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Porphyry Cu (Mo-Au) deposit is one of the most important types of copper deposit and usually formed
under magmatic arc-related settings, whilst the Mujicun porphyry Cu-Mo deposit in North China Craton
uncommonly generated within intra-continental settings. Although previous studies have focused on the
age, origin and ore genesis of the Mujicun deposit, the ore-forming age, magma source and tectonic
evolution remain controversial. Here, this study targeted rutile (TiO,) in the ore-hosting diorite porphyry
from the Mujicun Cu-Mo deposit to conduct in situ U-Pb dating and trace element composition studies,
with major views to determine the timing and magma evolution and to provide new insights into porphyry
Cu-Mo metallogeny. Rutile trace element data show flat-like REE patterns characterized by relatively
enrichment LREEs and depleted HREEs, which could be identified as magmatic rutile. Rutile U-Pb dating
yields lower intercept ages of 139.3—-138.4 Ma, interpreted as post magmatic cooling timing below about
500°C, which are consistent or slightly postdate with the published zircon U-Pb ages of diorite porphyry
(144.1-141.7 Ma) and skarn (146.2 Ma; 139.9 Ma) as well as the molybdenite Re-Os ages of molybdenum
ores (144.8-140.0 Ma). Given that the overlap between the closure temperature of rutile U-Pb system and
ore-forming temperature of the Mujicun deposit, this study suggests that the ore-forming ages of the
Mujicun deposit can be constrained at 139.3—-138.4 Ma, with temporal links to the late large-scale granitic
magmatism at 138—126 Ma in the Taihang Orogen. Based on the Mg and Al contents in rutile, the magma
of ore-hosting diorite porphyry was suggested to be derived from crust-mantle mixing components. In
conjunction with previous studies in Taihang Orogen, this study proposes that the far-field effect and the
rollback of the subducting Paleo-Pacific slab triggered lithospheric extension, asthenosphere upwelling,
crust-mantle interaction and thermo-mechanical erosion, which jointly facilitated the formation of dioritic
magmas during the Early Cretaceous. Subsequently, the dioritic magmas carrying crust-mantle mixing
metallic materials were emplaced and precipitated at shallow positions along NNE-trending ore-
controlling faults, eventually resulting in the formation of the Mujicun Cu-Mo deposit within an intra-
continental extensional setting.

©2024 China Geology Editorial Office.

1. Introduction

Published studies suggested that most of porphyry Cu
polymetallic deposits formed under arc-related settings and

Porphyry Cu (Mo-Au) deposit is an important type of
copper deposit, which is also the major source for Cu, Mo and
Au resources (Cannell J et al., 2005; Mao JW et al., 2018).
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are closely correlated with calc-alkali magma (Sillitoe RH,
1972, 2010), but a few porphyry Cu deposits could also be
generated within intra-continental and continental collision
settings (Hou ZQ et al., 2003, 2009; Mao J et al., 2014; Gao
YF et al., 2013; Lin B et al., 2023). The majority of studies
have revealed that the formation of continental porphyry Cu
deposits is closely correlated with continent-continent
collisional orogen and/or the margin of craton related to plate
subduction (Rui ZY et al., 2003; Bertrand G et al., 2014;

Copyright © 2024 Editorial Office of China Geology. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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Asadi S et al., 2014; Yang ZM et al., 2016; Richards JP,
2022; Yang HH et al., 2022; Li WC et al., 2022; Zhang S et
al., 2023). However, there are still shortage of studies to probe
into the formation processes of intra-continental porphyry Cu
deposits.

The Mujicun deposit in the Taihang tectonic-magmatic-
metallogenic belt, central North China Craton (NCC) (Fig. 1)
is a representative intra-continental porphyry Cu-Mo deposit
(Gao YF et al., 2013; Dong GC et al., 2013), which is also the
largest porphyry Cu deposit in the North Taihang Orogen and
is mainly hosted in diorite porphyry, with proven reserves of
98.1 Mt Cu and 3.1 Mt Mo (Chen C et al., 2015). Previous
studies determined the ore-forming ages of the Mujicun Cu-
Mo deposit at 145.5-138.5 Ma (Gao YF et al., 2011; Chen C
et al., 2013; Dong GC et al., 2013; Shen ZC et al., 2015), the
emplacement ages of the ore-hosting diorite porphyry at
144.1-141.7 Ma (Gao YF et al., 2013, 2011; Dong GC et al.,
2013; Shen JF et al., 2015), and the timing of formation of
andesite (150.5-140.8 Ma; Gao YC et al., 2011) and epidote
skarn (146.2—139.9 Ma; Dong GC et al., 2013) in this deposit,
which together show a temporal link between the Cu-Mo
mineralization and shallow (sub-) volcanism at 151-138 Ma.
The Taihang Orogen subsequently developed large-scale
granitic magmatism at 138—126 Ma (Chen B et al., 2005), but
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a few studies argued that this period of magmatism did not
have genetic relationships with the Mujicun Cu-Mo
mineralization (Gao YF et al, 2011), which show some
conflicts with the published molybdenite Re-Os model age of
138.5 £ 1.9 Ma in the Mujicun deposit (Dong GC et al.,
2013). Moreover, the magma and ore-forming material
sources of the Mujicun Cu-Mo deposit are also controversial.
Some studies supported that the magma and ore-forming
materials of the Mujicun deposit are sourced from the
interaction of both partial melting of ancient lower crust and
contaminated mantle compositions (Dong GC et al., 2013; Qu
K et al., 2014). Whereas other studies claimed that the magma
was derived from partial melting of enriched mantle, which
then underwent crustal assimilation and contamination and
fractional crystallization during magma ascension (Gao YF et
al., 2013; Shen ZC et al., 2015; Duan C et al., 2016).

Rutile (TiO,), one of common accessory minerals, is
widely hosted within various rocks (Xiao YL et al., 2011),
which is also an important host for high field strength
elements (Nb, Ta, Zr) (Meinhold G, 2010). In general, trace
element compositions of rutile can be used to provide insights
into protolith (Xiao YL et al., 2011). For example, the Fe
contents in rutile can be applied to calculate oxygen fugacity
during crystallization (Sobolev NV and Yefimova ES, 2000;
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Fig. 1. Tectonic map of the North China Craton with the spatial-temporal variation of the Late Jurassic to Early Cretaceous magmatic rocks (a,
after Zhao G et al., 2005; Zhang SH et al., 2014) and geological map of the Laiyuan complex with the distribution of major lithologic units, ore

deposits and faults (b, after Xue F et al., 2021).
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Meinhold G, 2010), the Zr contents in rutile can be employed
as the geothermometer with temperature range of
400-1100°C (Zack TV et al., 2004a; Ferry JM and Waston
EB, 2007) and used to constrain the P-7-¢ conditions during
metamorphism (Zheng YF et al, 2011), the Nb and Cr
contents in rutile could be devoted to trace rutile source from
metacumulates, meta-mafic and metapelitic rocks (Zack TV et
al., 2004b). Usually, the rutile from cratonic mantle has higher
Cr contents than 1.7%, whereas those from crust and non-
cratonic mantle are lower than 1.7% (Malkovets VG et al.,
2016). The Mg and Al contents in mantle-derived rutile are
higher than those from crust-derived rutile (Smythe D et al.,
2008). The Nb/Ta ratios in rutile can also be applied to reveal
the formation evolution of crust and to trace subduction
processes (Tang M et al., 2019; Xiao Y et al., 2006). Thus, it
could be drawn the conclusion that rutile trace elements can
be selected to trace magma source and magma evolution as
well as to guide mineral exploration of diamond and related
deposits (Rabbia OM et al., 2009; Schmidt MW et al., 2004;
Porter JK et al., 2020). Due to similar ionic radius and valence
states of U*" and Ti*", the U with respect to Pb preferentially
enters into lattice, resulting in the U contents in rutile enriched
up to 200x10° (Xiao YL et al, 2011). Also, rutile is
extremely resistant to isotopic resetting, it thus can be used for
U-Pb dating, with closure temperature of 370-600°C (Mezger
Ketal., 1989; Vry JK and Baker JA, 2006). As a result, rutile
U-Pb dating has been widely used to determine the cooling
ages of metamorphic and magmatic rocks (Bibikova E et al.,
2001; Li Q et al., 2003; Hou Z et al., 2020) and the ore-
forming ages of gold, copper and other deposits (Pi QH et al.,
2017; Schirra M and Laurent O, 2021; Xiao X et al., 2021;
Cluzel D et al., 2022).

In this study, this paper carried out systematic petrological
and in situ LA-ICP-MS U-Pb dating and trace element
composition studies of rutile from ore-hosting diorite
porphyry in the Mujicun Cu-Mo deposit, North China Craton
(Fig. 1). Combined with published geochronological,
geochemical and isotopic studies from the Mujicun Cu-Mo
deposit, the major objectives of this paper are to clarify the
timing and timescales of Cu-Mo mineralization, and to reveal
magma source, ore genesis and tectonic evolution of the
Mujicun Cu-Mo deposit. Additionally, this study would also
provide insights into intra-continental porphyry Cu-Mo
mineralization.

2. Geological setting
2.1. Regional geology

The NCC (Fig. 1a) is located between the Central Asian
Orogenic Belt and Qinling-Dabie Orogenic Belt (Xiao W et
al., 2012; Gao YF et al., 2013). Tectonically, the NCC is
divided into the Western Block, the Eastern Block and the
intervening Trans-North China Orogen (Zhao G et al., 2005;
Zhao G and Zhai M, 2013), which comprises Precambrian
metamorphic basement, Mesoproterozoic (1.8 Ga) to
Cenozoic sedimentary cover sequences, and Mesozoic

intrusions (Zhai MG and Santosh M, 2011; Yang F et al.,
2021a). The Mesozoic magmatic rocks have been widely
correlated with the lithospheric thinning and craton
destruction of the NCC (Wu FY et al., 2011; Zhu RX et al.,
2012a, 2012b; Yang F et al., 2018a, 2018b, 2020a), which are
divided into the Early Triassic, the Middle-Late Triassic, the
Early Jurassic-earliest Middle Jurassic, the Middle-Late
Jurassic, the Early Cretaceous, and the Late Cretaceous
periods (Zhang SH et al., 2014). The Early Triassic intrusive
rocks are readily identified throughout the east-west-trending
Yinshan and Yanshan belts along the northern margin of the
NCC and in the southern Yanbian—Liaobei area of the
northeastern NCC (Wu FY et al., 2007; Zhang SH et al.,
2014). The Middle-Late Triassic magmatic rocks are also
mainly exposed in the Yinshan and Yanshan belts of the
northern NCC and the Liaodong as well as the southern
Yanbian—Liaobei area of the eastern NCC (Wu FY et al,,
2005, 2007; Yang J and Wu F, 2009; Hou ZQ et al., 2015).
The minor Early Jurassic—earliest Middle Jurassic intrusive
rocks are mostly outcropped in the Yanshan belt and the
Beiiing West Hills of the northern NCC (Wu FY et al., 2011;
Liu J et al., 2012; Lan TG et al., 2012; Zhang SH et al., 2014).
The Middle-Late Jurassic intrusive rocks are largely confined
to the Yanshan Belt of the northern NCC, the Liaodong and
Jiaodong Peninsula of the eastern NCC, and the southern
Yanbian-Liaobei area of northeastern NCC (Fig. 1a; Wu FY
et al., 2011). The Early Cretaceous magmatic rocks intruded
throughout the eastern and central NCC (Fig. la), and the
Late Cretaceous volcanic rocks are exposed in the eastern
NCC (Yang F et al., 2018a; Zhang SH et al., 2014).

The North Taihang Orogen, located in the middle-eastern
margin of the Trans-North China Orogen (Fig. 1a), hosts
numerous Jurassic to Cretaceous magmatic rocks associated
with Cu-Mo-Fe polymetallic mineralization (Fig. 1b; Dong
GCetal., 2013; Gao YF et al., 2013; Xue F et al., 2019, 2021;
Yang F et al., 2019). The strata outcropped in this orogen
consist mainly of the Archean high-graded metamorphic
series, the tonalite-trondhjemite-granodiorite (TTG) series,
and the unconformably overlying Mesoproterozoic to
Mesozoic volcanic-sedimentary rocks (Qu K et al., 2014;
Dong GC et al., 2013). The Mesozoic intrusions in this
orogen mostly occur as batholiths and stocks, including
Sigezhuang, Mapeng, Ciwawu and Wanganzhen intrusions
(Wang Y and Li H, 2008; Zhang HD et al., 2016), which
intruded along the NNE-trending faults. The Wanganzhen
complex (Fig. 1b), one of the biggest intrusions in the North
Taihang Orogen, mainly comprise granodiorite, monzogranite
and porphyritic granite, as well as some volcanic rocks along
its northwestern and southwestern margins (Gao YF et al.,
2011, 2013; Xue F et al., 2021). A few diorite, syenogranite
and hornblendite are also found in the east of this complex
(Fig. 1b). Based on the lithology and zircon U-Pb ages, the
Wanganzhen complex is divided into the early phase
(223-187 Ma) of intermediate-mafic magmatic rocks, the
middle phase (146—138 Ma) of intermediate-felsic magmatic
rocks, along with the late phase (about 126 Ma) of alkaline-
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rich intermediate-felsic magmatic rocks (Cai JH et al., 2003;
Zhang HD et al., 2016). The faults developed in this orogen
mainly include the NE-trending Wulonggou—Shanghuangqi
and Zijingguan faults as well as their NE-striking branches
(Fig. 1b; Dong GC et al., 2013; Gao YF et al., 2013). In
addition, three different genetic types of metallic deposits also
developed along the margin of the Wanganzhen complex
(Fig. 1b): porphyry Cu-Mo deposits in its northern and
southwestern margins, skarn Fe-Cu deposits restricted to
northern margin and central domains, and hydrothermal vein
Pb-Zn deposits in its northern and southwestern margins (Gao
YF et al., 2013; Qu K et al., 2014; Shen ZC et al., 2015; Chen
Cetal., 2015).

2.2. Deposit geology

The Mujicun porphyry Cu-Mo deposit is located in the
Mujicun village and is about 20 km distance at the northeast
of the Laiyuan County (Fig. 1b). Tectonically, it lies between
the southwestern margin of Wanganzhen complex and the
regional Wulonggou fault (Fig. 1b). The strata exposed in this
deposit mainly include the Proterozoic dolomite and
sandstone, the Cambrian-Ordovician limestone, the Jurassic
volcanic breccia, and the overlying Quaternary sediments
(Gao YF et al, 2011). The NNE-trending Wulonggou-
Shanghuangqi fault and its branches are the major ore-

controlling structure (Fig. 1b). The magmatic rocks of this
deposit consist mainly of andesite, intermediate-basic,
lamprophyre and albitophyre dikes and diorite porphyry (Hou
T et al., 2015; Shen ZC et al, 2015). The andesite is
distributed in the northeastern margin of this deposit, whereas
the dikes mostly intruded along fault zones (Fig. 2). The
diorite porphyry as stock usually occurs at the central domain
of the Mujicun deposit. The diorite porphyry stock shows a
length of about 1 km and a width of about 0.4 km, with an
area of about 1.5 km? (Fig. 2). Most of diorite porphyry at
earth surface was altered by propylitization, whereas those
discovered in the center of concealed diorite porphyry stocks
underwent beresitization (Qu K et al., 2014).

The orebodies are all concealed and hosted in diorite
porphyry as well as skarn at contact zones between diorite
porphyry and wall rocks, with average Cu grades of
0.26%—0.49% and Mo grades of 0.04%—0.14% (Chen C et al.,
2013; Shen ZC et al., 2015). The orebodies occur as irregular
lenticles, characterized by the NNE-trending strike, SE-
trending inclination, with the dips of 52°-80° (Chen C et al.,
2015). These orebodies are divided into two ore belts in
vertical direction (Fig. 3). The upper ore belt is dominated by
porphyry Cu-Mo ores and minor skarn Cu-Fe ores that are
hosted at the depth of 200-850 m below the surface, with a
length of about 900 m from south to north, a width of
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180-790 m from east to west, and a thickness of 18-344 m
(mean: 217 m). The lower ore belt is mainly represented by
skarn Cu (Mo) ores and partial porphyry Cu or Cu-Mo ores
which are discovered at the depth of 800-1300 m below the
surface. The lower ore belt has a length of about 400 m, a
width of 460-700 m, and a thickness of 67393 m (mean: 248
m) (Chen C et al.,, 2013). The ores in this deposit mainly
contain Cu, Cu-Mo and Mo ores (Fig. 3) and are divided into
porphyry and skarn ores, which mostly display fine-grained,
disseminated and veined texture (Chen C et al., 2015). The
metal minerals of these ores mainly include chalcopyrite,
pyrite and molybdenite, whereas the gangue minerals are
dominated by K-feldspar, plagioclase and quartz (Gao YF et
al., 2013; Chen C et al., 2015). The alteration types are mainly
composed of silicification, K-feldspathization, sericitization
and propylitization from the center of porphyry to its
periphery (Ma G, 1997). The K-feldspathization is closely
correlated with the porphyry Cu-Mo mineralization (Gao YF
et al., 2013). The metallogenic stages of the Mujicun deposit
are summarized as: (1) skarn Cu-bearing magnetite, (2)
porphyry Cu-Mo, (3) skarn Cu-Fe, and (4) hydrothermal Pb-
Zn mineralization from early to late stages (Ma G, 1997).

3. Sampling and petrography

A total of five representative samples were taken from
boreholes ZK7901 and ZK7902 in this study, and the detailed
locations are shown in Figures 2 and 3. Sample 20MJC-2-1 is

a Cu-rich diorite porphyry and collected from borehole
ZK7901 at a depth of 644 m. Sample 20MJC-2-2 is a Mo-rich
diorite porphyry and taken from borehole ZK7901 at a depth
0of 963 m (Fig. 3). Samples 20MJC-2-4 and 20MJC-2-5 are all
ore-barren diorite porphyry, which were sampled from
borehole ZK7902 at depths of 822 m and 159 m, respectively.
Sample 20MJC-2-3 is also a Cu-rich diorite porphyry and
taken from borehole ZK7902 at a depth of 461 m (Fig. 3). All
five diorite porphyry samples are gray to black colored and
show porphyritic texture and underwent slight alteration of
silicification (Fig. 4). The diorite porphyry mainly includes
plagioclase phenocrysts (Fig. 4i) and is interspersed with
several quartz veins carrying Cu-Mo mineralization inside
(Fig. 4d-1).

Under microscopes, all samples display typical porphyritic
texture and consist mainly of subhedral-euhedral biotite
(0.2-0.5 mm), polysynthetic plagioclase (0.4-0.7 mm), and
slightly corroded hornblende phenocrysts together with matrix
including fine-grained felsic minerals and accessary minerals
(zircon, rutile, apatite) (Fig. 5a—f). Among these, the rutile
mostly grew within the interstices of quartz and feldspar
(Fig. Se). Moreover, several quartz veins also developed in
diorite porphyry (Fig. 5a—e). Sample 20MJC-2-5 underwent
weak alteration of albite and zoisitization (Fig. 5f). The metal
minerals of diorite porphyry mainly contain chalcopyrite,
pyrite and molybdenite (Fig. 5g—i). The chalcopyrite is mostly
disseminated and intergrew at gaps of felsic minerals (Fig. 5g,
1), which often coexisted with pyrite and molybdenite in
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Fig. 4. Representative field photographs of diorite porphyry from boreholes in the Mujicun Cu-Mo deposit.

quartz veins (Fig. 5h). The pyrite and molybdenite are
sporadic and usually occur at mineral gaps or within quartz
veins (Fig. 5g—i).

4. Analytical methods

Rutile grains were separated in the Yu’neng Geological
and Mineral Separation Survey Centre, Langfang, Hebei,
China, using standard mineral separation procedures.
Transmitted, reflected light, cathodoluminescence (CL) and
back-scattered electron (BSE) images were captured to
investigate the internal structures of rutile and to identify
target sites for rutile geochemical and U-Pb isotopic analysis.
Rutile U-Pb dating and geochemical analysis was
simultaneously performed at the Tianjin Center, China
Geological Survey, using a Neptune multi-collector
inductively coupled plasma mass spectrometer equipped with
a New Wave 193 nm laser sampler. The ablation was set as a
spot size of 51 um, with a frequency of 7 Hz and a fluence of
3 J/em®. Rutile RMIJG (Zhang L et al., 2020) and Glass
SRM610 (Pearce NJ et al., 1997) were selected as external
standards to conduct fractionation correction of rutile U-Pb
isotope and trace element data, following the detailed methods
noted by Zhou HY et al. (2013). During this analysis, one
SRM610 and two RMIJG standards as well as six unknown
rutile grains were grouped as each analytical session. Each
analysis on the rutile began with a 15 seconds blank gas
measurement, then followed by a further 50 seconds of
analysis time when the laser was switched on. Data reduction

was performed using the ICPMSDataCal software to finish
the selection of sample and blank signal, the correction of
instrument drift and mass bias, and the calculation of element
contents, isotopic ratios and age data. Rutile RMJG standard
was also selected to correct rutile U-Pb age. Glass SRM610 as
an external standard was employed to correct trace element
concentrations, whereas **Ti was used as an internal standard
to correct trace element data. The IsoplotR (Vermeesch P,
2018) and Origin (Edwards PM, 2002) software were chosen
to process age and trace element data with one sigma
uncertainty.

5. Results
5.1. Rutile morphology and U-Pb geochronology

A total of one hundred and fifteen rutile grains from
samples 20MJC-2-1, 20MJC-2-2 and 20MJC-2-3 were
selected for U-Pb dating, and the analytical data are given in
Table DR1.

These rutile grains are transparent to translucent and
brown to colorless, and show prismatic to sub-round in shape,
with size varying between 50 pum and 150 um and length to
width ratios from 3 1 to 1: 1 (Fig. 6a—c). Under CL and
BSE images (Fig. 6), most of rutile grains show homogeneous
gray to dark structureless and unzoned texture, and a few
grains have weak patchy zoning texture. Furthermore, several
mineral or fluid inclusions also widely developed in the
interior of individual rutile under BSE images (Fig. 6b—c).
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Fig. 5. Photomicrographs of diorite porphyry from boreholes in the Mujicun Cu-Mo deposit. a—f: cross-polarized light; g—i: reflected light.
Mineral abbreviations: Pl-plagioclase; Bt—biotite; Hbl-hornblende; Rt—rutile; Ccp—chalcopyrite; Mo—molybdenite; Py—pyrite.

Thirty-eight rutile grains from sample 20MJC-2-1 yield a
lower intercept age of 139.3 £33 Ma (MSWD =0.58) (Fig. 6d),
with Th and U contents and Th/U ratios of 0.00x1076-3.79x
107, 0.64x107%-16.35x107%, and 0.01-0.71, respectively.
Thirty-eight rutile grains from sample 20MJC-2-2 yield a
lower intercept age of 138.6 2.3 Ma (MSWD = 1.40) (Fig. 6¢)
and have Th contents of 0.00x10 °-14.15x107%, U contents of
0.44x107°-56.26x10"® and Th/U ratios of 0.00-0.73. Thirty-
nine rutile grains from sample 20MJC-2-3 display Th contents
mostly in the range of 0.00x10°-1.69x107%, U contents of
0.66x107°-21.19x10"® and Th/U ratios of 0.00-0.59, which
yield a lower intercept age of 138.4 £ 5.1 Ma (MSWD = 0.39)

(Fig. 6f).
5.2. Rutile trace element geochemistry

One hundred and fifteen rutile grains used for U-Pb dating
were also selected for geochemical analysis, and the obtained
geochemical data are shown in Table DR2. During this
analysis, only the major element of ZrO, is determined. The
studied rutile grains mostly show ZrO, contents in the range
of 0.01%-0.16%, with only two rutile grains displaying
abnormally high ZrO, values of 0.42% and 24.84%. Other
geochemical data include trace (Mg, Al, V, Cr, Fe, Co, Ni,
Cu, Zn, As, Y, Nb, Mo, Ag, Sn, Sb, Hf, Ta, W) and rare earth

(REE: La-Lu) elements. Note that the trace elements of Co,
Ni, Zn, Y, Ag, Sn and Hf in rutile are not employed for
further interpretation in following texts, and these data are
only listed in the Table DR2.

Except for a few abnormal values, the Mg contents in
samples 20MJC-2-1, 20MJC-2-2 and 20MJC-2-3 mostly vary
from 122.60x107® to 374.91x107%. The Al contents in samples
20MJC-2-1 and 20MJC-2-2 show similar variation range of
5.39x107°-97.15x10®, whereas sample 20MJC-2-3 has two
distinct populations of Al contents varying from 10.83x10°°
to 327.72x10°° and 1008.05x10°° to 1473.86x10°°. The V
contents in sample 20MJC-2-1 vary from 990.13x107 to
2192.43x10°°, with a mean value of 2486.66x10°°. Whereas
samples 20MJC-2-2 (range: 1510.25%x107°-5270.75%x10°%;
mean: 3344.47x107%) and 20MJC-2-3 (range: 1032.19x10 %
4529.23x107% mean: 3431.93x10 %) have similar V contents.
The Cr contents in sample 20MJC-2-1 (range: 84.18x107%—
8596.33x107%; mean: 2632.98x10°%) are much higher than
samples 20MJC-2-2 (range: 153.75x1076-2940.34x10°;
mean: 734.77x107%) and 20MJC-2-3 (range: 298.45x107 %
3162.75x10°% mean: 885.44x10°%). The Fe contents in
sample 20MJC-2-1 (range: 457.09x107°-5253.78x10°;
mean: 1695.28x10°%) are lower than samples 20MJC-2-2
(range: 1017.16x107°-4433.45x10°% mean: 2130.94x10°°)
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Fig. 6. Representative rutile CL and BSE images marked with analytical positions and spot numbers (a—c) and rutile U-Pb Terra-Wasserburg
concordia plots (d—f) of diorite porphyry taken from boreholes in the Mujicun Cu-Mo deposit.

and 20MJC-2-3 (range: 590.56x10°-5665.32x10°%;, mean:
2463.67x10°°). The Cu contents in sample 20MJC-2-1 range
from 1.11x107° to 5.81x10° (mean: 1.97x107%) and are
relatively lower than samples 20MJC-2-2 (range:
1.16x107°-20.31x107% mean: 4.48x10°%) and 20MJC-2-3
(range: 1.03x107°-130.02x107%; mean: 15.25x10°%). The As
contents in all analyzed samples have similar variation range
of 0.00x10°-2.81 x10° and mean values of 0.18x10°-
0.37x107%. The Nb contents in all analyzed samples mostly
vary from 102.78x107° to 4240.88x10"°, with mean values of
1279.02x107°~1524.92x107%. The Mo contents in samples
20MJC-2-1 and 20MJC-2-3 show similar variation range of
5.41x107°-83.76x10° and mean values of 35.45x107°-
39.06x10°%, which are relatively lower than sample 20MJC-2-

2 (range: 6.39x107°-116.88x107%; mean: 55.13x10%). The Sb
contents in all analyzed samples have similar variation range
from 0.00x107°-1.39x107% and mean values of 0.12x107%-
0.17x107. The Ta contents in all analyzed samples range
from 2.76x107° to 130.71x107® and have mean values of
44.26x10 °~45.43x10°°. The W contents collectively vary
from 120.89x10° to 5805.26x10°°, with the highest values in
sample 20MJC-2-3 (range: 287.24x10 °-4696.60x10°;
mean: 1094.99x10°°) and the lowest values in sample
20MJC-2-1 (range: 120.89x107°-949.02x10™°; mean: 417.84x
1079).

The total REE (XREE) concentrations of 115 rutile grains
from samples 20MJC-2-1, 20MJC-2-2 and 20MJC-2-3 show
wide variation in the range of 0.34x10 °—665.42x10°°, with
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an abnormally high value of 3684.13x107% in sample 20MJC-
2-3. Among these, sample 20MJC-2-3 have relatively lower
YREE concentrations of 0.34x107° —10.68x107° and a lower
mean value of 3.53x107°, other samples show higher
corresponding values, such as 20MJC-2-1 (range: 2.30x10 %
665.42x10°%; mean: 91.85x10°°) and 20MJC-2-2 (range:
0.41x107°-551.82x107%; mean: 41.19x10°%). The light REE
(La-Eu) (ZLREE) of samples 20MJC-2-1, 20MJC-2-2 and
20MJC-2-3 are mostly in the range of 1.61x107°-640.56x107°
(mean: 81.79x107%), 0.00x107°-465.34x10"® (mean: 29.48x
107%) and 0.11x107°-9.03x107® (mean: 2.60x10°°), whereas
the heavy REE (Gd-Lu) (XHREE) of these samples ranges
from 0.39x107°~109.12x10°® (mean: 10.06x10%), 0.07x10°-
205.11x10°% (mean: 11.71x107%) and 0.09x10°-6.77x107¢
(mean: 0.93x107%). The XLREE/XHREE ratios of rutile
display wide variation range from 1.33x107°-33.34x10°°
(20MJC-2-1), 0.00x107°-31.51x10°® (20MJC-2-2) and
0.05x107°-28.93x10° (20MJC-2-3). In the chondrite-
normalized REE patterns (Fig. 7a—c), samples 20MJC-2-1,
20MJC-2-2 and 20MJC-2-3 display flat-like REE patterns,
characterized by relatively enrichment in LREEs and
depletion of HREEs. The (Eu/Eu*)y values of these samples
are mostly lower than 1.00, with variation range of 0.00-0.97
(n = 26) for sample 20MJC-2-1, 0.00-0.88 (n = 22) for
sample 20MJC-2-2, and 0.00-0.87 (n = 20) for sample
20MJC-2-3, suggesting weak to moderate Eu negative
anomalies. In addition, these samples also show a few
(Eu/Eu*)y values varying from 1.00 to 4.60 (>1.00),
indicating Eu positive anomalies. The rutile (Ce/Ce*)y values
in all analyzed samples range from 0.00 to 41.29 (n = 115),
but most of these (n = 74) are lower than 1.00.

6. Discussion
6.1. Genetic types of rutile from the Mujicun Cu-Mo deposit

Previous studies indicated that the genetic types of rutile
could be divided into magmatic, hydrothermal, metamorphic
and detrital origin (Cai JH et al., 2008; Scott KM and Radford
NW, 2007). Given that the studied rutile grains were
crystalized in diorite porphyry and the Fe contents
(457.09x107%-5665.32x107°) in these rutile are lower than
metamorphic rutile (0.13%; Zack TV et al., 2004b), this study
thus excludes the metamorphic and detrital origin.
Accordingly, the genetic types of the studied rutile fall into
magmatic or hydrothermal origin. Cai JH et al. (2008)
summarized that magmatic rutile is usually generated by the
crystallization of high Si, low Fe and Ti magma produced
through initial magmatic differentiation, or high Ti and Fe
magma that was produced by carbonate magma captured high
Ti and Fe-rich components. Hydrothermal rutile is often
formed by the high Ti hydrothermal fluids which migrated
and emplaced along structural fractures under oxidizing
conditions, or the releasing Ti from high titanium rocks that
host abundant ilmenite, biotite, and hornblende during
hydrothermal alteration (Cai JH et al., 2008).

In the Mujicun Cu-Mo deposit, previous studies suggested
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Fig. 7. Chondrite-normalized rutile REE patterns of diorite por-
phyry taken from boreholes in the Mujicun Cu-Mo deposit. Chon-
drite-normalized values are from Sun SS and McDonough WF
(1989).

that their ore-hosting diorite porphyry belong to high-K calc-
alkaline I-type granitoids and underwent partial melting of
ancient lower crust (Dong GC et al., 2013; Qu K et al., 2014)
or enriched mantle (Gao YF et al., 2013; Shen ZC et al., 2015;
Duan C et al, 2016) as well as subsequent fractional
crystallization of amphibole and accessory minerals of Fe-Ti
oxides, titanite, zircon and apatite (Gao YF et al., 2013), but it
remains difficult to distinguish the genetic types of rutile
between the magmatic and hydrothermal origin.
Geochemically, hydrothermal rutile from related metallic
deposits is identified to have high abundances of W, V, Sr,
Cu, Sn, and Sb, distinguished from those crystalized in
magmatic and metamorphic rocks (Clark JR and Williams-
Jones AE, 2004; Scott KM, 2005). More specifically,
hydrothermal rutile shows high W (up to order of magnitude
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of 102) and V (up to order of magnitude of 1072) as well as
low Zr (order of magnitude of 107®) contents (Clark JR and
Williams-Jones AE, 2004). In this study, the rutile grains in
the Mujicun deposit have low W (120x10°-5806x10~®) and
V (990x107°-5271x107%) along with high ZrO, (mostly
0.01%—-0.16%) contents (Table DR2), which are uncommon
with hydrothermal rutile. Coupled with the studied rutile
grains crystalized at the interstices of quartz and feldspar in
diorite porphyry (Fig. 5e), this study therefore proposes that
the genetic type of the studied rutile from the Mujicun Cu-Mo
deposit is of magmatic origin.

6.2. Temporal constraints on the Mujicun Cu-Mo deposit

In general, through determining rutile parent/daughter
isotopic ratios and known decay constants, the rutile U-Pb
dating could be used to calculate the timing when rutile
cooled below its closure temperature (Meinhold G, 2010).
The closure temperature of rutile U-Pb dating system was
usually measured at around 600°C (Cherniak DJ, 2000; Vry
JK and Baker JA, 2006) or 370-500°C (Mezger K et al.,
1989). Based on the Zr-in-rutile thermometry (Zack TV et al.,
2004a; Watson EB et al., 2006), the formation temperature of
rutiles from the Mujicun deposit is determined mostly in the
range of 574-925°C, with an average value of 701°C (Table
DR2). Accordingly, the U-Pb ages (139.3-138.4 Ma; Fig. 6)
of magmatic rutile can be employed to constrain the cooling
ages of diorite porphyry in the Mujicun deposit. In addition,
the fluid inclusion data of quartz, calcite and fluorite in the
Mujicun Cu-Mo deposit constrained its ore-forming
temperature varying from 103—472°C (Chen C et al., 2013),
which overlapped with the lower-bound of rutile U-Pb closure
temperature. Thus, the rutile U-Pb dating is sensitive to the
ore-forming geochronological signals of the Mujicun Cu-Mo
deposit, and the ore-forming age of the Mujicun deposit could
be constrained at 139.3-138.4 Ma (Fig. 6), which is also
evidenced by previous studies related to the rutile U-Pb dating
in other porphyry Cu deposits (Schirra M and Laurent O,
2021; Xiao X et al., 2021). Accordingly, the dating results
also support a possible temporal correlation between the
formation of the Mujicun Cu-Mo mineralization and the later
large-scale granitic magmatism during 138-126 Ma in the
Taihang Orogen (Chen B et al., 2005).

Although the epidote skarn at contact zones between
diorite porphyry and wall rocks in the Mujicun Cu-Mo
deposit yielded two zircon U-Pb mean ages of 146.2 Ma and
139.9 Ma, Dong GC et al. (2013) interpreted 146.2 Ma as the
inherited zircon age from diorite porphyry and 139.9 Ma as
the timing of skarn formation. In contrast, the newly
determined rutile U-Pb ages of the diorite porphyry
(139.3-138.4 Ma) are consistent or slightly postdate with the
formation age of diorite porphyry (zircon U-Pb ages:
144.1-141.7 Ma), molybdenite (Re-Os ages: 144.8-140.0
Ma) and skarn (zircon U-Pb ages: 139.9 Ma) in the Mujicun
Cu-Mo deposit (Fig. 8a). Published zircon 2°°Pb/>*®U spot
ages (range: 149.0-129.0 Ma; peak value: 143.7 Ma) of
diorite porphyry highly overlap with the molybdenite Re-Os
model ages (range: 145.5-138.5 Ma; peak value: 143.2 Ma) in

the Mujicun Cu-Mo deposit (Figs. 8b-c). Combined with the
closure temperatures of zircon U-Pb (>900 °C; Cherniak DJ
and Watson EB, 2001) and of molybdenite Re-Os dating
(about 500°C; Suzuki K et al., 1996), this study further
suggests that the diorite porphyry underwent rapid post
magmatic cooling below about 500°C in response to host-rock
thermal equilibration as well as shallow emplacement.

6.3. Source and ore genesis of the Mujicun Cu-Mo deposit

Smythe D et al. (2008) proposed that Mg and Al contents
in rutile could be used to trace magma nature derived from
crust and mantle compositions. In this study, most of rutile
geochemical data plot in the field of crust-derived rutile, with
a few plots which occur in the mantle-derived rutile field (Fig.
9a), suggesting that magma is mainly sourced from ancient
crust with minor input of mantle components. In addition, the
Cr contents in the studied rutile (84.18x107°-8596.33x107;
Table DR2) are far lower than 1.7%, which also suggest
crustal source for diorite porphyry (Malkovets VG et al.,
2016). The crust-mantle mixing magma source features are
also attested by whole-rock Sr-Nd-Pb (ey,(?) = —13.1—16.7)
(Gao YF et al., 2013; Qu K et al., 2014; Hou ZQ et al., 2015)
and zircon Lu-Hf isotopes (ey(t) = —17.9—34.4) (Dong GC
et al., 2013; Shen ZC et al., 2015) of diorite porphyry in the
Mujicun Cu-Mo deposit.

The molybdenite Re-Os data in the Mujicun deposit have
determined the '®70s/'*®0s ratios with wide variation from
—1.3 t0 0.3 (Gao YF et al., 2011; Chen C et al., 2013; Dong
GCetal., 2013; Shen ZC et al., 2015). These ratios all overlap
with the '870s/'®80s ratios of crust-derived (0.2-10.0; Barra F
et al., 2003) and mantle-derived (0.11-0.15; Meisel T et al.,
2001) metals, indicating crust-mantle mixing metallic source
for the Mujicun Cu-Mo deposit. In addition, the Re contents
in molybdenite from the Mujicun Cu-Mo deposit vary from
23.1x10°% to 469.7x10°°, with an average value of
175.6x10°° (Fig. 9b; Gao YF et al., 2011; Chen C et al., 2013;
Dong GC et al., 2013; Shen ZC et al., 2015). The majority of
these Re contents are higher than 100x107° (mantle-derived
Mo), only a few Re contents are distributed between 10x107°
and 100x10° (crust-mantle mixing source of Mo) (Mao JW
et al,, 1999; Berzina AN et al., 2005), which also suggest
crust-mantle mixing Mo Considering that the
molybdenite often grew with chalcopyrite (Fig. 5), this study
further proposes that metallic Cu and Mo in the Mujicun
deposit might share a common source. The S-Pb-He-Ar
isotopes of sulfides (pyrite, chalcopyrite) in the Mujicun Cu-
Mo deposit also indicated major contributions from mantle
with limited crustal components for ore-forming fluids and
materials (Ma G, 1997; Dong GC et al., 2013; Chen C et al.,
2015). The C-H-O-Si isotopes of gangue mineral (quartz,
calcite) in the Mujicun deposit show close genetic links with
hydrothermal fluid of deep-sourced magma (Ma G, 1997; Qu
K, 2012; Dong GC et al., 2013; Chen C et al., 2015).
Accordingly, this study concludes that the ore-forming
metallic materials of the Mujicun Cu-Mo deposit are derived
from crust-mantle mixing source.

source.
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Previous whole-rock geochemical data of diorite porphyry
in the Mujicun Cu-Mo deposit show geochemical affinities
related to high-K calc-alkaline I-type granitoids (Dong GC et
al., 2013; Qu K et al., 2014), which rules out the magmatic
rutile that is formed by the crystallization of high Ti and Fe
magma produced by carbonate magma (Cai JH et al., 2008).
Thus, this study suggests that the magmatic rutile was
generated by the crystallization of high Si, low Fe and Ti
magma produced by initial magmatic differentiation (Cai JH
et al., 2008). This is also supported by the fractional
crystallization of accessory minerals (Fe-Ti oxides, titanite) in
diorite porphyry from the Mujicun Cu-Mo deposit (Gao YF et
al., 2013). Combined the formation temperatures
(574-925°C) of the rutile (Table DR2) and the crystallization
temperatures of felsic magma (650-800°C; Larsen ES, 1929),
this study further proposes that the fractional crystallization of
magmatic rutile might be throughout the whole temperature
variation range of dioritic magma. Also, no distinct
correlations are shown between Cu/Mo versus XREE
diagrams (Fig. 9c—d), this study thus indicates that the
enrichment degree of REEs in rutile does not covary with the
precipitation of Cu and Mo. But a positive correlation is

shown between Cu and Mo concentrations (Fig. 9¢), which
likely results from cogenetic relationship (Fig. 5g—i) and
similar precipitation processes during Cu-Mo mineralization.
In hydrothermal rutile, several studies identified that orogenic
Au deposits are strongly enriched in As and Sb (Agangi A et
al., 2019), whereas porphyry Cu deposits only show moderate
As and Sb contents (Schirra M and Laurent O, 2021).
Although the rutile in the study is magmatic in origin, the As
and Sb contents in these rutile are plotted within and close to
the field of porphyry Cu deposit (Fig. 9f), which also support
the genetic relationship with porphyry Cu mineralization to
some extent.

Some studies suggested that the Nb/Ta ratios of
continental crust (12—13: Barth MG et al., 2000; Rudnick RL
et al., 2003) and depleted mantle (15.5 + 1.0: Jochum KP et
al., 1997) are all lower than chondritic Nb/Ta values (17.5 or
19.9: McDonough WF and Sun SS, 1995; Munker C et al.,
2003). Rutile is often enriched in Nb and Ta concentrations,
especially the rutile in the remnants of subducted oceanic
crust which plays significant role in the balance of Nb/Ta
values between continental curst and depleted mantle
(McDonough WF, 1991). The Nb/Ta ratios of the rutile in the
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Mujicun deposit range from 6.28 to 125.55 (n = 115) and can
be divided into low (range: 6.28—14.25; mean: 11.33; n = 11),
moderate (range: 15.59-19.97; mean: 18.07; n = 10) and high
(range: 20.82—125.55; mean: 37.99; n = 94) groups (Table
DR2). The majority of the Nb/Ta mean ratios (37.99) are
close to residual eclogite, which was produced by the
dehydration or partial melting of subducted slabs (33.5 + 3.5:
Kamber BS and Collerson KD, 2000). A few rutile grains
show mixed Nb/Ta mean ratios (11.33 and 18.07) of
continental crust (12—13: Barth MG et al., 2000; Rudnick RL
et al., 2003) and depleted mantle (15.5 + 1.0: Jochum KP et

al., 1997), indicating different degree of crust-mantle magma
mixing. Additionally, the subchondritic Nb/Ta values of
continental crust and island arc volcanic rocks have been
correlated with the melting of subducted slabs in the presence
of rutile (Rudnick RL et al., 2000). However, whole-rock
geochemical data of diorite porphyry in the Mujicun deposit
show geochemical signature of high Sr/Y and La/Yb ratios,
which have been ascribed to magmatic evolution and not the
partial melting or delamination of thickened lower continental
crust (Gao YF et al., 2013), thus excluding arc-related
geochemical affinities. Accordingly, the scenario that the
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subchondritic Nb/Ta values of continental crust caused by the
melting of subducted slabs could be accepted in this study,
which further correlated the formation of the Mujicun deposit
with subduction-related tectonics.

6.4. Geodynamic implications for the Mujicun Cu-Mo deposit

Mao J et al. (2021a) proposed that the whole eastern Asia
underwent a tectonic transition from NW-trending
transpression in the Middle-Late Jurassic to Early Cretaceous
to EW-trending transtension in the Early-Late Cretaceous
within the Paleo-Pacific plate geodynamics. Several major
deposits, including porphyry-skarn Cu-Mo-Au deposits,
widely developed in the large-scale extensional tectonic
setting of the eastern Asia, although most of them are
distributed inland from the continental margin for 300-1000
km (Mao J et al., 2021a, 2021b). In eastern China, tectonic
regime started to change from compression to extension at
about 145 Ma (Li D et al., 2012) and finally transformed into
an extensional setting by about 115 Ma (Xue F et al., 2018;
Yang F et al., 2019), which is evidenced by numerous A-type
Cretaceous granitoids emplaced in the eastern China (Wu FY
et al., 2005). Previous study also suggested that the Paleo-
Pacific slab was subducted beneath the NCC at a low angle
since the Middle Jurassic to the Cretaceous (Zheng Y et al.,
2018), followed by slab rollback or retreat at about 144 Ma,
resulting in the significant thinning of cratonic mantle at
135-130 Ma (Miiller RD et al., 2008; Zheng Y et al., 2018).
Further, the peak timing of the extensional setting was
constrained at about 125 Ma (Zhu RX et al., 2012a, 2012b),
the eastern China, even the whole Eurasian continental
margins, was transformed into an active continental margin
during the Jurassic to Cretaceous (Wu FY et al., 2011; Sun W
et al., 2007; Yang F et al., 2019). The westward subduction of
Paleo-Pacific Plate during the Late Mesozoic was considered
to have impacted the North Taihang Orogen (Fig. la; Zhu L et
al., 2009; Zhu RX et al., 2012a; Yang F et al., 2018a, 2018b,
2020a, 2020b). Based on detailed investigations of the
Laiyuan intrusive-volcanic complex (Fig. 1b), Xue F et al.
(2019, 2021) further confirmed that thermal-mechanical
erosion at the central NCC and lithospheric delamination in
the eastern NCC were ascribed to the rollback of subducting
Paleo-Pacific slab, which resulted in asthenospheric upwelling
along the margin of the Trans-North China Orogen (North
Taihang Orogen) (Huang XL et al., 2012; Li SR and Santosh
M, 2017).

The diorite porphyry and related mineralization of the
Mujicun Cu-Mo deposit in the North Taihang Orogen have
been suggested to be formed at a lithospheric extensional
setting, which is also correlated with lithospheric thinning of
the NCC (Gao YF et al., 2011, 2013; Yang F et al., 2019).
The heat and crust-mantle mixing material exchange are
helpful to the formation of related mineralization in the
Taihang Orogen, including the Mujicun Cu-Mo deposit (Dong
GC et al, 2013). In addition, the melting of lower crust
beneath the Taihang orogen during the Early Cretaceous and
related mantle compositions during lithospheric thinning and

crust-mantle  decoupling also lead to large-scale
mineralization in the whole Taihang region (Li SR et al.,
2013; Li SR and Santosh M, 2017). In the North Taihang
Orogen, except for porphyry Cu-Mo deposits, several skarn
Fe-Cu and hydrothermal vein-type Pb-Zn deposits are also
widely developed (Fig. 1b). Yang F et al. (2019) determined
the emplacement ages of different granitoids from the
Zhijiazhuang skarn iron deposit in the North Taihang Orogen
at 134-121 Ma, and identified that they were I-type adakitic
granites derived from crust-mantle mixing source and
correlated with the Paleo-Pacific Plate subduction. Wu JJ et
al. (2014) revealed that the ore-forming material sources of
Lianbaling Pb-Zn deposit in the North Taihang Orogen were
also from crust-mantle mixing components at upper mantle-
lower crust. Additionally, numerous skarn iron deposits are
widely hosted in the South Taihang Orogen, which were all
formed in the Early Cretaceous and linked with dioritic
magma and lithospheric thinning of the NCC (Shen ZC et al.,
2015; Zhang JQ et al., 2015).

In this study, the rutile U-Pb dating of ore-hosting diorite
porphyry defined the ore-forming ages of the Mujicun deposit
at 139.3-138.4 Ma. Combined with crust-mantle mixing
magma and metallic sources, subduction-related tectonics,
and long distance from the continental margin of the eastern
NCC, this study proposes that the far-field effect and the
rollback of the subducting Paleo-Pacific slab triggered
lithospheric extension, asthenosphere upwelling, crust-mantle
interaction along with thermo-mechanical erosion during the
Early Cretaceous, which jointly resulted in the formation of
dioritic magma (Fig. 10; Gao YF et al., 2013; Yang F et al.,
2020a; Xue F et al., 2021). Subsequently, the dioritic magmas
were shallowly emplaced along NNE-trending ore-controlling
faults in intra-continental extensional settings, with
concomitant crust-mantle mixing metallic materials to
precipitate and finally to generate the Mujicun Cu-Mo deposit
in the North Taihang Orogen (Fig. 10).

7. Conclusions

(i) The ore-hosting diorite porphyry yields rutile U-Pb
ages of 139.3—138.4 Ma, which constrain the ore-forming age
of the Mujicun Cu-Mo deposit in the Early Cretaceous.

(il)) The magma of ore-hosting diorite porphyry and
related metallic source in the Mujicun Cu-Mo deposit are all
suggested to be derived from the mixture of crust and mantle
materials, and the formation of the Mujicun Cu-Mo deposit is
correlated with subduction-related tectonics.

(iii) The far-field effect and the rollback of the subducting
Paleo-Pacific slab resulted in lithospheric
asthenosphere upwelling, crust-mantle
thermo-mechanical erosion as well as the formation of dioritic
magma during the Early Cretaceous. The dioritic magma and
crust-mantle mixing metallic materials were subsequently
emplaced and precipitated at shallow positions along NNE-
trending ore-controlling faults in intra-continental extensional
settings to form the Mujicun Cu-Mo deposit.
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