
eastern Inner Mongolia occurs within a granitic complex. This
paper presents and discusses zircon U–Pb ages and whole-
rock geochemical and Sr–Nd–Pb isotopic data from the gra-
nitic complex as potential indicators for porphyry Mo fertility.
The U–Pb ages indicate that five units of the granitic complex
were emplaced between 265.2 ± 0.7 and 246.5 ± 1.0 Ma.
Constrained by crosscutting dikes, Mo–Cu mineralization
was probably related to the Baituyingzi monzogranite porphy-
ry dated at 248.2 ± 0.64 Ma. The intrusions belong to high-K
calc-alkaline to shoshonitic series that are characterized by
highly fractionated rare earth element (REE) patterns and
strong enrichments of large ion lithophile elements, relative
to high-field strength elements. Apart from the ∼246-Ma dike
that shows negative εNd (t) values (−14.9 to −13.1), the intru-
sions have εNd(t) values ranging from −3.9 to 1.0, relatively
young depleted mantle model ages (811 to 1183 Ma),
206Pb/204Pb of 18.137–18.335, and 207Pb/204Pb of 15.591–
15.625, which are consistent with a juvenile lower crustal

origin. Among the intrusions, the ∼248-Ma porphyry and
the ∼246-Ma dike show adakite-like characteristics (e.g., Sr/
Y = 44.9–185) and listric-shaped REE patterns that indicate
amphibole fractionation and a hydrous magma source.
However, the porphyry exhibits a higher differentiation index
(81.4–91.5) and a steeper REE profile (e.g., LaN/YbN = 25.6–
87.0) than those of the ∼246-Ma dike, which suggests that it is
highly differentiated. We propose that the complex was gen-
erated by the partial melting of juvenile mafic lower crust
(containing minor old crustal relicts) that was triggered by
collision between the North China Craton and Siberian
Craton. As indicated by the Th/Nb, Th/Yb, Ba/Th, and Ba/
La ratios of the intrusions, the crust may have been derived
from the melting of the fertile mantle wedge that was
metasomatized by various amounts of slab-derived fluids or
melts due to earlier subduction and was heterogeneous in
terms of water, Cu, Mo, and S contents and possible oxidation
state. The fertility of the porphyry was likely associated with
the addition of earlier subduction-related slab melts to the
magma source (leading to a hydrous and possible high oxida-
tion state) and the long-time (∼20 Ma) collision tectonic set-
ting in which it formed (resulting in a highly differentiated
state).
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Introduction

Porphyry deposits are the most important sources of Cu and
Mo globally, and they account for approximately 60 to 70% of
global Cu production and more than 95% of global Mo
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production (Sinclair 2007; Sillitoe 2010). Metals (e.g., Cu and
Mo) in porphyry deposits are derived predominantly from
magmatic-hydrothermal fluids that exsolved following the
emplacement of felsic to intermediate magmas in the middle
to upper crust (e.g., Richards 2003, 2011a; Seedorff et al.
2005; Audétat 2010). Generally, the magmatic intrusive activ-
ity in a given region occurs as a multiphase intrusive complex
or as widely distributed coeval intrusions; therefore,
distinguishing between barren and mineralized intrusions in
a given district is crucial for exploration (e.g., Seedorff et al.
2005; Sillitoe 2010; Richards et al. 2012).

Factors determining the Cu (Mo)-mineralizing potential of
granitic intrusions include age, oxidation state, water content,
and sulfur fugacity of the magmatic source (e.g., Mungall
2002; Macpherson et al. 2006); the mixing of mafic material
in the rising magma (e.g., Hattori and Keith 2001; Stavast
et al. 2006; Hou et al. 2013); and the size of the magma
chamber, emplacement, and degassing pattern of the magma,
as well as the degree of fluid focusing (e.g., Audétat 2010;
Richards 2011a; Lerchbaumer and Audétat 2013). Although
these factors are quite complicated and include the whole or-
igin and evolutionary process of the magma, numerous min-
eralogical, petrologic, and geochemical studies of intrusions in
porphyry Cu systems reveal that it may be possible to distin-
guish fertile from barren intrusions via characteristic geo-
chemical indexes. The results from these studies commonly
show that ore-forming silicic magmas were oxidized (e.g.,
zircons yielding Ce4+/Ce3+ > 100 (Ballard et al. 2002; Liang
et al. 2006; Wang et al. 2013; Wang et al. 2014b; Shen et al.
2015) or the existence of magmatic anhydrite (Audétat and
Pettke 2006; Chambefort et al. 2008)), relatively wet (e.g.,
hornblende and biotite are phenocrystic and dominate over
pyroxene in intermediate composition magmas, and the
magmas show Sr/Y ratios >20 and listric-shaped rare earth
element (REE) patterns (Shafiei et al. 2009; Liu et al. 2010b;
Richards 2011b; Wang et al. 2014a)), and differentiated (e.g.,
as evidenced by trace element compositions (Richards et al.
2012)) in comparison to other apparently barren intrusions in
the same district.

However, few data exist concerning the fertile characteris-
tics of intrusions from porphyry Mo deposits (e.g., Qiu et al.
2013), although porphyry Mo deposits exhibit many differ-
ences in deposit characteristics, compositions of intrusions
and fluids, and tectonic environment compared to porphyry
Cu deposits (Carten et al. 1993; Seedorff et al. 2005; Steve and
Plumlee 2009; Audétat 2010; Sillitoe 2010; Sun et al. 2012).
Additionally, porphyryMo deposits are mainly found in intra-
plate extensional settings or continental margin magmatic arcs
(e.g., Westra and Keith 1981; Carten et al. 1993; Mao et al.
2005); studies of those forming in collisional orogenic settings
are rare (e.g., Qin et al. 2008; Zeng et al. 2012, 2013).

The Xilamulun Mo metallogenic belt, which is approxi-
mately 400 km in length and 100–300 km in width, is a

recently distinguished Mo–Cu metallogenic belt located with-
in the eastern segment of the well-known Central Asian
Orogenic Belt (CAOB; Fig. 1a). The Baituyingzi Mo–Cu sys-
tem, which was recently discovered by the No. 243
Geological Team of China Nuclear Geology in 2010, is situ-
ated in the southern part of the Xilamulun Mo metallogenic
belt, Inner Mongolia, NE China (Fig. 1b). The Mo–Cu min-
eralization occurs within the Baituyingzi granitic complex
(Fig. 2). Currently, reserves of Cu and Mo in the Baituyingzi
district are >140,000 and >80,000 t, respectively.Molybdenite
Re–Os dating confirmed that the mineralization occurred in
the Early Triassic period (248–245 Ma; Sun et al. 2013) and
probably formed during the collision between the North China
Craton (NCC) and Siberian Craton (SC). This paper presents
the integrated results from zircon U–Pb geochronology by
laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) together with geochemical and Sr–Nd–Pb iso-
tope data from the granitic complex in the Baituyingzi district.
Our main objectives were to (1) investigate the timing and
tectonic setting of the magma activity and Mo–Cu minerali-
zation in the Baituyingzi district and (2) identify the
distinguishing features of ore-related intrusions and explore
their possible origins. Based on these results, we attempt to
establish the genetic model of Mo porphyries.

Regional geology and deposit geology

Geology of the Xilamulun Mo belt

The tectonic framework of the XilamulunMo belt, including the
northern margin of the NCC, was predominantly shaped by the
following two major events: subduction and accretion of the
Paleo-Asian Ocean during the Paleozoic and intracontinental
extensional events triggered by subduction of the Pacific
Ocean Plate since the late Mesozoic (e.g., Sengör and Natal’in
1996; Windley et al. 2007; Kusky et al. 2007).

From the Neoproterozoic to the Paleozoic, this region is
considered to have been an active continental margin associ-
ated with southward subduction of the Paleo-Asian Oceanic
Plate beneath the NCC along the Chifeng–Bayan Obo Fault, a
major lithotectonic boundary separating the NCC and the
CAOB (e.g., Jian et al. 2008; Zhang et al. 2009b; Jian et al.
2010; Zhao et al. 2010). This stage was characterized by a
series of subduction–collision–accretion events involving
multiple island arcs and microcontinents coupled with volu-
minous intrusive and extrusive magmatism (Sengör and
Natal’in 1996; Windley et al. 2007; Jahn et al. 2004; Wu
et al. 2011a). The Paleo-Asian Ocean is considered to have
ultimately closed along the Solonker–Xilamulun–Jilin–Yanji
suture zone between the late Permian and the Middle Triassic,
resulting in the amalgamation of the NCC and the SC (Xiao
et al. 2003, 2009; Li 2006; Li et al. 2007; Wu et al. 2007; Jian
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et al. 2010). Subsequent post-collisional/post-orogenic exten-
sion and voluminous magmatism prevailed in the region in the
Late Triassic (Wu et al. 2002; Davis et al. 2004). During the
Mesozoic, this region was intensely influenced by the west-
ward subduction of the Pacific Ocean Plate. Subsequently,
tectonic extension and lithospheric thinning occurred widely
throughout this region (Wu et al. 2002; Kusky et al. 2007).

The strata exposed are dominated by Paleozoic arc
volcano-sedimentary assemblages and Mesozoic continental
volcano-sedimentary successions. The regional structures are
characterized by a series of approximately E striking faults
that are cut by NE striking faults (Fig. 1b). Late Paleozoic to
late Mesozoic granitoids occur widely along the major faults
(Fig. 1b). They are dominated by granite, monzonitic granite,

Fig. 1 a Sketch tectonic map of the Central Asian Orogenic Belt
(CAOB) showing the location of major porphyry Cu and Mo deposits/
districts (modified after Mao et al. 2014, Seltmann et al. 2014, and Shen
et al. 2015) and b geological map of the Xilamulun Mo metallogenic belt
(modified from Zeng et al. 2011 and Zhang et al. 2009a). 1 Shameika, 2
Bozshekui, 3 Samarsk, 4 Borly, 5 Kounrad, 6 Sayak, 7 Aktogai, 8
Kal’makyr, 9 Taldy Bulak, 10 Koksai, 11 Baogutu, 12 Xilekuduke, 13

Yulekenhalasu, 14 Tuwu-Yandong, 15 Baishan, 16 Donggebi, 17
Erdenet, 18 Oyu Tologoi, 19 Tsagan-Suvarga, 20 Bainaimiao, 21
Badaguan, 22 Taipingchuan, 23 Shakhtama, 24 Wulugetushan, 25
Duobaoshan, 26 Luming, 27 Daheishan. The Mo mineralization ages
(late Permian to Middle Triassic) in Fig. 1a, b are molybdenite Re–Os
isochron ages corresponding to Table 3
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quartz porphyry, granite porphyry, syenite, and syenite por-
phyry, and the latter four types host Mo mineralization in this
district. Consistent with the majority of Phanerozoic granit-
oids in the CAOB, most of the Phanerozoic granites in this
region are characterized by positive εNd(t) values, implying
an important mantle-derived component in these magmas
(Jahn et al. 2000, 2004; Wu et al. 2005, 2011a). However,
some evidence indicates that the source of several granitoids
also includes some reworking of older components (Liu et al.
2005; Wu et al. 2011a; Li et al. 2012).

More than 10 medium- (0.01–0.1 Mt Mo) to large-sized
(0.1–0.5 Mt Mo) Mo (−Cu) deposits have been found in the
Xilamulun Mo belt (Fig. 1b), including the following three ma-
jor types: porphyry (e.g., the Chehugou, Baituyingzi,
Xiaodonggou, and Jiguanshan Mo–Cu deposits), quartz vein
(e.g., the Nianzigou and Yangchang Mo deposits), and
volcanic-hydrothermal (e.g., the Hongshanzi Mo–U deposit)
(Chen et al. 2008; Qin et al. 2009; Wan et al. 2009; Zhang
et al. 2009a; Wu et al. 2011b; Zeng et al. 2011, 2012, 2013,
2014; Sun et al. 2013;Duan et al. 2015). Geochronologic studies
show that the Mo mineralization in the Xilamulun belt occurred
during three main episodes: (1) late Permian to Middle Triassic
(265–235 Ma, e.g., the Chehugou Mo–Cu deposit; Liu et al.
2010a; Wan et al. 2009; Zeng et al. 2012; Duan et al. 2015),
(2) Late Jurassic (160–150 Ma, e.g., the Jiguanshan Mo de-
posits; Wu et al. 2011b), and (3) Early Cretaceous (140–
142 Ma, e.g., the Yangchang Mo deposit; Zeng et al. 2014).

Geology of the Baituyingzi Mo–Cu district

Permian and Jurassic volcano–sedimentary rocks are only lo-
cally distributed in the Kulitu and Baimashigou deposits
(Fig. 2). At least three sets of faults and fractures are observed
throughout the Baituyingzi district, E, NW, and NE striking
faults. Of these, the E trending Kulitu Fault (dipping 50°S)
and the NW striking Yinmahe Fault (dipping 50–75°NE) are
the most important regional structures and have served as first-
order controls on the geometry of ore bodies in the Kulitu and
Baituyingzi deposits, respectively.

Extensive magmatic activity occurred in Baituyingzi
from the late Permian to the Early Triassic, resulting in
the emplacement of the Baituyingzi intrusive complex
(Fig. 2). Based on crosscutting relationships in the field
(Fig. 3) and petrographic observations, at least five
felsic–intermediate intrusions can be distinguished from
the complex (from oldest to youngest): (1) Baimashigou
quartz monzonite (BM–QM), (2) Baituyingzi biotite
monzogranite (BT–BMG), (3) Kulitu monzogranite
(KL–MG), (4) Baituyingzi monzogranite porphyry
(BT–MGP), and (5) post-mineralization dike (P–MD).
All of these intrusions are granitic in composition; por-
phyritic to granitic in texture; and composed mainly of
plagioclase, K-feldspar, quartz, amphibole, and biotite,
with accessory minerals represented by titanite, magne-
tite, apatite, and zircon (Table 1 and Fig. 3).

Fig. 2 Geological map of the Baituyingzi district in Inner Mongolia, showing locations of zircon U–Pb dating samples from intrusions and earlier
molybdenite Re–Os isochron ages for the three Mo (−Cu) deposits (after Sun et al. 2013)
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Fig. 3 Photographs and photomicrographs of intrusions in the
Baituyingzi Mo-Cu district, Inner Mongolia. a, a′ Baimashigou quartz
monzonite (BM–QM). b, b′ Baituyingzi biotite monzogranite (BT–
BMG). c, c′ Kulitu monzogranite (KL–MG). d, d′ Baituyingzi
monzogranite porphyry (BT–MGP). e, e′ Post-mineralization dike (P–

MD). f Xenolith of BM–QM in BT–BMG. g BT–MGP dike in BT–
BMG. h Contact relationship between P–MD and BT–MGP. All
photomicrographs are under transmitted light. Bt biotite, Cb carbonate,
Hbl hornblende, Kfs K-feldspar, Mag magnetite, Ms muscovite, Pl
Plagioclase, Qtz quartz, Ttn titanite
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Baimashigou quartz monzonite The BM–QM is the earliest
intrusion and intruded into the Qingfengshan group in the
western part of the Baimashigou quartz vein Cu–Mo deposit
(Fig. 2). It is relatively fresh and only weakly affected by
propylitic alteration near the F4 fault.

Baituyingzi biotite monzogranite The BT–BMG is the vol-
umetrically largest intrusion in this district (Fig. 2). Drill hole
observations indicate that the BM–QM clearly occurs as an-
gular xenoliths in the BT–BMG (Fig. 3f). On a regional scale,
this intrusion is a NW striking batholith with an outcrop area
of >155 km2, and it probably comprises several phases, with
rock types ranging from hornblende quartz monzonite to bio-
tite monzogranite. It is the major host of the Mo–Cu mineral-
ization in the Baituyingzi district and is variably affected by
potassic, sericitic, quartz, and propylitic alteration (see below).

Kulitu monzogranite The KL–MG crops out in the northern
part of the Kulitu quartz vein Mo–Cu deposit (Fig. 2). No
clear crosscutting relationships have been observed between
the KL–MG and other intrusions. It is barren and only slightly
altered to quartz–sericite and propylitic assemblages near the
Kulitu fault.

Baituyingzi monzogranite porphyry The BT–MGP occurs
as an irregular NW-elongated stock that intruded into the BT–
BMG in the central part of the Baituyingzi porphyry Mo de-
posit (Figs. 2 and 3g). It dips 70–80°SW, has a strike length of
approximately 1 km, and varies in width from 300 to 700 m.
This porphyry is a compositionally variable unit, with pheno-
crysts range from K-feldspar and quartz to plagioclase.
Compared to the other intrusions, apatite is more common in
the BT–MGP, and it occurs both as phenocrysts and in the
groundmass.

Another distinctive feature of the BT–MGP is the occur-
rence of abundant unidirectional solidification texture (UST)
quartz and K-feldspar–quartz pegmatite on the northern mar-
gins (Fig. 4g, h), implying that the BT–MGP was rich in
volatiles during the late stage of its evolution (Harris et al.
2004; Seedorff et al. 2005). In areas adjacent to the contacts
between the BT–BMG and the BT–MGP, this stock is perva-
sively altered to potassic and quartz–sericite assemblages and
accompanied by intense Mo mineralization related to quartz
vein stockworks.

Post-mineralization dike P–MD rocks are exposed as small,
variably striking, discontinuous porphyry dikes that are com-
monly 0.5 to 50 m wide and cut all other intrusions (Fig. 2).
They are essentially unaffected by alteration and sulfide min-
eralization except for local overprinting by late carbonation. In
many drill cores, these dikes truncate the strongly mineralized
BT–MGP, thus providing convincing evidence that the P–MD

post-dates the main Mo–Cu mineralization in the Baituyingzi
district (Fig. 3h).

Moreover, quartz veins are extensively present in the ore
district, with orientations clearly following the major faults
(Fig. 2). They are usually 0.5–2 m in width and range from
2 to over 100 m in length. Several quartz veins from the Kulitu
and Baimashigou deposits serve as hosts to Mo–Cu
mineralization.

Deposit geology

Three Mo (Cu) deposits, hosted by the Baituyingzi intrusive
complex, occur in this district from NE to SW as follows
(Fig. 2): (1) the Kulitu quartz vein Mo–Cu deposit, (2) the
Baituyingzi porphyry Mo deposit, and (3) the Baimashigou
quartz vein Cu–Mo deposit.

Baituyingzi porphyry Mo deposit

The Baituyingzi porphyry Mo deposit lies at the center of the
Baituyingzi district (Fig. 2). According to the latest explora-
tion results, the Mo reserve at Baituyingzi is over 0.05 Mt
(average grade 0.14% Mo). In addition, significant Cu, Pb,
Zn, and Ag mineralization is locally present, although no re-
source figures are available on these metals.

Hydrothermal alteration in Baituyingzi is extensively de-
veloped and surrounds the BT–MGP stock in the shape of an
irregular ellipse, occupying an area of more than 4 km2.
Recognized alteration assemblages are dominated by K-feld-
spar, sericite, quartz, chlorite, illite, hematite, calcite, and ka-
olinite. Based on detailed observations, the alteration can be
divided into a potassic alteration zone (K-feldspar + quartz ±
hematite), a phyllic alteration zone (quartz + sericite + illite ±
kaolinite), and a propylitic alteration zone (chlorite + calcite ±
hematite) from the BT–MGP stock center outward and
upward.

The bulk of the Mo mineralization forms a bell shape that
has a diameter of ∼1.5 km (Fig. 2) and extends more than
550 m below the surface. The Mo mineralization is confined
to the irregular contact zones between the BT–MGP and the
BT–BMG, primarily in the form of veinlets (Fig. 4a) and
stockwork veinlets (Fig. 4b) related to potassic alteration.
Molybdenite and pyrite are the dominant ore minerals, follow-
ed by minor amounts of chalcopyrite, magnetite, bornite, and
hematite. Molybdenite generally occurs as flakes that are
0.05–0.5 cm in diameter.

Baimashigou quartz vein Cu–Mo deposit

The Baimashigou quartz vein Cu–Mo deposit is situated on
the southern margin of the BT–BMG (Fig. 2). It contains
143,000 t of Cu and 22,000 t of Mo (average grade 0.49%
Cu, 0.075% Mo; Ma and Li personal communications 2006).
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UnliketheBaituyingzideposit, thealterationandaccompanying
Cu–Momineralization atBaimashigouare chiefly foundalong the
NW trending F4 fault between the BT–BMG and the BM–QM,
extending approximately 1.3 km in length and 0.5 km in width.
Apart from quartz, K-feldspar, hematite, chlorite, and carbonate,
alteration minerals spatially related to mineralization comprise a
significant amount of biotite.

Four major Cu–Mo ore bodies have been discovered at
Baimashigou. The occurrences of ore bodies primarily follow
the F4 fault. They generally dip 60–85°NE, have a strike
length of 50–300 m, and vary in width from 1 to 17 m. Cu–
Mo mineralization in Baimashigou occurs mainly as quartz–
sulfide veins (0.1–1 m in width; Fig. 4c) and veinlets (0.5–
2 cm in width; Fig. 4d). The ore minerals are composed

Fig. 4 Representative
mineralization types and evidence
for a magma-hydrothermal
transition at the three deposits in
the Baituyingzi Mo–Cu district,
Inner Mongolia. a, b
Mineralization style of
Baituyingzi, veinlet (a) and
stockwork (b). c, d
Mineralization style of
Baimashigou, quartz vein (c) and
quartz veinlet (d). e, f
Mineralization style of Kulitu,
quartz vein (e) and quartz veinlet
(f). g Unidirectional solidification
texture quartz in the BT–MGP,
which is direct evidence of fluid
exsolution. h K-feldspar–quartz
pegmatite from the BT–MGP,
demonstrating that the monzonite
granite porphyry was rich in
volatiles during a late stage of
evolution. Cp chalcopyrite, Mo
molybdenite, Py pyrite
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primarily of chalcopyrite, molybdenite, pyrite, magnetite,
bornite, and hematite. Chalcopyrite and molybdenite general-
ly occur as massive aggregates and flakes (0.3–1 cm in diam-
eter) within fractures in the quartz veins, respectively.

Kulitu quartz vein type Mo–Cu deposit

The Kulitu quartz veinMo–Cu deposit is located on the north-
ern margin of the BT–BMG (Fig. 2), with Cu +Mo reserves of
>10,000 t (average grade 0.09% Mo, 0.4% Cu; Zhang et al.
personal communications 2006). Similar to the Baituyingzi
deposit, its alternation assemblages include quartz, K-feldspar,
sericite, chlorite, and carbonate. However, the alteration zones
at Kulitu are constricted to form an E striking belt along the
Kulitu fault, which extends for a length of approximately
1.5 km and ranges in width from 0.1 to 0.5 km.

More than ten Mo–Cu ore bodies have been identified at
Kulitu, which are dominantly controlled by the E striking
Kulitu fault and its secondary NE trending faults and occur
as steep S dipping (40°–60°) lenses and veins. Individual ore
bodies usually vary in width from 1 to 5 m. The Mo–Cu
mineralization in Kulitu occurs mainly in the form of
quartz–sulfide veins (0.1–1.5 m in width; Fig. 4e) and veinlets
(0.3–1 cm in width; Fig. 4f). Ore minerals comprise primarily
flaky molybdenite (0.1–0.8 cm in diameter), chalcopyrite, py-
rite and minor magnetite, bornite, and hematite.

Sampling and analytical methods

The granitoid samples in this study were mainly collected
from drill cores and outcrops in the Baituyingzi district and
broadly represent the compositional range of the five intrusive
units. Five samples were chosen for zircon LA-ICP-MS U–Pb
dating, and their locations are shown in Fig. 2. To correctly
characterize their chemical compositions, 24 whole-rock sam-
ples with no visible hydrothermal alteration and weathering
were selected for major element and trace element analyses.
Of these, 18 samples were analyzed for further Sr–Nd–Pb
isotopes. The samples were mainly analyzed at two different
laboratories over the duration of the project (see Appendix for
detailed methodologies).

Results

Zircon U–Pb ages

The LA-ICP-MS U–Pb analysis results for zircons from intru-
sions in the Baituyingzi Mo–Cu district are listed in Table S1
and illustrated in Fig. 5.

Zircons from the five samples are moderate to large in size
(80–250 μm), prismatic, euhedral, and clearly oscillatory

zoned (Fig. 5a–e). Their Th/U ratios range from 0.11 to 1.40
and are all higher than 0.1 (Table S2). These characteristics
indicate that they have a magmatic origin (Fernando et al.
2003; Samuel and Mark 2003). Thus, the zircon U–Pb ages
can be interpreted as representing the emplacement age of the
host rocks. It is worth noting that (1) we chose the 206Pb/238U
ages to define the rock age considering that the intrusions are
relatively young and (2) we used concordia-intercept ages
instead of the weighted mean ages of the individual spot anal-
yses to interpret rock ages because concordia diagrams can
easily evaluate the possibility for Pb loss, the presence of older
zircons, and the influence of common Pb on the interpreted
ages (Simmons et al. 2013) and because the concordia inter-
cept age calculated for each sample is generally within analyt-
ical uncertainty of the weighted mean 206Pb/238U age in our
study.

BM–QMOf the 18 zircons from the sample B–Z–6, 15 define
a concordant 206Pb/238U age of 265.2 ± 0.7 Ma (2σ, mean
square weighted deviation (MSWD) = 0.36), which is
interpreted as the crystallization age of the BM–QM. Two
zircon grains with older 206Pb/238U ages (284 ± 3 and
399 ± 3 Ma) are inferred to be xenocrysts, whereas one zircon
with a 206Pb/238U age of ∼258 ± 2 Ma may have undergone
some minor Pb loss (Fig. 5 (a′)).

BT–BMG Of the 20 zircons from the sample B–Z–2, 15
define a concordant 206Pb/238U age of 255.6 ± 0.68 Ma (2σ,
MSWD = 0.014), which is interpreted as the crystallization
age of the BT–BMG. The other five zircon grains from B–Z–
2, with an older 206Pb/238U concordant age of 273.3 ± 1.3 Ma
(2σ, MSWD= 0.42), are inferred to be xenocrysts (Fig. 5 (b′)).

Kl–MG Of the 20 zircons from the sample K–Z–1, 18 yield a
concordant 206Pb/238U age of 252.4 ± 0.69 Ma (2σ,
MSWD = 0.116), which is interpreted as the crystallization
age of KL–MG. The other two zircon grains with 206Pb/238U
ages of 300 ± 5 and 276 ± 2 Ma are inferred to be xenocrysts
(Fig. 5 (c′)).

BT–MGP Nineteen zircons from the sample B–Z–7 yield a
concordant 206Pb/238U age of 248.2 ± 0.64 Ma (2σ,
MSWD = 0.0084), which is interpreted as the crystallization
age of the BT–MGP. No xenocrystic zircons were discovered
in this sample (Fig. 5 (d′)).

P–MD Of the 20 zircons from the sample B–Z–3, 13 yield a
concordant 206Pb/238U age of 246.5 ± 1.0 Ma (2σ,
MSWD = 1.6), which is interpreted as the crystallization age
of P–MD. The other seven zircons roughly show three groups
of older xenocrystic zircon ages 435 ± 6, 300 ± 4, and
272.5 ± 1.4 (2σ, MSWD = 0.57, N = 5) (Fig. 5 (e′)).
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Major and trace elements

The major and trace element abundances for 24 samples from
the 5 intrusions in the Baituyingzi district are listed in Table S2
and shown in Figs. 6, 7, and 8.

The samples have compositions of 64.43–73.28 wt% SiO2,
14.0–16.3 wt% Al2O3, 1.05–3.27 wt% CaO, 3.29–4.54 wt%
K2O, and 3.14–5.14 wt% Na2O, with K2O/Na2O ratios of
0.64–1.43 and K2O + Na2O values of 6.91–9.47 wt%. On a
TAS diagram (Fig. 6a), the majority of samples plot in the
quartz monzonite and granite fields, which is in accordance
with their petrographic names based on the mineral compo-
nents of the rock specimens. The A/CNK values (molar
Al2O3/(CaO + Na2O + K2O)) range from 0.90 to 1.22, and
most samples fall between the metaluminous and
peraluminous fields and have I-type affinities when plotted
on an A/NK versus A/CNK diagram (Fig. 6b). The exceptions
are the samples of the ∼246 Ma P–MD, which are character-
ized by peraluminous compositions and plot in the S-type
field. These exceptions are probably due to slight alteration

as indicated by the relatively high loss-on-ignition (LOI)
values. The rocks plot as high-K calc-alkaline or shoshonitic
series on the SiO2 versus K2O diagram (Fig. 6c), and they lie
within the calc-alkalic and alkali-calcic fields of the Na2O +
K2O–CaO versus SiO2 diagram (Fig. 6d). They also exhibit
clearly discernable fractionation trends in the Harker variation
diagrams, withmost elements decreasingwith increasing SiO2

(except for K2O; Fig. 7). However, the ∼255-Ma BT–MG and
the ∼248-Ma BT–MGP units are more compositionally vari-
able relative to the other intrusions (Fig. 7), consistent with
their wide ranges of mineral compositions (Table 1) and dif-
ferentiation indices (76.3–88.4 for the ∼255 Ma BT–MG and
81.4–91.5 for the ∼248 Ma BT–MGP; Table S2).

Chondrite-normalized REE patterns for all samples invari-
ably show enrichment of light rare earth elements (LREEs)
and clear depletion of medium to heavy rare earth elements
(M-HREEs), with only slightly negative Eu anomalies
(Fig. 8a–e). In detail, however, narrow distinctions character-
ize the different age groups. Overall, the ∼248-Ma BT–MGP
samples show the steepest REE profiles due to more LREE-
enriched and MREE- to HREE-depleted signatures (LaN/
YbN = 25.6–87.0, LaN/SmN = 4.95–8.19, DyN/YbN = 2.23–
5.69), and they haveminor tomoderate negative Eu anomalies
(Eu/Eu* = 0.58–0.83; Fig. 8d), whereas the samples of the
∼252 Ma KL–MG show clearly negative Eu anomalies (Eu/
Eu* = 0.51–0.66) relative to the other intrusions (Fig. 8c). In

�Fig. 5 Representative cathodoluminescence (CL) images of analyzed
zircon grains (a–e) and corresponding concordia plots of the LA-ICP-
MS U–Pb data for zircons (a′–e′) from intrusions in the Baituyingzi
Mo–Cu district, Inner Mongolia. The locations, analytical numbers, and
U–Pb ages of the dated grains are also shown. Errors are quoted at the 2σ
level

Fig. 6 Plots of a Na2O + K2O
versus SiO2 (Lebas et al. 1986), b
A/NK versus A/CNK
[A/NK = molar Al2O3/(Na2O +
K2O); A/CNK = molar Al2O3/
(CaO + Na2O + K2O)] (Maniar
and Piccoli 1989), c K2O versus
SiO2 (Peccerillo and Taylor
1976), and d Na2O + K2O–CaO
versus SiO2 (Frost et al. 2001) for
intrusions in the Baituyingzi Mo–
Cu district, Inner Mongolia
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addition, the ∼248 Ma BT–MGP and the ∼246 Ma P–MD
show listric-shaped REE patterns (Fig. 8d, e).

When plotted in spider diagrams normalized to the
primitive mantle (Fig. 8a′–e′), all of the samples are char-
acterized by enrichments in large-ion lithophile elements
(LILEs; e.g., Rb, K) relative to high-field strength ele-
ments (HFSEs; e.g., Nb, Ta), which is typical of
subduction-related magmas (Woodhead et al. 1993;
Pearce et al. 1999). Moreover, they all show distinct neg-
ative anomalies for P and Ti. Negative P anomalies might
have resulted from apatite separation. Negative Ti anom-
alies are considered to be related to fractionation of Ti-
bearing phases (ilmenite, titanite, etc.) or indicate that Ti
may not have been mobilized from the source and
remained in the residuum. In addition, except for the
∼246 Ma P–MD, the data show weak negative Ba and
positive Th anomalies, which may be related to minor
feldspar fractionation.

In the Sr/Y versus Y and (La/Yb)N versus (Yb)N dia-
grams (Fig. 9a, b), the ∼265-Ma BM–QM and the ∼255-
Ma BT–MG rocks straddle the overlapping boundaries of
adakite-like rocks and normal arc rocks, with Sr/Y ratios
of 29.2–53.6 and LaN/YbN ratios of 15.6–39.4. In con-
trast, the ∼252-Ma KL–MG rocks show non-adakitic Sr/
Y(11.7–15.6) and LaN/YbN (6.01–7.47) ratios and plot in
the normal arc field along the plagioclase fractional trend

(Fig. 9a, b), which is consistent with the clearly discern-
ible Eu negative anomalies. Compared to the other three
intrusions, the ∼248-Ma BT–MGP and ∼246-Ma P–MD
samples have geochemical features similar to adakite,
such as high Sr (295–1327 ppm), low Y (5.15–
11.4 ppm), and Yb (0.46–1.11 ppm); enrichment of
LREEs; and depletion of HREEs, resulting in high Sr/Y
(44.9–185) and LaN/YbN (25.6–87.0) ratios (Table S2)
and plotting consistently within the adakite field along
the garnet and amphibole fractional trends (Fig. 9a, b).
Taking the listric-shaped REE patterns into account
(Fig. 8d, e), the ∼248-Ma BT–MGP and the ∼246-Ma
P–MD rocks probably have evolved along an amphibole
fractionation trend (Davidson et al. 2007; Richards
2011b). In addition, the ∼248-Ma BT–MGP samples have
the largest ranges of Sr/Y and LaN/YbN ratios (Fig. 9a, b),
also indicating that this unit is compositionally variable.

On the R1–R2 and Rb/10–Hf–3Ta tectonic discrimination
diagrams (Fig. 10a, b), rock samples from the Baituyingzi
complex predominantly straddle the boundary between the
volcanic granite and collisional granite fields.

Fig. 7 Harker diagrams showing
variations in the major oxides
with SiO2 for intrusions in the
Baituyingzi Mo–Cu district, Inner
Mongolia

�Fig. 8 Chondrite-normalized REE patterns (a–e) and primitive mantle-
normalized trace element spider diagrams (a′–e′) for intrusions in the
Baituyingzi Mo–Cu district, Inner Mongolia (normalizing values from
Sun and McDonough 1989)
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Sr–Nd–Pb isotopes

Measured and age-corrected initial Sr–Nd–Pb isotope data are
presented in Tables S3 and S4 and are illustrated in Figs. 11
and 12.

The initial 87Sr/86Sr ratios of the ∼265 Ma BM–QM,
the ∼255 Ma BT–BMG, ∼252 Ma KL–MG, and the
∼248 Ma BT–MGP range from 0.70520 to 0.70714.
The initial Nd isotopes of these four plutons exhibit
some variations between 0.512108 and 0.512371, with
the εNd (t) ranging from −3.9 to +1.0. Moreover, these
four intrusions yield meaningful one-stage Nd model
ages (TDM) from 811 to 1183 Ma. In the εNd (t) versus
(87Sr/86Sr)i diagram (Fig. 11), these Sr–Nd isotopic
values partially overlap with those of the reported igne-
ous rocks adjacent to the Xilamulun fault (Zhou et al.
2001) and the ore-related granites in the Xilamulun Mo
metallogenic belt that formed in the Late Jurassic and the
Early Cretaceous (e.g., Chen et al. 2008; Qin et al. 2009;
Zhang et al. 2009a), which have been demonstrated to

show a dominant enriched mantle affinity, supporting a
similar origin (derived from a relatively juvenile crustal
source).

By comparison, two samples from the ∼246 Ma P–
MD exhibit distinctively lower initial Nd isotope ratios
(0.511558 to 0.511648) and clearly negative εNd (t)
values (−14.9 to −13.1), although they have initial
87Sr/86Sr ratios (0.70515 to 0.70539) similar to those
of the other four plutons. The depleted mantle model
ages (TDM) for these two samples are 1874 and
2087 Ma, respectively. These Sr–Nd isotopic values of
the ∼246-Ma P–MD samples are identical to the igneous
rocks in the NCC (Zhou et al. 2001) and intrusions in
the Chehugou Mo–Cu deposit (Fig. 11; Wan et al.
2009; Zeng et al. 2012), implying that they were likely
derived from Paleoproterozoic lower crust or subconti-
nental lithospheric mantle of the NCC.

Calculated Pb isotopic compositions of samples from
the ∼265 Ma BM–QM, the ∼252 Ma KL–MG, and the
∼248 Ma BT–MGP are relatively uniform and slightly

Fig. 9 Plots of a (La/Yb)N versus (Yb)N (Defant and Drummond 1990) and b Sr/Y versus Y (Defant and Drummond 1990) for intrusions in the
Baituyingzi Mo–Cu district, Inner Mongolia

Fig. 10 Tectonic discrimination
diagrams for intrusions in the
Baituyingzi Mo–Cu district, Inner
Mongolia. a R2 versus R1
(Batchelor and Bowden 1985),
where R1 = 4Si − 11(Na + K) −
2(Fe + Ti) and R2 = 6Ca + 2Mg +
Al. b Rb/10-Hf-3Ta (Harris et al.
1986). Syn-COLG syn-collisional
granite, VAG volcanic arc granite,
WPG within-plate granite, post-
COLG post-collisional granite
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radiogenic, with a narrow range of initial 206Pb/204Pb
(18.137–18.335), 207Pb/204Pb (15.591–15.625), and
208Pb/204Pb (37.744–38.312) ratios, whereas samples of
the ∼255 Ma BM–BMG are characterized by a larger
range of 206Pb/204Pb ratios (17.806 to 18.712). The initial
Pb isotope values of these intrusions plot mainly between
the orogen and upper crust curves of Zarman and Haines
(1988) but close to the orogen curve (Fig. 12a, b). In
contrast, the ∼246-Ma P–MD samples have comparatively
n o n - r a d i o g e n i c P b i s o t o p i c s i g n a t u r e s
(206Pb/204Pbt = 18.52–18.60, 207Pb/204Pb t = 15.58–
15.64, and 208Pb/204Pbt = 38.57–38.80), and they primar-
ily plot near the lower crust curves in the 207Pb/204Pb
versus 206Pb/204Pb (Fig. 12a) and 208Pb/204Pb versus
206Pb/204Pb diagrams (Fig. 12b).

Discussion

Timing of magmatic and hydrothermal activities

Because only the margin of each zircon grain was selected for
analysis to avoid inherited ages, we propose that the youngest
zircon U–Pb concordant ages represent the emplacement age of
the intrusions, whereas the antecrysts might be inherited from
the source region or incorporated during magma ascent.
Overall, LA-ICP-MS zircon U–Pb dating results confirm that
the intrusions were emplaced between the late Permian and
Early Triassic (over a time span of ∼20 Ma) as follows: (1)
BM–QM (265.2 ± 0.7 Ma), (2) BT–BMG (255.6 ± 0.68 Ma),
( 3 ) KL–MG (252 .4 ± 0 .69 Ma) , ( 4 ) BT–MGP
(248.2 ± 0.64 Ma), and (5) P–MD (246.5 ± 1.0 Ma) (Table 2
and Fig. 5). This order is also consistent with crosscutting rela-
tionships (Fig. 3). Additionally, with the exception of the
∼248 Ma BT–MGP, xenocrystic zircons of magmatic origin
generally occur in the other four intrusions (Table 2), implying
the possible existence of early Silurian (435 ± 6 Ma), Early
Devonian (399 ± 3 Ma), and late Carboniferous (300 ± 5 Ma)
igneous rocks in the Baituyingzi district (although they have
not been widely identified), which is consistent with the sub-
duction activity of the Paleo-Asian Ocean (Sengör and Natal’in
1996; Xiao et al. 2003; Kusky et al. 2007; Zhao et al. 2010).

The BT–MGP intrusion is the youngest altered unit and
Mo mineralization is centered on it, which suggests that BT–
MGP was closely genetically related to the mineralization.
Because the ∼246Ma P–MD is fresh and truncates the strong-
ly mineralized BT–MGP (Fig. 3), the zircon LA-ICP-MS U–
Pb ages of the BT–MGP and P–MD constrain the age of the
Baituyingzi hydrothermal system to between 248.8 ± 1.9 and
246 ± 2.1 Ma in the Early Triassic. This age constraint is
broadly consistent with the Mo–Cu mineralization ages (oc-
curring between 245 and 248 Ma) obtained by previous mo-
lybdenite Re–Os dating (Sun et al. 2013). The slight differ-
ence between ages of magmatic and hydrothermal minerals is
considered to be a result of the analytical effects of the various
methods on different minerals.

Fig. 11 Initial Sr and Nd isotopic compositions of intrusions in the
Baituyingzi Mo–Cu district, Inner Mongolia. Data for granites in northeast
China are from Wu et al. (2005, 2011). Data for granites adjacent to the
Xilamulun fault and in the North China Craton are from Zhou et al. (2001).
Data for the published ore-related granites in the Xilamulun Mo
metallogenic belt are from Chen et al. (2008), Qin et al. (2009), Wan et al.
(2009), Zhang et al. (2009a), and Zeng et al. (2011, 2012)

Fig. 12 Initial Pb isotopic compositions of intrusions in the Baituyingzi Mo–Cu district (Zarman and Haines 1988). Data for DM, EMI, and EMII are
from Zindler and Hart (1986) and Hofmann (2004)

Miner Deposita (2017) 52:799–821 813



Tectonic setting

Apart from the Baituyingzi Mo–Cu system, a number of Mo
(−Cu) deposits, formed in the late Permian to Middle Triassic
(265–235 Ma), have been found in the Xilamulun Mo belt and
adjacent areas in recent years (Table 3 and Fig. 1a, b). The
tectonic settings for the magmatic event of this stage and the
related Mo–Cu mineralization are still ambiguous. Most re-
search has attributed the formation of those deposits to the late
extensional stage of the NCC and SC collisional orogeny (e.g.,
Wan et al. 2009; Zhang et al. 2009a; Duan et al. 2015), whereas
Zeng et al. (2012) and Zeng et al. (2013) proposed that the
Chehugou Mo–Cu deposit and the Haolibao Mo–Cu deposit
may have formed during collision between the NCC and SC.

The tectonic discrimination diagrams (Fig. 10a, b) imply
that the Baituyingzi system probably developed in a collision-
al setting. Moreover, the generation of the Baituyingzi
magmatic-hydrothermal system is closely associated with
the tectonic evolution of the Paleo-Asian Ocean between the
NCC and the SC. Recently, an increasing amount of petrolog-
ic, chronological, geotectonic, paleontological, and paleomag-
netic evidence has supported the occurrence of the final colli-
sion of the NCC and the SC during the early Permian to the

Middle Triassic (296–234 Ma) along the Xilamulun Fault
(e.g., Xiao et al. 2003, 2009; Li 2006; Wu et al. 2007). Our
new ages are coeval with the peak timing of the syn-
collisional granitic magmatism in the Xilamulun belt (e.g.,
Li et al. 2007; Wu et al. 2007). We therefore infer that the late
Permian to Early Triassic magmatic and hydrothermal activity
in the Baituyingzi district was syn-collisional with respect to
the collision between the NCC and SC.

Distinctive features of ore-bearing porphyry

All five intrusions of the Baituyingzi complex are similar in
terms of mineral assemblages (Table 1 and Fig. 3) and exhibit
clearly discernible fractionation trends in the Harker variation
diagrams (Fig. 7). This is consistent with the trace element
spider diagrams (Fig. 8a′–e′) and reflects the separation of
feldspar, apatite, and possible Ti-bearing phases (e.g., ilmen-
ite, titanite), although they may have remained in the lower
crust source. However, the distinct mineralizing potentials of
the ore-hosting ∼248 Ma BT–MGP and other barren intru-
sions indicate that there are likely some appreciably different
geochemical features between them.

Table 2 Summary of the zircon U–Pb dating results for intrusions in the Baituyingzi Mo–Cu district, Inner Mongolia

Rock Occurrence Mineralization Sample Zircon U–Pb dating result (Ma)

Crystallization age Xenocrystic zircon age

Baimashigou quartz monzonite (BM–QM) Batholith Barren B–Z–6 265.2 ± 0.70 284 ± 3, 399 ± 3

Baituyingzi biotite monzogranite (BT–BMG) Batholith Mineralization B–Z–2 255.6 ± 0.68 273.3 ± 1.3

Kulitu monzogranite (KL–MG) Batholith Barren K–Z–1 252.4 ± 0.69 276 ± 2, 300 ± 5

Baituyingzi monzogranite porphyry (BT–MGP) Stock Mineralization B–Z–7 248.2 ± 0.64 None

Post–mineralization dike (P–MD) Dike Barren B–Z–3 246.5 ± 1.0 272.5 ± 1.4, 300 ± 4, 435 ± 6

Table 3 Summary of the late Permian to Middle Triassic molybdenum polymetallic ore deposits in the Xilamulun belt and adjacent areas

No. Deposit Mineralization type Metal assemblage Location Re–Os isochron
age (Ma)

Reference

1 Chaganhua Porphyry Mo–Cu Wulatehou Banner, Bayannaoer League 242.7 ± 3.5 Cai et al. (2011a)

2 Chagande’ersi Porphyry Mo–Cu Wulatehou Banner, Bayannaoer League 243.0 ± 2.2 Cai et al. (2011b)

3 Ulandler Porphyry Mo–(Cu) Sonid Left Banner, Xilin gol League 239.6 ± 3.01 Nie and Jiang (2011)

4 Chehugou Porphyry-quartz vein Mo–Cu Songshan district, Chifeng City 245 ± 5 Zeng et al. (2012)

5 Yuanbaoshan Quartz vein Mo Yuanbaoshan district, Chifeng City 248 ± 3 Liu et al. (2010a)

6 Baimashigou Quartz vein Cu–Mo Aohan Banne, Chifeng City 248.5 ± 6.7 Sun et al. (2013)

7 Baituyingzi Porphyry Mo–Cu Aohan Banne, Chifeng City 248 ± 10 Sun et al. (2013)

8 Kulitu Quartz vein Mo–Cu Aohan Banne, Chifeng City 245 ± 4.3 Sun et al. (2013)

9 Laojiagou Porphyry Mo–Cu Ar Horqin Banner, Chifeng City 234.9 ± 3.1 Duan et al. (2015)

10 Haolibao Porphyry Mo–Cu Ar Horqin Banner, Chifeng City 264.7 ± 2.8 Zeng et al. (2013)
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Among the intrusions, the ∼248-Ma BT–MGP and ∼246-
Ma P–MD samples show listric-shaped REE patterns (Fig. 8d,
e) and have adakite-like features (e.g., Sr/Y = 44.9–185 and
LaN/YbN = 25.6–87.0; Table S2 and Fig. 9a, b). Igneous rocks
with adakitic affinities (e.g., high Sr/Y ratios) are generally
indicative of the presence of residual garnet (or amphibole)
and the absence of plagioclase in the source (Defant and
Drummond 1990; Condie 2005; Castillo 2006; Macpherson
et al. 2006). However, the listric-shaped REE patterns gener-
ally further reflect residual amphibole in the source and indi-
cate high water content of magma (e.g., Davidson et al. 2007;
Moyen 2009; Richards 2011b; Richards et al. 2012).
Therefore, the Sr/Y ratios (Fig. 9a, b) and REE patterns
(Fig. 8d, e) probably indicate that both the ∼248 Ma BT–
MGP and ∼246 Ma P–MD are relatively hydrous in the mag-
matic series. The hydrous features of the ∼248 Ma BT–MGP
are consistent with the fact that BT–MGP was volatile satu-
rated during evolution (as indicated by UST quartz and peg-
matite; Fig. 4g, h′; Harris et al. 2004; Seedorff et al. 2005).

Nevertheless, the 248- and 246-Ma intrusions exhibit geo-
chemical differences. Firstly, the ∼248 Ma BT–MGP exhibits a
higher degree of fractionation (differentiation indices of 81.4–
91.5; Table S2 and Fig. 7) and a steeper REE profile (LaN/
YbN = 25.6–87.0; Fig. 8d) than those of the ∼246 Ma P–MD.
Secondly, the ∼248-Ma BT–MGP rocks are derived from a rela-
tively juvenile crustal source, whereas the ∼246-Ma P–MD sam-
ples are likely derived from the Paleoproterozoic lower crust (or
subcontinental lithospheric mantle) of the NCC (Figs. 11 and 12).

As suggested by previous studies, (1) high water content is
conducive for the generation of a shallow crustal ore-forming
magmatic-hydrothermal system (e.g., Richards et al. 2012), (2)
a highly differentiated state is necessary for enrichingMo in the
magma because Mo is an incompatible element (Candela and
Holland 1986; Audétat 2010), and (3) both the juvenile lower
crust and the old lower crust (or metasomatized subcontinental
lithospheric mantle) are possible sources for Mo (e.g., Pettke

et al. 2010; Zhu et al. 2010; Zeng et al. 2014). Our results reveal
that a hydrous condition (e.g., high Sr/Y ratios >44 combined
with listric-shaped REE patterns) and a highly differentiated
condition (e.g., differentiation index > 80 and LaN/YbN > 25)
may be important chemical indicators for Mo porphyry fertility.

Origins of Mo porphyry fertility

Sr–Nd–Pb results suggest that the five units in Baituyingzi were
derived from lower crust (Figs. 11 and 12). The trace element
spider diagrams (Fig. 8a′–e′) indicate that the lower crustal mag-
ma sources of these intrusions had been once metasomatized by
early slab subduction-related fluids or melts (Woodhead et al.
1993; Pearce et al. 1999). Early slab subduction processes could
underplate metal- and volatile-rich melts from the slab fluids or
melts metasomatized mantle wedge (Rüpke et al. 2004) and
generate a fertile metallogenic reservoir (rich in amphibole cu-
mulates) at or near the crust–mantle boundary (Richards 2003,
2009, 2011a; Davidson et al. 2007; Tiepolo and Tribuzio 2008;
Pettke et al. 2010). Therefore, the magma sources of the five
units should have inherited the arc magma characteristics of
abundant water, S, Mo, and Cu and even high oxidation state
(Richards 2003, 2009, 2011a; Malaspina et al. 2009).

Trace element ratios, such as Th/Nb, Th/Yb, Ba/Th, and Ba/
La, have been used to identify the metasomatic agents and esti-
mate flux from the subducted slab (Pearce and Peate 1995;
Johnson and Plank 1999; Class et al. 2000; Kessel et al. 2005;
Dokuz 2011). The Ba/Th–Th/Nb (Fig. 13a) and Ba/La–Th/Yb
(Fig. 13b) diagrams clearly show that the magma sources of the
five intrusions in Baituyingzi were geochemically heterogeneous
with the addition of various amounts of slab-derived fluids or
melts. Compared to the other three intrusions, the magma
sources of the ∼248 Ma BT–MGP and ∼246 Ma P–MD experi-
enced stronger metasomatism (Fig. 13a, b). Thus, their lower
crustal sources should be relatively rich in amphibole cumulates
(indicating highly hydrous conditions).

Fig. 13 Plots of a Ba/Th versus Th/Nb (Elliott et al. 1997) and b Ba/La versus Th/Yb (Dokuz 2011) for intrusions in the Baituyingzi Mo–Cu district,
Inner Mongolia
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However, the ∼246 Ma P–MD shows high Ba/La and Ba/Th
ratios (Fig. 13a, b), which indicate that magma sources have been
predominantly influenced by slab fluids. In comparison, the ore-
forming ∼248 Ma BT–MGP had undergone strong metasoma-
tism by slab melt (showing high Th/Nb, Th/Yb ratios; Fig. 13a,
b). As suggested by Mungall (2002), the involvement of slab
melt enriched in Fe3+ during slab subduction could control the
redox state of arc magmas above the FMQ buffer. Similar results
have also been observed by Liu et al. (2010b) and Wang et al.
(2013), who recognized that the involvement of slab melt meta-
somatism in lower crustal magma sources may significantly pro-
mote the oxidation state of the resulting adakitic melts. Thus, the
magmatic source of the ∼248 Ma BT–MGP may be more oxi-
dized than the ∼246 Ma P–MD. Moreover, apart from many
porphyry Cu systems (e.g., Liang et al. 2006; Wang et al. 2013;
Wang et al. 2014b; Shen et al. 2015), high oxidation states have
also been linked with Mo porphyry in the Tongcun Mo deposit,
located in northwest Zhejiang, SE China (Qiu et al. 2013).

In summary, the fertility of the ∼248 Ma BT–MGP was
likely associatedwith the addition of earlier slab-derivedmelts

to the lower crustal magma source (leading to high water
content and possible high oxidation state), whereas the rela-
tively low oxidation state of the magma source (due to meta-
somatism by slab fluids) probably led to the barren condition
of the ∼246 Ma P–MD (although the source was also hy-
drous). In addition, following the suggestion of Richards
et al. (2012), we suppose that the formation of the highly
differentiated state of the ∼248 Ma porphyry can be attributed
to the long-lived (∼20 Ma) tectonic setting during collision
between the NCC and the SC.

Genetic model of the Baituyingzi complex

Combined with the tectonic setting, U–Pb ages, geochemical,
and Sr–Nd–Pb isotopic results, we suggest that the complex
was generated by partial melting of the juvenile lower crust (con-
tainingminor old crustal relicts of theNCC) that was triggered by
collision between the NCC and SC during the late Permian to
Early Triassic (265 to 246 Ma; Fig. 14b).

Fig. 14 Sketches showing the
genetic model of the Baituyingzi
granitic complex, Inner
Mongolia. a Before ∼265 Ma, a
series of arc magmas and the
mafic lower crust of a juvenile arc
formed during subduction of the
Paleo-Asian Ocean Plate. The
mafic lower crust of the juvenile
arc was derived from melting of
the fertile mantle wedge
metasomatized by various
amounts of slab melts or fluids,
and it was heterogeneous in terms
of water, S, Mo, and Cu contents
and possible oxidation state. b
During 265–246 Ma, collision
between the NCC and the SC
trigged partial melting of the
earlier-formed geochemically
heterogeneous juvenile mafic
lower crust (containing minor old
crustal relicts of NCC) and
formed the Baituyingzi granitic
complex and the related
hydrothermal Mo–Cu system
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The lower crust may have been derived from the melting of
the fertile mantle wedge metasomatized by various amounts
of slab-derived fluids or melts due to earlier subduction events
(similar to cases in eastern Turkey (Karsli et al. 2010), south-
eastern Iran (Shafiei et al. 2009), and south Tibet (Li et al.
2011); Fig. 14a) and was heterogeneous in terms of water, S,
Mo, and Cu contents and possible oxidation state. Among the
intrusions, the lower crustal magma source of the ∼248 Ma
BT–MGP was relatively hydrous and possibly oxidized.

The long-time (∼20 Ma) collision tectonic setting resulted
in establishment of a mature magma-processing (MASH)
zone at the base of the crust (Hildreth and Moorbath 1988);
the development of relatively long-lived batholithic magma
chambers (Richards 2003; Sillitoe 2010); and the generation
of early relatively dry and barren intrusions, the later hydrous,
differentiated, and possibly oxidized ∼248 Ma BT–MGP (and
the related hydrothermal Mo–Cu system) and the final hy-
drous (but barren) ∼246 Ma P–MD in the Baituyingzi district.

Conclusions

(1) The Baituyingzi granitic complex was emplaced be-
tween the late Permian and Early Triassic (265.2 ± 0.7
to 246.5 ± 1.0 Ma). The Baituyingzi hydrothermal sys-
temwas related to the Baituyingzi monzogranite porphy-
ry (248.2 ± 0.64 Ma).

(2) The hydrous conditions (e.g., high Sr/Y ratios >44 com-
bined with listric-shaped REE patterns) and highly dif-
ferentiated conditions (e.g., differentiation index >80 and
LaN/YbN >25) appear to be important chemical indica-
tors for ∼248-Ma porphyry fertility.

(3) The Baituyingzi complex was generated by the partial
melting of the juvenile lower crustal magma sources
(containing minor old crustal relicts of the NCC) that
was triggered by collision between the NCC and SC
during the late Permian to Early Triassic.

(4) The magmatic source was derived from the melting of
the fertile mantle wedge after various degrees of metaso-
matism by slab-derived fluids or melts during an earlier
subduction event. Thus, the magmatic source was het-
erogeneous in terms of water, Cu, Mo, and S contents
and possible oxidation state.

(5) The fertility of the ∼248 Ma porphyry was likely associ-
ated with the addition of earlier slab-derived melts to the
lower crustal magma source (leading to high water con-
tent and possible high oxidation state) and the long-time
(∼20 Ma) collision tectonic setting in which it formed
(resulting in a highly differentiated state).
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Appendix

Zircon LA-ICP-MS U–Pb geochronology analyses

Zircon crystals were extracted by a combination of heavy-
liquid and magnetic separation techniques. Individual crystals
were then handpicked under a binocular microscope, mounted
in epoxy resin, and polished to expose the cores of the grains.
Before isotopic analysis, all grains were photographed under
transmitted and reflected light and then examined using a
CAMECA SX–50 microprobe cathodoluminescence (CL)
imaging technique at the Institute of Geology and
Geophysics, Chinese Academy of Sciences (IGGCAS),
Beijing, China, to identify the internal structures and to ensure
a selection of good analytical sites.

Zircon U–Pb dating was conducted by LA-ICP-MS at the
State Key Laboratory of Geological Processes and Mineral
Resources (GPMR), China University of Geosciences,
Wuhan. The analyses were obtained using a laser-ablation
microprobe coupled with an Agilent 7500a ICP-MS.
Detailed analytical procedures were described by Liu et al.
(2008, 2010c). Because inherited zircons usually form cores
to new zircons crystallized from the magma, only the margin
of each zircon grain was selected for analyzing. The spot size
averaged approximately 30 μm, and each analysis incorporat-
ed a background acquisition of approximately 20–30 s (gas
blank) followed by 50-s data acquisition from the sample,
employing line scans rather than spot analyses in order to
minimize within-run elemental fractionation (Tafti et al.
2009). NIST 612 glass was used as an internal standard for
U, Th, and Pb analyses, and zircon 91,500 (Wiedenbeck et al.
1995) was used as the external calibration standard for U–Pb
dating. Common Pb was corrected according to the method
proposed by Andersen (2002). Off-line isotopic ratios and
e l emen t concen t r a t i on s we re c a l cu l a t ed us ing
ICPMSDataCal software (Liu et al. 2010c). Age calculations
and concordia diagrams were generated using ISOPLOT (ver-
sion 3.0) (Ludwig 2003). The uncertainties for individual
analyses (ratios and ages) are quoted at the 1σ level, whereas
the errors on concordia and mean ages are quoted at the 2σ
level.
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Major and trace element geochemical analyses

The samples were crushed to 200 mesh using an agate mill
after removal of weathered surfaces. Whole-rock geochemical
analyses were performed at IGGCAS.

Major elements were determined by XRF–1500 Sequential
X-ray Fluorescence Spectrometry of fused glass beads, of
which the FeO concentration was analyzed using a conven-
tional titration procedure. The accuracy and reproducibility
were monitored by Chinese national standard sample GSR1,
with a relative standard deviation of better than 1%. Analytical
precisions for major elements are generally within 5%.

Trace elements (including REE) were determined with a
FELEMENT ICP-MS. Approximately 50 mg of powder for
each sample was dissolved in Savillex Teflon® beakers with a
HF–HNO3 mixture for 4 days at approximately 200 °C, dried,
and then digested with HNO3 at 150 °C for 1 day. Dissolved
samples were diluted to 50 ml with 1% HNO3 for ICP-MS
analysis. Indium was used as an internal standard for correc-
tion of matrix effects and instrument drift. Standard samples
GRS1 were used to monitor the analytical error and drift with
a periodicity of 10%, and the relative standard deviation is
better than 3%. Analyzed uncertainties of ICP-MS data at
the ppm level are better than ±3% to ±10% for trace elements
and ±5% to ±10% for REE.

Sr–Nd–Pb isotopic analyses

Sr–Nd–Pb isotopes were performed on a Finnigan MAT-262
mass spectrometer at the GPMR. Detailed chemical separation
and isotopic measurement procedures are similar to those de-
scribed byWu et al. (2005). Analytical errors are given as 2σ.

For Rb–Sr and Sm–Nd isotope analyses, 100mg of powder
(200 mesh) of each sample was spiked with mixed isotope
tracers (87R-84Sr, 149Sm-150Nd) and digested in Teflon cap-
sules with a mixture of distilled HF + HNO3 + HClO4 acids.
Digested samples were dried and redissolved in HBr + HCl
and then dried again and redissolved in 0.5 NHCl to extract Sr
and Nd. The following separation and purification of Sr and
REE were realized in cation exchange columns with 2 ml of
AG50 W–X12 (200–400-mesh resin), whereas Sm and Nd
were separated and purified through a quartz ion-exchange
column filled with 1 ml of P507 levextrel resin. The mass
fractionation corrections of 87Sr/86Sr and 143Nd/144Nd isoto-
pic rat ios were based on 86Sr/88Sr = 0.1194 and
146Nd/144Nd = 0.7219, respectively. Analyses of Sr standard
solution (National Bureau of Standards (NBS) 987) yielded an
87Sr/86Sr ratio of 0.710244 ± 4 (2σ), whereas the Nd standard
solution (BCR–1) yielded a 143Nd/144Nd ratio of 0.512633 ± 7
(2σ) during data acquisition. Total procedural blanks were 50
to 100 pg for Sr and 100 to 300 pg for Nd, and the estimated
analytical uncertainties of 87Rb/86Sr and 147Sm/144Nd ratios
were less than 0.5%.

ForPbisotopeanalyses,approximately100mgofpowderwas
dissolved in Teflon beakers with a HF + HNO3 mixture. After
drying, thedigested sampleswere redissolved inHBr+HClmix-
ture for Pb separation. Then, the extracted Pb was purified in a
secondcolumnwith150μmofAG1X8anionic resin.A factor of
1‰permassunit for instrumentalmass fractionationwasapplied
to thePbanalyses,usingNBS981asreferencematerial.TheNBS
981 standard yielded 206Pb/204Pb = 16.916 ± 0.009 (2σ),
2 0 7 P b / 2 0 4 P b = 1 5 . 4 6 1 ± 0 . 0 1 0 ( 2 σ ) , a n d
208Pb/204Pb = 36.616 ± 0.012 (2σ), with uncertainties of <0.1%
at the 95% confidence level. Total procedural blanks for Pbwere
less than 200 pg.
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