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High-Mg andesitic rocks (HMAs) are commonly generated through slab-mantle interactions in arc settings. In
this study, however, we report the high-Mgdiorites in the Zibo and Laiwu areas of the easternNorth China Craton
(NCC), which were particularly produced during lithospheric thinning within an intracontinental setting. Some
of the rocks generated large-scale Fe skarn deposits (e.g., the Zibo quartz monzonite and the Laiwu Kuangshan
monzonite), whereas the others are ore-barren (e.g., the Zibo gabbroic diorite and the Laiwu Jinniushan and
Jiaoyumonzodiorites), providing an excellent case to reveal how the non-arc HMAswere formed and the crucial
factors controlling the Fe mineralization. All the rocks are characterized by highMg# values (51–84) at andesitic
compositions (52.5–65.0wt%) and show arc-like geochemistry (e.g., enriched in LREEs and LILEs and depleted in
HREEs and HFSEs), of which the stronglymineralized intrusions are more felsic with higherMg# values (69–84)
and stronger fractionation between LREEs and HREEs. Zircon U-Pb dating indicates that these rocks were
emplaced at the early Cretaceous (130–132 Ma), coeval with the peak thinning of the lithosphere in the eastern
NCC. All the rocks have transitional Sr-Nd-Pb isotopic compositions (0.704726 b (87Sr/86Sr)i b 0.707507,−16.0 b

εNd(t) b −5.4, 16.334 b (206Pb/204Pb)i b 17.629, 15.205 b (207Pb/204Pb)i b 15.447, 36.306 b (208Pb/204Pb)i
b 37.754) between the local lithospheric mantle and the ancient crust. Combined with their high Mg# and arc-
like geochemistry, they were most likely derived from an anciently metasomatized and recently hydrated sub-
continental lithospheric mantle (SCLM) with various crustal contamination. Magma mixing modelling suggests
that in the Zibo area little crustalmaterialswere involved into the gabbroic diorite, but ~20%middle-upper crustal
materialswere assimilated into themonzodiorite and quartzmonzonite duringmagma ascent. In the Laiwu area,
lower crustal materials (at least ~30%) were significantly involved into the Jinniushan, Jiaoyu and Kuangshan in-
trusions through magma mixing at the base of the lower crust. Sedimentary rocks (mainly carbonates interbed-
ded with coal-bearing shales, sandstones and evaporitic rocks) were particularly assimilated into the strongly
mineralized intrusions in both the Zibo and Laiwu areas. Such assimilation probably contributed to promote
fluid exsolution and metal extraction from the melts, since the strongly mineralized intrusions have the lowest
H2O contents (2.4–3.2 wt% H2O), the highest Mg# values and the lowest oxygen fugacities (2.5 b ΔFMQ b 3.1).
It is thus considered that the assimilation of sedimentary rocks is crucial for generating ore-forming fluids. P-T
calculations indicate that all the high-Mg diorites were emplaced shallowly (mainly T b 760 °C and P
b 140 MPa). In combination with the co-development of bimodal volcanics, metamorphic core complexes and
rift basins in the eastern NCC during the early Cretaceous, extreme lithospheric extension should have occurred
in the study region. Such intracontinental extension was likely caused by the asthenospheric upwelling induced
by the stagnant Paleo-Pacific Plate in the transition zone beneath the eastern Asian continent. The geodynamic
regime is different from those of the typical arc settings.
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Keywords:
High-Mg diorite
Fe skarn deposit
Crustal contamination
Mantle metasomatism
North China Craton
, Chinese Academy of Sciences,
1, China.

na Research. Published by Elsevier B.
1. Introduction

High-Mg andesitic rocks (HMAs) are characterized by high Mg#
values (N50) and/or MgO contents (N6 wt%) at andesitic compositions
(SiO2 N 54wt%) (Kelemen et al., 2003). Although small volumes inmod-
ern earth magmatism, the HMAs are of great interest because their
V. All rights reserved.
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compositions approximate average continental crust and thus can pro-
vide insights into the mode of continental growth (Kelemen, 1995;
Rudnick, 1995; Tatsumi, 2008). They have been commonly considered
to be generated through various slab-mantle interactions in arc settings,
such as slabmelts (±sediment components) reactingwithmantle peri-
dotite (e.g., Yogodzinski et al., 1995; Tatsumi, 2001; König et al., 2007;
Wang et al., 2011), or partial melting of mantle peridotite previously
metasomatized by slab melts/fluids (e.g., Cole et al., 2000; Calmus
et al., 2003; Martin et al., 2005; Manya et al., 2007). Due to the involve-
ment of slab materials, the HMAs have good potentials to produce eco-
nomic deposits, such as porphyry or skarn Cu-Au deposits (e.g., Mueller,
2007; S.A. Liu et al., 2010; Lin and Beakhouse, 2013; Yang et al., 2015;
Deng et al., 2017). It has been well understood that in arc settings the
oceanic slabs can effectively transport water, sulfur, metals and oxida-
tive seafloor materials into the mantle wedge, which facilitate Cu-Au
mineralizations (Mungall, 2002; Richards, 2011; Wilkinson, 2013). In
recent years, however, more and more evidence shows that the HMAs
can not only be produced in arc settings, but also in non-arc settings,
such as collisional (e.g., Lin and Beakhouse, 2013; Yang et al., 2015),
post-collisional (e.g., Jahn et al., 1999; Sajona et al., 2000; Karsli et al.,
2010) and intracontinental extensional settings (e.g., Gao et al., 2008;
Pirajno et al., 2009; Qian and Hermann, 2010). In addition, iron and
Cu-Au mineralizations associated with the non-arc HMAs have also
Fig. 1. Tectonic subdivision of China (a) and geological map of the Luxi Block (b). (a) ismodified
associated with high-Mg diorites in the HX (Handan-Xingtai) area are also shown in (a) (mod
been reported (e.g., Lin and Beakhouse, 2013; Jin et al., 2015; Yang
et al., 2015; Zhang et al., 2014). This begs the questions: How do the
non-arc HMAs originate? What are the crucial factors controlling the
mineralization?

Early Cretaceous high-Mg diorites are widely distributed in the
Handan-Xingtai area of central North China Craton (NCC) and the Luxi
Block of eastern NCC (Fig. 1). These rocks typically show high Mg#
and arc-like geochemistry similar to those generated in arc settings,
but they have been consistently considered to occur during lithospheric
thinning within an intracontinental setting (Gao et al., 2008; Qian and
Hermann, 2010). Some of the high-Mg diorites were mineralized,
producing large-scale Fe and minor Cu-Au skarn deposits (Kong et al.,
2006; Zhang et al., 2014; Jin et al., 2015; Sun et al., 2015; Zhang et al.,
2015). They thus provide an excellent case to study how the HMAs as
well as the associated mineralizations were generated in non-arc
setting. The genesis of these rocks remains controversial, with at least
four representative models being proposed: (1) partial melts of
delaminated continental lower crust interacting with mantle peridotite
(e.g., Gao et al., 2008; Xu et al., 2008), (2) partial melts of enriched
lithospheric mantle previously metasomatized by subducted or
delaminated continental crust (e.g., Huang et al., 2012; D.B. Yang et al.,
2012; Q.L. Yang et al., 2012), (3) magma mixing between siliceous
crustal melts and basaltic magmas from metasomatized mantle
after Mao et al. (2011), and (b) ismodified after Zhang et al. (2007). The Fe skarn deposits
ified after Jin et al., 2015).



Fig. 2. Geological maps of the Zibo (a) and Laiwu (b) high-Mg diorites and the distribution of associated iron deposits. (a) and (b) are modified after Kong et al. (2006) and Zong et al.
(2010), respectively.
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(e.g., Chen et al., 2013), and (4) assimilation of previously emplaced
mantle peridotite by crust-derived monzodioritic magmas at crustal
depth (e.g., Qian and Hermann, 2010). The metallogeny of these high-
Mg diorites also attracted many attentions in recent years (e.g., Zong
et al., 2010, 2011, 2012; Zhang et al., 2014; Jin et al., 2015; Sun et al.,
2015; Zhang et al., 2015; Duan and Li, 2017), but most of the studies
were limited to the ore deposits while how the magmas contributed
to form the ore deposits was less concerned, leaving the magma-
mineralization processes poorly constrained. In this contribution,we se-
lect the representative ore-barren and ore-bearing high-Mg diorites in
the Zibo and Laiwu areas of the Luxi Block to carry out detailed analyses
on zircon geochronology and geochemistry, in-situ mineral geochemis-
try (silicates and Fe-Ti oxides) andwhole-rock geochemistry (major and
trace elements and Sr-Nd-Pb isotopes), with the aim to (1) constrain the
sources as well as the physicochemical conditions (e.g., temperature,
pressure, H2O content and oxidation state) of the high-Mg diorites,
(2) contrast the ore-barren and ore-bearing intrusions and thus reveal
the crucial factors controlling the Fe mineralization and (3) discuss the
metallogeny and geodynamic regime of the non-arc high-Mg diorites.

2. Geological background

2.1. Regional geology

The North China Craton (NCC) is the largest and oldest craton in
China (~1,500,000 km2 in size with 2.5–3.8 Ga cores) (Fig. 1a), which
is constituted mainly by a basement of Archean to Paleoproterozoic
tonalitic-trondhjemitic-granodioritic (TTG) gneisses and greenschist
to granulite facies volcano-sedimentary rocks and a cover of
Mesoproterozoic to Neoproterozoic volcano-sedimentary rocks, Cam-
brian to Ordovician epicontinental carbonates, Carboniferous to Perm-
ian alternating marine and terrestrial sequences, and Mesozoic-
Cenozoic basin sediments (Lu et al., 2008; Yang et al., 2017). It became
a craton by amalgamation among several Archean micro-continental
blocks before the Mesoproterozoic (Zhai and Santosh, 2011; Zhao
et al., 2012). After cratonization, the NCC remained largely stable until
the Mesozoic, prior to the remarkable thinning of the lithosphere
(N120 km loss of the Archean lithosphere, Fan et al., 2000) beneath its
central-eastern domains (referred to craton destruction, Zhu et al.,
2012). Large-scale mafic to felsic magmatic activities as well as various
mineralization types were induced by the lithospheric thinning (Li and
Santosh, 2014; Wu et al., 2005). Multiple subduction and collisional
events surrounding the NCC, such as the southward subduction of the
Paleo-Asian Oceanic Plate below the northern margin of the NCC during
the Ordovician and Permo-Triassic (Xiao et al., 2003), the northward con-
tinental collision between the South China Block (SCB) and the southern
NCC during the Triassic (Li et al., 1993; Meng and Zhang, 1999) and the
westward subduction of the Paleo-Pacific Plate underneath the eastern
Asian continent during the Mesozoic, probably contributed to the craton
destruction, of which the last one has been considered to play the domi-
nant role (Windley et al., 2010; Zhu et al., 2012).

The Luxi Block is located at the eastern part of the NCC and is
bounded by the Tan-Lu fault to the east, the Liaocheng-Lankao fault to
the west, the Qihe-Guangrao fault to the north, and the Fengpei fault
to the south (Fig. 1b). The Tan-Lu fault extends deeply into the mantle,
which not only acted as a conduit for asthenospheric upwelling (Chen
et al., 2006), but also controlled the emplacement of the widespread
Mesozoic igneous rocks in the study region (Qiu et al., 2000; Ren et al.,
2002). The igneous rocks include intrusive rocks such as gabbros,
high-Mg diorites, high-K calc-alkaline to alkaline rocks, granites, mafic
dykes and carbonatites and volcanic rocks varying from basalts to rhyo-
lites. The high-Mg diorites, which are represented by the Jinling intru-
sive complex in the Zibo area (Jin et al., 2015), the Kuangshan,
Jinniushan, Jiaoyu and Tietonggou intrusions in the Laiwu area (Zong
et al., 2010; Duan and Li, 2017), the Tiezhai intrusion in the Linqu area
and the Tongjing intrusion in the Yinan area (Zhang et al., 2011), were
prone to produce Fe and Cu-Au skarn mineralizations. The mineraliza-
tions commonly occur in the contact zones between the high-Mg dio-
rites and the Paleozoic carbonate rocks (Zong et al., 2010; Jin et al.,
2015; Duan and Li, 2017). The strata in the Luxi Block are generally con-
sistent with those of the NCC, but were deformed into a sandwiched
structure between the Precambrian basement and the Phanerozoic
cover (Fig. 1b). Notably, the Mesozoic lithospheric mantle beneath the
Luxi Block varied fromEM1 to EM2 from thenorthwest to the southeast,
which has been commonly considered to be resulted from the metaso-
matism by the subducted SCB continental crust beneath the southeast-
ern NCC (e.g., Xu et al., 2004b; Huang et al., 2012; D.B. Yang et al., 2012;
Q.L. Yang et al., 2012).
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2.2. The Zibo high-Mg diorites and related Fe deposits

Jinling intrusive complex is the dominant high-Mg pluton in the
Zibo area, which is located at the northeast of the Zibo city with a
SW-NE trend (Fig. 2a). It covers an area of ~70 km2 and consists of
three major lithologies, including gabbroic diorite in the southwest,
monzodiorite in the northeast, and quartz monzonite in the middle.
These rocks show an observed intrusive sequence from the gabbroic
diorite to the monzodiorite and then to the quartz monzonite (Kong
et al., 2006). The gabbroic diorite is moderate-grained and composed
mainly of plagioclase (~45 vol%), amphibole (30–35 vol%) and alka-
line feldspar (~10 vol%) withminor pyroxene (5–10 vol%) and biotite
(~5 vol%) and accessory magnetite, titanite, zircon and apatite
(Fig. 3a). The monzodiorite is fine-grained and composed mainly of
plagioclase (~65 vol%), biotite (15–20 vol%) and alkaline feldspar
(~15 vol%) without amphibole (Fig. 3b). Pyroxene and quartz spo-
radically occur. The accessory minerals are magnetite, ilmenite, zir-
con and apatite. The quartz monzonite is also fine-grained and
consists mainly of plagioclase (60–65 vol%), alkaline feldspar
(15–20 vol%) and amphibole (~15 vol%) with minor quartz (~5 vol
%) and accessory magnetite-titanomagnetite, zircon and apatite
(Fig. 3c).

More than ten Fe skarn deposits have been found in the contact
zones between the Jinling intrusive complex and the Paleozoic carbon-
ate rocks (Fig. 2a). The total iron reserves reported so far are about
200 million tons, with an average Fe grade of ~52% (Ma et al., 2004;
Jin et al., 2015). Copper and Co accompany the Fe mineralization, with
metal grades of 0.1–0.2% and 0.01–0.02%, respectively. It is noteworthy
that different rocks show contrasted metallogenic potentials. The gab-
broic diorite has the weakest metallogenic potential and just gave rise
to b0.2million tons of iron ores,whereas themonzodiorite has themod-
erate metallogenic potential and accounts for about 56 million tons of
iron ores. The quartz monzonite shows the strongest metallogenic po-
tential, producing N100 million tons of iron ores. In order to facilitate
the discussion below, the above rocks are regarded as ore-barren, mod-
erately and strongly mineralized, respectively.

2.3. The Laiwu high-Mg diorites and related Fe deposits

The Laiwu high-Mg diorites are located b100 km to the south of the
Zibo high-Mg diorites. They mainly include the Jinniushan, Jiaoyu and
Fig. 3. Photographs of representative rock samples from the Zibo (a, b and c) an
Kuangshan intrusions, which are situated at the northwest to southwest
of the Laiwu city and cover a total area of about 100 km2 (Fig. 2b). The
Jinniushan intrusion is a fine-grained monzodiorite and composed
mainly of plagioclase (~50 vol%), amphibole (~40 vol%) and alkaline
feldspar (~10 vol%) with accessory magnetite, zircon and apatite
(Fig. 3d). The Jiaoyu intrusion is also a fine-grained monzodiorite,
but contains biotite absent in the Jinniushan intrusion. It consists
mainly of plagioclase (45–50 vol%), amphibole (~35 vol%), alkaline
feldspar (10–15 vol%) and biotite (~5 vol%) with minor pyroxene
(Fig. 3e). The accessory minerals are magnetite, ilmenite, zircon
and apatite. The Kuangshan intrusion is a fine-grained monzonite,
which is composed mainly of plagioclase (65–70 vol%), amphibole
(~20 vol%) and alkaline feldspar (5–10 vol%) with minor quartz
(b5 vol%) and accessory magnetite-titanomagnetite, rutile, zircon
and apatite (Fig. 3f).

More than twenty Fe skarn deposits have been found around these
rocks (Fig. 2b),which account for about 505million tons of iron reserves
with the common Fe grades of 45–50%. The majority (~98.8%) of the
above reserves is associated with the Kuangshan intrusion, whereas
just about 0.9% and 0.3% are related to the Jinniushan and Jiaoyu intru-
sions (Zong et al., 2011). Considering the contrasted metallogenic po-
tentials among them, the Jinniushan and Jiaoyu intrusions are
regarded as ore-barren. The mineralization also mainly occurs in the
contact zones between the intrusions and the Paleozoic carbonate
rocks (Duan and Li, 2017), similar to that in the Zibo area. Copper and
Co accompany the Fe mineralization, showing metal grades of
0.03–0.56% (averaging at 0.09%) and 0.01–0.03% (averaging at 0.02%)
(Zong et al., 2012), respectively.
3. Analytical methods

Scanning electron microscope (SEM) and electron probe micro-
analyzer (EPMA) were used to conduct mineral imaging and major
element analyses. Laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) was used for zircon U-Pb dating and
trace element analyses in zircon and Fe-oxides (mainly magnetite).
X-ray fluorescence spectroscopy (XRF) and ICP-MS were used for
whole-rock major and trace element analyses, respectively. Multi-
collector ICP-MS (MC-ICP-MS) was used to analyze the whole-rock
Sr-Nd-Pb isotopic compositions.
d Laiwu (d, e and f) high-Mg diorites. The scale bar is 2 cm in each picture.
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3.1. SEM and EPMA analyses

In order to identify internal textures and choose potential target sites
for in-situ U-Pb dating and trace element analyses, cathodoluminescence
(CL) and back-scattered electron (BSE) imaging of minerals were ob-
tained using a JSM-7800F SEM at the State Key Laboratory of Ore Deposit
Geochemistry (SKLODG), Institute of Geochemistry, Chinese Academy of
Sciences (IGCAS), Guiyang, China. The working conditions were 10 kV
accelerating voltage and 10 nA beam current for CL and 20 kV accelerat-
ing voltage and 10 nA beam current for BSE, respectively.

The major elements in silicate minerals were determined using an
EPMA-1600 EPMA at the SKLODG, whereas Fe-oxides were measured
using a JXA-8230 EPMA at the Shandong Institute of Geological Sci-
ences, Jinan, China. The working conditions were 25 kV accelerating
voltage and 10 nA beam current for the silicateminerals while 15 kV ac-
celerating voltage and 20 nA beam current were used for the Fe-Ti
oxides.

3.2. LA-ICP-MS analyses

The U-Pb dating and trace element analyses of zircon were con-
ducted by LA-ICP-MS at the SKLODG. Laser sampling was performed
using a GeoLasPro 193 nm ArF excimer laser. An Agilent 7900 ICP-MS
was used to acquire ion-signal intensities. Each analyses incorporated
a background acquisition of approximately 20 s (gas blank) followed
by 50 s data acquisition from the sample. Heliumwas used as the carrier
gas. Argon was used as the makeup gas and mixed with the carrier gas
via a T-connector before entering the ICP. Laser spot size of 32 μm and
repetition of 6 Hz were used during the analyses. Zircon 91500 was
used as the external standard for U-Th-Pb calibrations, and was ana-
lyzed twice every 5 analyses. NIST SRM610 was used as the external
standard for trace element calibrations, and was analyzed twice every
10 analyses. Combinedwith using Zr as internal standard, this approach
has the advantage to accurately measure the trace element concentra-
tions in zircon (Y.S. Liu et al., 2010). Off-line selection and integration
of background and analyte signals, time-drift correction, and quantita-
tive calibrations were performed by ICPMSDataCal (Liu et al., 2008).
Concordia diagrams and weighted mean calculations were made using
ISOPLOT software (Ludwig, 2003). The preferred values of element con-
centrations for the NIST SRM610 are from the GeoReM database. De-
tailed data calibrations refer to Y.S. Liu et al. (2008, 2010).

The determination of trace element concentrations inmagnetitewas
also conducted at the SKLODG using an Agilent 7700x ICP-MS equipped
with a GeoLasPro 193 nmArF excimer laser. Laser repetition of 4 Hz, en-
ergydensity of 6 J/cm2 and spot size of 32 μmwere used during the anal-
yses. Each analyses incorporated a background acquisition of
approximately 20 s followed by 50 s data acquisition from the sample.
Referring to the method of Nadoll and Koenig (2011), GSE-1G was
used as the external standard while the iron content obtained from
the EPMA was used as the internal standard for the trace element con-
centration calculations. GOR-128g and BCR-2G were used to monitor
the precision and accuracy of the calibration, the results of which are
generally within 10% analytical error of the working values. All the ref-
erence materials were analyzed twice every 10 analyses. Off-line selec-
tion and quantitative calibrations were also performed by the
ICPMSDataCal software.

3.3. Whole-rock major and trace element analyses

Whole-rock major and trace element analyses were conducted
at the ALS Laboratory Group in Guangzhou, China. For major ele-
ment analyses, 200 mesh whole-rock powders were admixed
with Li2B4O7 and fused into glass discs at temperature higher
than 1025 °C. The discs were then analyzed by a Philips PW2404
XRF. Basaltic to granitic rock standards (NCSDC73303, SARM-2,
SARM-3, and SARM-4) were analyzed to monitor the analytical
quality, the results of which indicate the accuracy of better than
2%. Ferrous iron (Fe2+) was analyzed independently using the
dichromate method.

For trace element analyses, whole-rock powders were dissolved in
distilled HF + HNO3 + HClO4 mixture, dried, and then digested with
HCl. The final solutions were analyzed using an Agilent 7700x ICP-MS.
The analytical uncertainties are within 5% for most elements, as indi-
cated by the analyses of standard materials of GBM908-10, MRGeo08,
OREAS460 and SY-4.

3.4. Whole-rock Sr-Nd-Pb isotopic analyses

The whole-rock Sr, Nd and Pb isotopic analyses were performed at
the Radiogenic Isotope Facility, University of Queensland, Australia.
About 70 mg rock powders were dissolved with HF-HNO3 mixture in
Teflon bombs at 180 °C in an oven for 3 days, and dried down on a hot
plate at 80 °C. After converting any fluoride to nitrate, the dried residues
were digestedwith 3ml 2 N HNO3 and passed through column chemis-
try to separate Sr, Nd and Pb from matrix using the methods described
in Wei et al. (2014). Typical procedural blanks are about 65, 60 and
50 pg for Sr, Nd and Pb, respectively.

All the Sr, Nd and Pb isotopic compositionswere analyzed using aNu
Plasma MC-ICP-MS. The Sr and Nd isotopic ratios were corrected for
mass fractionation by normalizing to 86Sr/88Sr = 0.1194 and
146Nd/144Nd= 0.7219, respectively. Standards were measured tomon-
itor the detector efficiency drift of the instrument and the accuracy of
the analytical procedures. The repeated analyses of Sr standard NBS-
987 during our samples yielded an average 87Sr/86Sr of 0.710336 ± 22
(2σ). The deviation of this mean value from the laboratory's previously
obtained long-term average value of 0.710249± 28 (2σ, by a VG Sector
54 TIMS, Wei et al., 2014) was used to correct for all samples. The Nd
standard of Ames Nd Metal yielded an average 143Nd/144Nd of
0.511965 ± 8 (2σ), very close to the accepted value (0.511966 ± 16,
Wei et al., 2014). Lead separated by column chemistry was doped
with 4 ppb Tl with a 205Tl/203Tl ratio of 0.23875 used for mass fraction-
ation correction. The repeated analyses of Pb standard NBS-981 yielded
average ratios of 206Pb/204Pb = 16.946 ± 0.002, 207Pb/204Pb = 15.496
± 0.002 and 208Pb/204Pb = 36.704 ± 0.003. The Pb isotopic data were
corrected by the recommended NBS-981 values of 206Pb/204Pb =
16.941, 207Pb/204Pb = 15.494, 208Pb/204Pb = 36.718 (Collerson et al.,
2002). The USGS reference materials BCR-2 and BHVO-2 were also ana-
lyzedwith our samples, the results of which are consistent with the rec-
ommended values (GeoREM: http://georem.mpch-mainz.gwdg.de/)
within errors.

4. Analytical results

4.1. Zircon U-Pb dating

Fresh samples (unaltered and unweathered) were selected for zir-
conU-Pb dating. The results are shown in Fig. 4 and summarized in Sup-
plementary Table S1.

4.1.1. The Zibo high-Mg diorites
The zircons in the gabbroic diorite (13ZB01) are euhedral to

subhedral with the sizes of 100–200 μm. Patch zoning rather than oscil-
latory zoning is featured in these zircons (Fig. 4a), although oscillatory
zoning is also ubiquitous at the rims. The ages in different zones are con-
sistent. Twenty analyses conducted on 20 zircon grains plot on the
concordia, generating a concordia intercept age of 131.8 ± 1.0 Ma
(MSWD = 0.1) and a weighted mean 206Pb/238U age of 131.6 ±
0.8 Ma (MSWD = 0.2) (Fig. 4a).

The zircons from the monzodiorite (16ZB01) are granular and
euhedral to subhedralwith sizes of 100–150 μm. They are grey in CL im-
ages and show patch to sector zonings (Fig. 4b). Twenty-one analyses
conducted on 21 zircon grains are consistent and concordant,

http://georem.mpch-mainz.gwdg.de/


Fig. 4. Concordia plots for U-Pb isotopic data and CL images of zircons from the Zibo (a, b and c) and Laiwu (d, e and f) high-Mg diorites.
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generating a concordia intercept age of 131.4 ± 1.9 Ma (MSWD= 0.1)
and a weighted mean 206Pb/238U age of 131.3 ± 0.6 Ma (MSWD= 0.2)
(Fig. 4b).

Most of the zircons from the quartz monzonite (13ZB51) are grey in
CL images, but a few are comparatively white (Fig. 4c). Sixteen analyses
conducted on 16 grey zircon grains are consistent and concordant,
yielding a concordia intercept age of 130.1 ± 1.5 Ma (MSWD = 0.1)
and a weighted mean 206Pb/238U age of 129.7 ± 0.8 Ma (MSWD =
0.2) (Fig. 4c). Four analyses conducted on grey-white zircons give
much older ages, showing the 207Pb/206Pb ages of 2389–2524 Ma. The
old zircons are not so concordant and are interpreted to be captured
zircons.

From the ore-barren gabbroic diorite to the strongly mineralized
quartzmonzonite, the intrusive age gradually becomes younger, consis-
tent with their field relationships. In addition, captured zircons have
only been found in the strongly mineralized quartz monzonite.

4.1.2. The Laiwu high-Mg diorites
Zircons from the Jiaoyu monzodiorite (13LW15) are subhedral to

anhedral with 100–200 μm in size. They are grey in CL images and do
not show significant zoning (Fig. 4d). Nineteen analyses conducted on
19 zircon grains construct a concordia intercept age of 131.0 ± 0.7 Ma
(MSWD = 0.3) and give a weighted mean 206Pb/238U age of 131.0 ±
0.6 Ma (MSWD = 0.3) (Fig. 4d).

Zircons in the Jinniushanmonzodiorite (13LW58) are rare and show
columnar to granular shapes. The columnar zircons are commonly dark
in CL images while the granular zircons are grey to white with rounded
shapes. Eight analyses conducted on 8 dark zircon grains construct a
concordia intercept age of 130.7 ± 1.6 Ma (MSWD = 0.2) and a
weighted mean 206Pb/238U age of 130.1 ± 0.9 Ma (MSWD = 0.3)
(Fig. 4e). Ten grey to white zircons give much older ages, showing the
207Pb/206Pb ages of 2433–2585 Ma.

The zircons in the Kuangshan monzonite (13LW03) are com-
monly subhedral to anhedral with sizes of 100–300 μm. They are
generally grey to dark in CL images and show patch zoning instead
of oscillatory zoning (Fig. 4f). Eighteen analyses conducted on 18
zircon grains generate a concordia intercept age of 129.5 ± 0.6 Ma
(MSWD = 0.5) and a weighted mean 206Pb/238U age of 129.3 ±
0.3 Ma (MSWD = 0.6) (Fig. 4f).

The Laiwu intrusions show similar intrusive ages to those of the Zibo
rocks, and the strongly mineralized intrusion is also characterized by
the youngest age, but the captured zircons occur in themoremafic rock.

4.2. Geochemistry of zircon

Rare earth elements (REEs) and Ti are the meaningful elements in
zircon, which can be used to estimate the compositions (e.g., Heaman
et al., 1990; Belousova et al., 2002; Hanchar and van Westrenen,
2007), the oxidation states (e.g., Ballard et al., 2002; Trail et al., 2012;
Burnham and Berry, 2014; Smythe and Brenan, 2016) and the crystalli-
zation temperatures (e.g., Watson and Harrison, 2005; Watson et al.,
2006; Ferry and Watson, 2007) of the host magmas. All the zircons
from the high-Mg diorites have similar REE distribution patterns, show-
ing depletion in LREEs and enrichment in HREEs with notable positive
Ce and negative Eu anomalies (Fig. 5 and Supplementary Table S2).
However, the REEs in the Laiwu zircons show much higher concentra-
tions and larger variations than those in the Zibo zircons. The zircons
from the Laiwu Jinniushan intrusion have the highest LREE concentra-
tions. In addition, the Th and U concentrations as well as the Th/U and
Zr/Hf ratios are higher in the Laiwu zircons than in the Zibo zircons.

The Ti contents of zircons in the Zibo high-Mg diorites increase
slightly from the ore-barren gabbroic diorite (11.2–21.8 ppm, aver-
aging at 15.5 ppm) to the moderately mineralized monzodiorite
(12.8–29.7 ppm, averaging at 21.0 ppm), but decrease obviously to
the strongly mineralized quartz monzonite (6.8–14.8 ppm, averag-
ing at 10.3 ppm) (Supplementary Table S2). For the Laiwu high-Mg
diorites, the zircons in the earliest ore-barren Jiaoyu monzodiorite
have the lowest Ti contents (3.0–10.9 ppm, averaging at 5.6 ppm),
while those in the strongly mineralized Kuangshan monzonite have
higher (6.6–12.1 ppm, averaging at 9.5 ppm). The Jinniushan
monzodiorite shows the largest variation of Ti contents in zircons
(4.0 to 19.2 ppm, average at 10.1 ppm).



Fig. 5. Chondrite-normalized REE distribution patterns for zircons from the Zibo (a) and Laiwu (b) high-Mg diorites.
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4.3. Geochemistry of silicate minerals

Amphibole, feldspar, pyroxene and biotite are the major silicate
minerals in the high-Mg diorites, all of which were measured by
EPMA for major element contents (Table 2 and Supplementary
Table S3). The feldspar is mainly oligoclase to andesine (An18–51) in
all the high-Mg diorites. Minor albite (An1–10) and orthoclase
(Or77–99) occur in the ore-barren intrusions, whereas they are absent
in the strongly mineralized intrusions. The pyroxene is augite and di-
opside respectively in the Zibo and Laiwu intrusions, which shows
lower FeO but higher CaO contents in the latter. Biotite has lower
TiO2 and K2O but higher SiO2 contents in the Laiwu intrusions than
in the Zibo intrusions.

The nomenclature of amphibole is based on the InternationalMiner-
alogical Association (IMA) classification (Hawthorne et al., 2012) and
calculated using an excel spreadsheet from Locock (2014). Magnesio-
ferri-hornblende, magnesio-hornblende, pargasite and actinolite are
the common amphiboles in the high-Mg diorites (Table 2). For the
Zibo intrusions, the magnesio-ferri-hornblende is dominant in the
Fig. 6. Plots of V vs. Ti, Sn vs. Ti and Nb vs. Zr for magnetites from
ore-barren gabbro diorite, while the actinolite is dominant in the
strongly mineralized quartz monzonite. The former has higher MgO
but lower FeO contents than those in the latter. For the Laiwu intru-
sions, the magnesio-ferri-hornblende is dominant in all the rocks,
but it has much higher MgO and lower FeO contents in the strongly
mineralized Kuangshan monzonite. The amphiboles in the
Jinniushan and Jiaoyu intrusions show similar compositions except
the Al2O3 contents which are significantly higher in the Jinniushan
intrusion.

4.4. Geochemistry of magnetite

Magnetite, titanomagnetite and ilmenite are the common Fe-oxides
in the Zibo and Laiwu high-Mg diorites. The FeO contents of magnetite
decrease with increasing TiO2 from the ore-barren to the strongly min-
eralized intrusions. In addition, for the strongly mineralized intrusions,
the TiO2 contents of magnetite are higher in the Zibo quartz monzonite
(N20 wt%) than those in the Laiwu Kuangshan monzonite (3–6 wt%)
(Fig. 6 and Supplementary Table S4). Besides Ti, V and Cr are also
the Zibo (a, b and c) and Laiwu (d, e and f) high-Mg diorites.



Table 1
Whole-rock major (wt%) and trace elements (ppm) of the Zibo and Laiwu high-Mg diorites.

Rock-type Zibo gabbroic diotrite Zibo monzodiorite Zibo quartz monzonite

Sample 13ZB01 13ZB02 13ZB05 13ZB07 13ZB14 16ZB01 16ZB16 16ZB29 16ZB30 13ZB48 13ZB51 13ZB55 13ZB56

SiO2 55.1 54.4 53.6 54.7 52.5 57.1 57.8 52.9 55.6 65.0 64.4 63.9 64.7
TiO2 1.04 1.03 0.88 1.01 1.07 1.07 0.96 1.18 1.01 0.57 0.61 0.56 0.56
Al2O3 12.9 12.1 12.4 12.8 12.4 14.7 14.4 14.0 14.4 15.4 15.8 15.0 15.2
Fe2O3 3.50 3.85 3.50 3.63 3.46 2.95 3.13 3.73 3.43 0.98 1.08 0.40 0.50
FeO 4.69 4.59 5.14 4.84 5.98 4.58 4.56 5.83 5.07 0.89 0.94 0.96 1.18
TFeO 7.84 8.05 8.29 8.11 9.10 7.23 7.38 9.19 8.15 1.77 1.91 1.32 1.63
MnO 0.12 0.13 0.15 0.14 0.14 0.12 0.12 0.15 0.13 0.03 0.03 0.04 0.04
MgO 7.71 8.52 8.51 7.89 8.53 4.98 4.42 5.88 5.08 2.44 2.41 2.79 2.76
CaO 6.40 7.03 8.19 6.71 8.64 6.47 6.07 7.48 6.87 4.30 4.16 5.25 4.89
Na2O 3.47 3.42 3.01 3.69 3.00 3.76 3.63 3.43 3.59 5.29 5.35 4.66 4.52
K2O 2.27 2.09 1.96 1.92 1.49 3.03 3.05 2.87 2.91 3.64 3.85 4.80 4.53
P2O5 0.37 0.44 0.41 0.39 0.42 0.41 0.34 0.45 0.39 0.20 0.23 0.21 0.20
LOI 0.94 0.72 0.84 0.90 0.87 0.64 0.97 1.18 1.18 0.66 0.70 0.90 0.80
Sum 99.1 98.8 99.1 99.2 99.2 100.4 100.0 99.8 100.2 99.5 99.6 99.6 99.9
Mg# 63.7 65.3 64.7 63.4 62.6 55.1 51.6 53.3 52.6 71.0 69.2 79.0 75.1
Li 18.2 18.1 15.8 16.2 13.6 14.7 14.8 16.8 16.4 10.3 9.5 14.7 14.5
Be 1.10 1.04 1.08 1.07 0.94 2.05 1.84 1.33 1.30 1.79 1.56 1.64 1.73
Sc 20.1 20.4 26.5 20.7 27.8 21.7 19.2 27.1 22.4 8.49 8.23 10.0 9.27
V 165 175 185 168 221 197 165 237 206 45.3 55.8 50.6 71.6
Cr 453 497 449 459 413 149 91.4 134 110 175 193 178 180
Co 33.7 35.7 35.9 34.3 37.2 71.0 72.8 68.8 58.8 6.76 7.21 5.74 7.77
Ni 173 189 137 179 124 58.9 26.2 36.5 30.4 39.3 49.7 39.6 56.2
Cu 45.7 54.5 33.3 48.0 106 31.6 179 123 98.2 28.5 16.7 15.9 6.05
Zn 130 104 109 120 96.3 93.8 76.0 83.8 87.0 34.3 29.1 29.2 23.3
Ga 18.7 17.2 17.5 18.5 17.2 21.2 17.0 18.9 19.3 20.2 21.4 19.1 19.8
Rb 46.5 43.7 42.6 40.4 34.8 74.3 66.4 64.3 64.6 65.5 68.4 92.2 84.1
Sr 667 647 659 695 681 679 538 680 703 640 659 519 654
Cs 1.90 1.57 2.09 1.39 1.47 2.72 1.63 1.41 1.12 1.04 1.08 0.48 0.46
Ba 940 982 726 833 625 1020 783 952 826 1218 1328 1170 1185
Nb 9.70 8.34 7.45 9.35 7.25 12.0 10.3 8.08 8.30 9.31 8.84 8.07 7.51
Ta 0.54 0.52 0.42 0.55 0.43 0.83 0.78 0.54 0.62 0.64 0.41 0.51 0.49
Zr 107 107 131 114 101 177 150 107 137 150 113 189 167
Hf 2.81 2.97 3.50 3.02 2.62 4.51 3.92 2.84 3.60 3.96 2.92 4.58 4.11
Y 17.1 18.0 17.2 17.2 18.3 24.2 19.4 22.6 20.0 10.5 12.4 11.5 10.2
La 25.3 29.0 24.5 25.1 21.8 31.9 23.7 22.4 25.8 27.9 37.8 23.3 24.8
Ce 54.5 62.0 53.7 54.5 47.4 68.2 50.9 50.2 55.5 58.3 82.6 47.7 49.0
Pr 7.37 8.33 7.58 7.41 6.52 8.50 6.36 6.64 6.25 7.16 10.5 6.00 6.01
Nd 28.4 33.0 30.2 28.6 25.9 34.1 25.3 27.9 25.2 26.8 37.1 21.5 22.7
Sm 5.94 7.19 6.53 6.37 6.02 7.11 5.17 5.98 5.80 4.49 6.77 4.13 4.20
Eu 1.82 2.19 1.94 1.84 1.72 1.94 1.40 1.69 1.68 1.61 1.81 1.39 1.09
Gd 5.24 6.35 5.71 5.25 5.19 6.29 4.55 5.49 4.88 3.36 4.60 3.34 3.07
Tb 0.73 0.85 0.78 0.73 0.75 0.87 0.65 0.76 0.69 0.41 0.57 0.45 0.40
Dy 3.56 4.18 3.85 3.67 3.90 4.52 3.52 4.17 3.59 2.03 2.59 2.32 1.96
Ho 0.64 0.73 0.68 0.66 0.72 0.87 0.70 0.82 0.67 0.37 0.48 0.43 0.38
Er 1.69 1.82 1.70 1.68 1.88 2.27 1.87 2.16 1.87 1.01 1.24 1.16 0.98
Tm 0.24 0.24 0.24 0.23 0.27 0.32 0.28 0.31 0.28 0.16 0.18 0.18 0.14
Yb 1.43 1.48 1.48 1.46 1.67 1.99 1.73 1.92 1.76 1.04 1.15 1.15 0.92
Lu 0.21 0.22 0.22 0.22 0.25 0.29 0.25 0.28 0.27 0.16 0.17 0.18 0.14
Tl 0.38 0.28 0.26 0.27 0.20 0.35 0.34 0.45 0.37 0.33 0.33 0.29 0.27
Bi 0.04 0.10 0.17 0.09 0.04 0.04 0.03 0.04 0.03 0.06 0.06 0.05 0.07
Pb 23.1 10.8 10.5 11.5 7.05 11.5 9.4 9.28 11.0 13.7 9.62 7.33 5.23
Th 2.73 3.20 2.96 2.85 2.57 5.95 5.01 3.21 4.09 7.69 5.83 6.63 6.89
U 0.63 0.70 0.80 0.63 0.66 1.41 1.33 0.74 0.99 1.41 1.08 1.18 1.35
Sr/Y 39.0 36.0 38.3 40.5 37.3 28.1 27.7 30.1 35.2 60.7 53.3 44.9 63.9
La/Yb 17.7 19.6 16.6 17.2 13.0 16.0 13.7 11.7 14.7 26.8 32.7 20.3 27.1
δEu 0.97 0.97 0.95 0.95 0.92 0.87 0.86 0.89 0.94 1.21 0.94 1.11 0.88

Rock-type Laiwu Kuangshan monzonite Laiwu Jiaoyu monzodiorite Laiwu Jinniushan monzodiorite

Sample 13LW02 13LW03 13LW04 13LW07 13LW09 13LW10 13LW11 13LW15 13LW16 13LW17 13LW54 13LW55 13LW56 13LW57 13LW58

SiO2 57.9 58.3 59.6 60.0 61.2 54.1 54.9 55.0 54.9 56.5 56.6 57.5 56.1 55.1 54.4
TiO2 0.53 0.58 0.48 0.68 0.53 0.73 0.73 0.83 0.68 0.66 0.55 0.54 0.55 0.55 0.56
Al2O3 15.7 15.4 16.2 15.9 16.7 17.0 16.5 15.1 16.1 15.8 14.1 14.1 14.1 13.8 13.4
Fe2O3 0.74 0.87 1.07 1.09 0.74 3.76 3.77 3.31 3.01 2.83 4.90 3.63 3.68 3.18 3.33
FeO 1.28 1.22 1.03 1.04 1.15 4.20 4.17 4.69 4.46 4.08 2.93 3.63 3.84 4.51 4.56
TFeO 1.94 2.00 1.99 2.02 1.82 7.59 7.56 7.67 7.17 6.62 7.34 6.89 7.15 7.37 7.56
MnO 0.05 0.06 0.05 0.04 0.05 0.12 0.12 0.13 0.11 0.10 0.14 0.09 0.11 0.12 0.14
MgO 5.76 4.79 4.35 4.31 3.61 4.62 4.48 5.67 5.70 5.00 6.87 6.52 7.32 7.32 7.72
CaO 10.7 9.75 8.72 7.17 7.54 5.08 5.70 6.26 6.60 5.94 4.23 4.44 4.92 5.80 6.13
Na2O 4.61 5.80 5.30 4.85 5.84 4.95 4.68 3.91 4.12 4.03 4.59 4.62 5.10 4.40 4.38
K2O 0.93 0.81 1.27 3.20 0.75 2.26 2.24 2.08 1.92 2.26 1.79 2.08 1.73 1.87 1.78
P2O5 0.24 0.18 0.22 0.26 0.21 0.31 0.28 0.29 0.27 0.24 0.20 0.19 0.20 0.19 0.19
LOI 1.06 1.58 0.86 0.86 1.32 1.88 1.46 1.60 1.36 1.42 2.96 1.84 1.86 2.08 2.24
Sum 99.6 99.4 99.3 99.5 99.8 99.5 99.5 99.3 99.7 99.3 100.2 99.6 100.0 99.3 99.4
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Table 1 (continued)

Rock-type Laiwu Kuangshan monzonite Laiwu Jiaoyu monzodiorite Laiwu Jinniushan monzodiorite

Sample 13LW02 13LW03 13LW04 13LW07 13LW09 13LW10 13LW11 13LW15 13LW16 13LW17 13LW54 13LW55 13LW56 13LW57 13LW58

Mg# 84.1 81.0 79.6 79.1 78.0 52.0 51.4 56.9 58.6 57.4 62.5 62.8 64.6 63.9 64.5
Li 28.4 29.2 14.2 21.4 20.8 24.9 26.4 21.6 20.1 14.6 20.4 19.1 15.0 14.0 13.6
Be 1.23 1.30 1.30 1.40 1.29 1.24 1.20 1.14 1.08 1.16 0.95 0.94 0.90 0.85 0.80
Sc 22.2 20.0 17.6 18.1 14.8 21.6 22.6 22.9 21.9 19.0 22.9 21.2 22.8 23.0 24.0
V 76.1 90.7 74.5 70.9 54.8 160 188 178 163 157 147 141 148 155 158
Cr 414 259 197 252 219 79.0 80.1 206 243 227 381 354 355 427 456
Co 8.44 9.85 8.15 6.16 7.89 21.2 22.6 25.3 25.0 23.1 28.3 26.8 30.0 31.1 32.3
Ni 53.6 46.4 37.3 39.8 38.2 18.2 24.7 51.1 54.8 52.1 86.8 78.3 89.7 87.3 92.4
Cu 7.94 18.4 9.64 3.83 20.1 57.3 45.3 97.5 61.7 37.0 95.3 17.7 6.40 61.6 82.8
Zn 18.3 30.0 11.1 11.2 34.5 65.6 60.8 59.2 63.8 52.7 64.4 41.9 41.8 53.5 58.0
Ga 17.6 16.8 19.2 18.4 18.1 20.1 20.4 18.6 19.5 18.8 16.6 15.9 15.9 15.9 15.6
Rb 22.5 16.3 27.5 51.4 24.2 45.1 47.2 41.6 39.8 48.8 34.2 40.2 32.1 34.5 29.2
Sr 794 717 729 586 745 673 672 573 634 550 228 369 311 399 328
Cs 0.69 0.56 1.11 1.03 0.65 1.07 0.61 1.53 1.46 2.24 0.14 0.19 0.16 0.13 0.09
Ba 495 219 536 1106 324 836 815 772 966 1036 379 878 657 870 801
Nb 4.32 5.37 5.33 6.86 4.49 5.15 5.25 5.75 4.30 5.72 3.83 3.89 3.66 3.66 3.55
Ta 0.28 0.29 0.29 0.36 0.29 0.26 0.27 0.30 0.23 0.31 0.22 0.22 0.20 0.21 0.21
Zr 125 112 107 166 149 137 131 101 89.5 138 82.5 85.4 81.2 84.8 82.9
Hf 3.06 2.82 2.69 4.11 3.58 3.23 3.20 2.88 2.26 3.56 2.15 2.23 2.12 2.23 2.21
Y 12.2 12.0 12.1 16.2 15.0 16.9 15.8 18.6 14.2 14.8 11.8 10.8 10.9 11.7 11.2
La 17.4 18.4 23.5 27.0 28.3 24.8 23.6 23.9 23.2 25.9 17.9 14.5 15.3 15.5 20.9
Ce 29.4 36.9 48.8 32.4 53.4 51.0 48.0 50.6 46.3 51.4 34.9 26.5 29.3 31.6 36.8
Pr 3.64 4.60 6.10 4.73 8.38 6.86 6.36 6.92 6.04 6.58 4.44 3.64 3.89 4.30 4.54
Nd 14.1 17.9 22.7 18.7 32.1 28.0 23.8 27.1 23.0 23.9 16.6 13.8 14.8 17.0 16.8
Sm 2.96 3.33 3.81 4.06 4.94 5.20 5.13 5.70 4.47 4.66 3.64 3.04 3.37 3.58 3.47
Eu 1.10 1.05 1.42 1.29 1.78 1.59 1.51 1.64 1.31 1.28 1.06 1.06 1.05 1.20 1.17
Gd 2.46 2.82 3.16 3.59 4.15 4.32 4.11 4.83 3.82 3.94 3.03 2.69 2.75 3.14 3.00
Tb 0.37 0.40 0.43 0.53 0.53 0.61 0.58 0.69 0.54 0.55 0.44 0.40 0.40 0.45 0.43
Dy 2.16 2.25 2.25 2.94 2.71 3.28 3.09 3.72 2.88 2.96 2.39 2.14 2.30 2.41 2.44
Ho 0.43 0.43 0.44 0.59 0.53 0.65 0.62 0.71 0.56 0.58 0.46 0.43 0.45 0.47 0.46
Er 1.14 1.16 1.22 1.70 1.44 1.80 1.63 1.95 1.54 1.62 1.29 1.14 1.17 1.30 1.21
Tm 0.17 0.17 0.18 0.25 0.20 0.27 0.25 0.29 0.24 0.25 0.20 0.17 0.17 0.19 0.18
Yb 1.09 1.12 1.19 1.67 1.26 1.72 1.56 1.84 1.50 1.61 1.28 1.10 1.12 1.22 1.17
Lu 0.17 0.16 0.18 0.27 0.20 0.27 0.24 0.27 0.23 0.25 0.20 0.17 0.17 0.19 0.18
Tl 0.10 0.09 0.24 0.17 0.10 0.23 0.24 0.20 0.22 0.25 0.13 0.14 0.10 0.11 0.11
Bi 0.03 0.17 0.03 0.04 0.26 0.04 0.00 0.00 0.00 0.00 0.03 0.04 0.04 0.08 0.12
Pb 6.49 3.98 6.30 3.96 5.31 8.40 5.25 7.22 9.64 8.07 11.2 3.79 0.19 5.24 1.12
Th 3.86 3.45 4.14 5.61 4.10 3.19 2.75 2.77 2.97 3.34 2.47 2.72 2.32 2.48 2.25
U 0.56 1.14 0.97 1.09 0.77 0.78 0.79 0.74 0.53 0.89 0.49 0.58 0.48 0.53 0.55
Sr/Y 65.2 59.7 60.3 36.2 49.8 39.9 42.6 30.8 44.6 37.3 19.4 34.1 28.5 34.0 29.3
La/Yb 16.0 16.4 19.8 16.2 22.4 14.4 15.2 13.0 15.5 16.1 14.0 13.2 13.6 12.7 17.9
δEu 1.21 1.03 1.21 1.01 1.17 1.00 0.97 0.93 0.90 0.89 0.95 1.11 1.02 1.07 1.08

LOI: loss on ignition. Mg# = 100 × Mg / (Mg + ∑Fe) molar ratio.
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enriched in the magnetite, with concentrations commonly higher than
1000 ppm (Supplementary Table S4). Magnesium, Al, Si and Mn are
less enriched, which show concentrations varying from several hun-
dreds to thousands of ppm. Cobalt, Ni, Zn and Ga show the concentra-
tions of tens to hundreds of ppm. Germanium, Sc, Sn and Mo also
occur, the concentrations of which are commonly b10 ppm. Notably,
the strongly mineralized intrusions have the highest Mg, Si, Sc, Sn, Zr
and Nb but the lowest V, Co and Mo concentrations (Fig. 6 and Supple-
mentary Table S4). The concentrations of P, Ca, Na and K, which can be
easily affected by mineral inclusions (e.g., apatite) and/or fluid inclu-
sions, commonly vary widely. Generally, the trace elements of magne-
tite show larger variations in the Laiwu intrusions than in the Zibo
intrusions.

4.5. Whole-rock major and trace elements

The high-Mg diorites in the Zibo and Laiwu areas show wide varia-
tions in major elements, having SiO2 contents of 52.5–65.0 wt%, MgO
contents of 2.41–8.53 wt%, TFeO contents of 1.32–9.19 wt%, CaO con-
tents of 4.16–10.7 wt%, and Na2O + K2O contents of 4.49–9.46 wt%
(Table 1). Nonetheless, the Mg# values of all the rocks are higher than
50 (51–84), consistent with the features of high Mg# andesites (SiO2

N 54 wt%, Mg# N 50) defined by Kelemen et al. (2003). They are
classified into gabbro-diorite to quartz monzonite in the SiO2 vs. Na2O
+ K2O discrimination diagram (Fig. 7a), and are chemically
metaluminous and calc-alkaline (Fig. 7b and c). It is noted that both
the strongly mineralized intrusions in the Zibo and Laiwu areas are
the most felsic ones, having the highest SiO2 and Na2O + K2O and the
lowest TFeO, MgO and MnO contents (Table 1). In addition, they show
remarkably high Mg# values (69–84) with drastic decrease of TFeO
contents and TFeO/MgO ratios.

All the rocks have similar trace element and REE distribution pat-
terns. They are depleted in high field strength elements (HFSEs, such
as Nb, Ta, Zr, P and Ti) and enriched in large ion lithophile elements
(LILEs, such as Sr and Ba) on the Primitive Mantle-normalized
spidergram, and show enrichment in LREEs and depletion in HREEs
on the Chondrite-normalized REE distribution diagram (Fig. 8). In
addition, compared with the ore-barren intrusions, the strongly
mineralized intrusions have stronger fractionation between the
LREEs and the HREEs and higher Sr/Y ratios (36–65). Combined
with their high Sr (519–794 ppm) and low Y (10.2–16.2 ppm) and
Yb (0.92–1.67 ppm) concentrations, the strongly mineralized intru-
sions show similar geochemical features to those of adakites (Sr
N 400 ppm, Y ≤ 18 ppm, Yb ≤ 1.9 ppm, Sr/Y N 20, Castillo, 2012;
Defant and Drummond, 1990) (Fig. 9a), but their La/Yb ratios
(16–33) are commonly lower (Fig. 9b).



Fig. 7. Plots of (Na2O+ K2O) vs. SiO2 (a), A/NK vs. A/CNK [A/NK=molar ratio Al2O3/(Na2O+ K2O), A/CNK=molar ratio Al2O3/(CaO+Na2O+ K2O)] (b) and SiO2 vs. A.R. [A.R. =
(Al2O3 + CaO + Na2O + K2O)/(Al2O3 + CaO-Na2O-K2O)] (c) for the Zibo and Laiwu high-Mg diorites. (a) and (c) are modified from Middlemost (1994) and Wright (1969),
respectively.
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4.6. Whole-rock Sr-Nd-Pb isotopic compositions

The Sr-Nd-Pb isotopic compositions of the high-Mg diorites are
shown in Table 3, Figs. 10 and 11.

For the Zibo high-Mgdiorites, themostmafic ore-barren gabbroic dio-
rite has the lowest (87Sr/86Sr)i (0.704726–0.704875), the highest εNd(t)
(−6.4 to−5.4) and the lowest Pb isotopic compositions ((208Pb/204Pb)i
= 37.087–37.115, (207Pb/204Pb)i = 15.348–15.353, (206Pb/204Pb)i =
Fig. 8. Chondrite-normalized REE distribution patterns and Primitive Mantle normalized spid
Primitive Mantle values are from Sun and McDonough (1989).
17.110–17.143). The moderately mineralized monzodiorite and the
stronglymineralized quartzmonzonite do not show significant difference
in(87Sr/86Sr)i,buttheNdandPbisotopiccompositionsarea littlebithigher
and lower respectively in the quartz monzonite. The (87Sr/86Sr)i, εNd(t),
(208Pb/204Pb)i, (207Pb/204Pb)i and (206Pb/204Pb)i are 0.705761–0.705974,
−9.5 to−8.6, 37.317–37.754, 15.367–15.444 and 17.123–17.629 in the
monzodiorite while in the quartz monzonite are 0.705585–0.706058,
−8.2 to−7.7, 37.059–37.364, 15.404–15.445 and 17.308–17.410.
er diagrams for the Zibo (a and b) and Laiwu (c and d) high-Mg diorites. Chondrite and



Fig. 9. Plots of Sr/Y vs. Y (a) and La/Yb vs. Yb (b) for the Zibo and Laiwu high-Mg diorites (modified after Castillo, 2012). The data of the adakites in central-eastern China are from S.A. Liu
et al. (2010) and references therein.
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For the Laiwu high-Mg diorites, from the ore-barren Jiaoyu and
Jinniushanmonzodiorites to the strongly mineralized Kuangshanmon-
zonite, the (87Sr/86Sr)i shows a slight increase, varying from
0.706259–0.706824 to 0.706994–0.707125 and to 0.707223–0.707507.
The Jiaoyu intrusion has the lowest Nd and Pb isotopic compositions,
showing the εNd(t) of −16.0 to −15.5, (208Pb/204Pb)i of
36.306–36.527, (207Pb/204Pb)i of 15.205–15.259 and (206Pb/204Pb)i of
Fig. 10.Diagram of initial (87Sr/86Sr)i vs. εNd(t) for the Zibo and Laiwu high-Mg diorites. The earl
Luxi Block, the Sr-Nd isotopic data of which are from Guo et al. (2003), Li et al. (2007), D.B. Yan
Feixian basalts/gabbros in the southeastern Luxi Block, and the data are fromXuet al. (2004b), D
are modified from Jahn et al. (1999). The intermediate granulite (DMP-27) in the Hannuoba ar
Paleozoic kimberlites andmantle xenoliths in theMengyin area are fromYang et al. (2009) and
(2004). The oceanic slab-derived adakites represent partial melts of oceanic slabs, the data of w
(2008) and Sajona et al. (2000). The mixing modelling parameters are Sr = 681 ppm, 87Sr/86S
study), Sr = 1122 ppm, 87Sr/86Sr = 0.70897, Nd = 49.5 ppm, εNd = −28.1 for the lower c
26 ppm, εNd = −26 for the middle-upper crust of the NCC (Wang et al., 2006), and Sr = 245
(Gao et al., 1998; J.M. Liu et al., 2004; Liu et al., 2018). Symbols as in Fig. 9.
16.334–16.609, respectively. The Kuangshan intrusion has moderate
Nd (εNd(t) = −15.8 to −14.8) and Pb ((208Pb/204Pb)i =
37.115–37.193, (207Pb/204Pb)i = 15.327–15.347, (206Pb/204Pb)i =
16.883–16.986) isotopic compositions, while those in the Jinniushan in-
trusion (εNd(t) = −15.2 to −14.8, (208Pb/204Pb)i = 37.195–37.529,
(207Pb/204Pb)i = 15.405–15.418, (206Pb/204Pb)i = 17.517–17.597) are
the highest.
y Cretaceous EM1 is defined by the Jinan and Zouping basalts/gabbros in the northwestern
g et al. (2012) and Q.L. Yang et al. (2012). The EM2 is defined by the Yinan, Fangcheng and
.B. Yang et al., 2012 and Zhang et al. (2002). Thefields of lower and upper crusts of theNCC
ea of eastern NCC is selected to represent the lower crust (Y.S. Liu et al., 2004). The data of
Zheng and Lu (1999). The Sr-Nd isotopic data of Paleozoic carbonates are from J.M. Liu et al.
hich are from Aguillo'n-Robles et al. (2001), Deng et al. (2017), Lázaro and García-Casco
r = 0.70473, Nd = 42 ppm, εNd = −5.4 for the EM1 (represented by the 13ZB14 in this
rust (Y.S. Liu et al., 2004, J.M. Liu et al., 2004), Sr = 250 ppm, 87Sr/86Sr = 0.716, Nd =
ppm, 87Sr/86Sr = 0.7095, Nd = 22 ppm, εNd = −12 to −9 for the Paleozoic carbonates



Fig. 11. Initial (207Pb/204Pb)i vs. (206Pb/204Pb)i (a) and (208Pb/204Pb)i vs. (206Pb/204Pb)i (b) for the Zibo and Laiwu high-Mg diorites. The EM1 in Luxi Block is defined by the Jinan and
Zouping basalts/gabbros (Li et al., 2007; D.B. Yang et al., 2012), whereas the EM2 is defined by the Fangcheng, Yinan and Feixian basalts/gabbros (Zhang et al., 2002; Xu et al., 2004b;
D.B. Yang et al., 2012). Isotopic data of lower crustal xenoliths in the eastern NCC are from Ying et al. (2010). The fields of I-MORB (Central Indian MORB) and P-MORB (Pacific MORB)
are from Zou et al. (2000). NHRL (Northern Hemisphere Reference Line) and 4.55 Ga geochron are from Zindler and Hart (1986). Symbols as in Fig. 9.
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The Laiwu intrusions havemuch lower εNd(t) and higher (87Sr/86Sr)i
values than those of the Zibo intrusions (Fig. 10). In addition, the εNd(t)
values are more uniform in the Laiwu intrusions.
5. Discussion

Field investigations and zircon U-Pb dating suggest that no matter
the different lithologies of the Jinling intrusive complex in the Zibo
area or the different intrusions in the Laiwu area, the ore-barren and
the ore-bearing high-Mg dioritic rocks are closely spatially and tempo-
rally associated. Especially, the strongly mineralized rocks are more
felsic and younger than those of the ore-barren rocks. This implies
that the ore-bearing rocks might be genetically related to the ore-
barren rocks. Then, did the ore-barren and ore-bearing rocks share the
sameor similarmagma source?Whether or not special sourcematerials
or magmatic processes (e.g., magma mixing, MASH and AFC) were re-
quired for the ore-forming magmas?

Following, we explore the potential sources, magmatic processes,
physicochemical conditions and geodynamic regime that might be fa-
vorable for generating the high-Mg diorites and the associated Fe
mineralization.
Fig. 12. Plots ofMg#vs. SiO2 (a) andMg#vs. Cr+Co+Ni (b) for the Zibo and Laiwu high-Mgd
plots of adakites in central-eastern China (S.A. Liu et al., 2010) are also shown for comparison. In
(2003) and Q.L. Yang et al. (2012), respectively, while those of the lower and upper crusts of t
5.1. The magma sources

5.1.1. Mantle source
Regardless of ore-barren or ore-bearing, all the diorites in the

Zibo and Laiwu areas show high Mg# values (N51), basically higher
than those of the partial melts from basalts at similar silica contents
(Fig. 12a). This likely indicates the involvement of mantle peridotite
or mantle peridotite-derived melts in the magma source. Actually,
the most mafic rocks of them (e.g., the gabbroic diorite in the Zibo
and the Jinniushan monzodiorite in the Laiwu areas) have high Cr
and Ni concentrations up to 354–497 ppm and 78–189 ppm, respec-
tively, which are comparable to those of the nearby mantle-derived
Jinan gabbros and the primitive MORB and arc basalts worldwide
(Fig. 12b). More importantly, all the rocks show Sr, Nd and Pb isoto-
pic compositions distinct from those of the lower and upper crusts of
the NCC, but close to the contemporary mantle-derived basalts/
gabbros in the study region (Figs. 10 and 11). These features, there-
fore, strongly support the derivation of the high-Mg diorites mainly
from the subcontinental lithospheric mantle (SCLM), although the
mineralized intrusions seem to have undergone more magmatic
processes (e.g., crustal assimilation and/or fractional crystallization).
Other potential ways to generate the high-Mg diorites, such as
iorites. In (a), thefields of HMAs and partialmelts of basalts are fromRappet al. (1999). The
(b), the data of primitive MORB and arc basalts and Jinan gabbros are from Kelemen et al.

he NCC are from Gao et al. (1998). Symbols of high-Mg diorites as in Fig. 9.
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delaminated continental lower crust-derived or subducted oceanic
slab-derived melts interacting with mantle peridotite, can be pre-
cluded, mainly due to the following reasons: (1) the Luxi Block was
located far away from the Paleo-Pacific subduction zone during the
early Cretaceous (N1000 km, Maruyama et al., 1997; Zhou and Li,
2000; Xu et al., 2004a). It would be almost impossible for the slab-
derived melts to pass through the thick mantle wedge (probably
N400 km, Xu et al., 2011; Liu et al., 2017); (2) the Luxi Block suffered
intense extension during the early Cretaceous (Zhang et al., 2007),
the tectonic setting of which could not lead to the lower crust delam-
ination at that time. Continental collision between the NCC and the
SCB, which has the potential to cause lower crust delamination, oc-
curred at the Triassic (Li et al., 1993; Meng and Zhang, 1999), about
100 Ma years earlier than the emplacement of the high-Mg diorites;
(3) the mafic end-members of the high-Mg diorites have obviously
high Mg#, Cr and Ni values, which are similar to those of the primi-
tive basaltic melts but distinct from the melts derived from the con-
tinental or oceanic crust (Fig. 12); (4) most of the Zibo and Laiwu
high-Mg diorites show Sr/Y and La/Yb ratios, especially the La/Yb ra-
tios, lower than those of the typical slab-derived adakites and the
adakitic rocks derived from continental or oceanic crust in the
central-eastern China (Fig. 9); (5) the isotopic compositions of the
high-Mg diorites are neither similar to the lower crust nor close to
the oceanic slab (Figs. 10 and 11); (6) recycled oceanic slabmaterials
were just detected in the mantle enclaves/magmas younger than
∼100 Ma in the eastern NCC (Zhu et al., 2012; Xu, 2014).

It is notable that all the high-Mg diorites are characterized by arc-
like geochemistry (Fig. 8) and low εNd(t) values (Fig. 10), which indi-
cate that the SCLM source probably had been metasomatized. Previ-
ous studies showed that the early Cretaceous gabbros/basalts as well
as the mantle peridotite enclaves in the study region also show such
features (Zhang et al., 2002; Xu et al., 2004b; Xu et al., 2008), corrob-
orating the mantle metasomatism. The puzzling question is that
when and how the SCLM was metasomatized. The Sr-Nd isotopic
compositions of the Zibo gabbroic diorite not only resemble those
of the most “depleted” gabbros in the study region, but also overlap
the nearby Paleozoic Mengyin kimberlites and mantle xenoliths
(~470 Ma, Yang et al., 2009) (Fig. 10). This implies that the gabbroic
diorite might be the “pure” product of the SCLMmelting without sig-
nificant crustal contamination and thus can denote the primary iso-
topic compositions of the Mesozoic SCLM. In addition, it also
implies that the Mesozoic SCLM beneath the study region might be
directly inherited from the Paleozoic SCLMwithminor isotopic mod-
ification. If it is true, the mantle metasomatismmight be a long-term
metasomatism (Guo et al., 2001, 2003), occurring during or before
the Paleozoic. This inference is supported by the geochemistry of
the Paleozoic kimberlites and mantle xenoliths, which also shows
enrichment in REEs, strong fractionation between LREEs and
HREEs, and high Sr and low Nd isotopic compositions (Zheng and
Lu, 1999; Chu et al., 2009; Yang et al., 2009). Considering the NCC
remained largely stable after the ca. 1.8 Ga (Zhai and Santosh,
2011; Zhao et al., 2012), the mantle metasomatism was probably re-
lated to the remarkable amalgamation between the eastern and
western blocks of the NCC during the ca. 1.9–1.8 Ga (Zhao et al.,
2012), as also inferred by other researchers (e.g., Gao et al., 2002;
Huang et al., 2012).

It should be pointed out that, however, the Paleozoic SCLM has
been proved to be refractory (Zheng et al., 2001; Gao et al., 2002;
Chu et al., 2009), contradicting the fact that the Mesozoic SCLM be-
neath the southeastern NCC was obviously hydrous during the
early Cretaceous (containingN1000 ppm H2O, Xia et al., 2013; Liu
and Xia, 2014). The abundant occurrence of amphibole and/or biotite
in the high-Mg diorites also supports the mantle source being hy-
drous. This implies that something should have happened between
the Paleozoic and the Mesozoic, leading to the hydration of the Me-
sozoic SCLM. The Triassic northward continental subduction of the
SCB beneath the southern NCC has been considered to modify the
SCLM of the NCC significantly (e.g., Guo et al., 2003; Zhang et al.,
2002; Xu et al., 2004a, 2004b; Huang et al., 2012; D.B. Yang et al.,
2012; Q.L. Yang et al., 2012; Xu et al., 2013). However, based on
numerous isotopic studies on mantle-derived rocks, such modifica-
tion was confined within a distance no N300 km from the subduction
zone (e.g., D.B. Yang et al., 2012; Q.L. Yang et al., 2012). The Sr-Nd-Pb
isotopic compositions of the high-Mg diorites in this study are
distinct from those of the SCB-modified EM2 (Figs. 10 and 11),
indicating that the SCLM beneath the study region had not been sig-
nificantly affected by such modification. Previous subduction of the
Paleo-Tethyan Oceanic Plate between the NCC and the SCB, which
had been accomplished before the continental collision (Meng and
Zhang, 1999), might contribute to the hydration of the SCLM.
However, no robust evidence has been found so far to support such
effect. An early Jurassic asthenosphere-derived alkaline intrusion
(~180 Ma) was identified in the Luxi Block, which does not show
any slab modification in its mantle source (Zhang et al., 2005; Lan
et al., 2012). More possibly, it is noted that the Paleo-Pacific Plate
strongly subducted underneath the eastern Asian continent during
the Mesozoic (Maruyama et al., 1997; Sun et al., 2007). Based on
compiling and examining petrochemical characteristics of drilled
basalts, Komiya and Maruyama (2007) concluded that the western
Pacific region is the place where abundant water contents have
been transported into the mantle during the last 150 Ma. Windley
et al. (2010) evaluated the effects of the westward subduction of
the Paleo-Pacific Oceanic Plate on transferring water into the deep
mantle, concluding that the mantle transition zone (410–660 km
depth) under the eastern NCC should be highly enriched in water
due to the stagnant slab releasing water into the overlying mantle.
Experiments and simulations have proven that considerable
amounts of water can be transported by old, cold oceanic lithosphere
into the mantle transition zone (Maruyama and Okamoto, 2007).
Geophysical studies directly indicate that a stagnant oceanic slab is
being situated in the transition zone beneath the eastern Asian
continent (Xu et al., 2011; Liu et al., 2017; Zhao et al., 2017). These
results, therefore, suggest that the Paleo-Pacific Oceanic Plate
might do not provide melts for the high-Mg diorites, but the slab-
released water hydrating the mantle likely occurred.

In conclusion, the Mesozoic SCLM beneath the study region had
been anciently metasomatized and recently hydrated, becoming the fa-
vorable source for the high-Mg diorites.

5.1.2. Crustal involvement
The Sr-Nd isotopic compositions of the high-Mg diorites vary

largely from the Zibo to the Laiwu area, and show some trends
from the EM1 to the lower or upper crust (Fig. 10), indicating that
various crustal involvement should have occurred. The presence of
captured zircons with late Archean to early Paleoproterozoic ages
in these rocks (e.g., the Zibo quartz monzonite and the Laiwu
Jinniushan intrusion) provides the direct evidence for crustal
involvement (Fig. 4). In order to constrain which and how the crustal
materials were involved in, magma mixing modelling based on Sr-
Nd isotopes was applied using the method of Langmuir et al.
(1978). The Zibo gabbroic diorite (13ZB14) is selected to represent
the SCLM because it has the most primitive geochemical and isotopic
compositions. The modelling indicates that lower crust could not be
responsible for the crustal involvement in the Zibomonzodiorite and
quartz monzonite, mainly due to its distinctly low Sr and Nd isotopic
compositions (Fig. 10). Alternatively, assimilation of ∼20% middle-
upper crustal materials into the SCLM-derived melts can well
generate the isotopic features of the monzodiorite (Fig. 10). The
monzodiorite was probably evolved from the gabbroic diorite
through continuous middle-upper crustal assimilation, as indicated
by the excellent correlation between (87Sr/86Sr)i and εNd(t) as well
as between MgO and εNd(t) from the gabbroic diorite to the



Fig. 13. Plots of εNd(t) vs. MgO and εNd(t) vs. Th for the Zibo (a and b) and Laiwu (c and d) high-Mg diorites. FC-fractional crystallization, MC-middle crust, UC-upper crust. Sedimentary
rocks are composed mainly of carbonate rocks.

Fig. 14. Genetic model for the generation of Zibo and Laiwu high-Mg diorites. The
structures of the NCC crusts refer to Gao et al. (1998).
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monzodiorite (Figs. 10 and 13a). The more felsic quartz monzonite,
however, seems not to be evolved from the gabbroic diorite or the
monzodiorite through such assimilation. It is noted that the quartz
monzonite has higher εNd(t) values than the more mafic monzodiorite
(Fig. 13a). Combined with the εNd(t) showing positive correlation
with (87Sr/86Sr)i in the quartz monzonite (Fig. 10), another source
more enriched in radiogenic Nd should be assimilated in this rock. The
upper crust in the study region is composed mainly by a basement of
Archean to early Paleoproterozoic TTG gneisses and a cover of Paleozoic
sedimentary rocks (mainly carbonates interbedded with shales and
sandstones), of which the TTG gneisses have εNd(t) values commonly
lower than −20 (Jahn et al., 1988). The magma mixing modelling
shows that assimilation of such low-εNd source could not result in the
obvious increase of εNd(t) in the quartz monzonite. The Sr-Nd isotopic
compositions of the Paleozoic sedimentary rocks were rarely reported.
Nonetheless, because the terrestrial sediments were mainly derived
from the erosion of the basement rocks, it is inferred that the shales
and sandstones have similar Sr-Nd isotopic compositions to those of
the TTG gneisses and thus they could not be the major components re-
sponsible for the crustal assimilation. Two representative samples col-
lected from the Ordovician carbonates in the Luxi Block show the
87Sr/86Sr of 0.70944–0.70946 and εNd of −12 to−9 (recalculated back
to 125 Ma) (J.M. Liu et al., 2004), the Nd isotopic compositions of
which are much higher than those of the TTG gneisses. These rocks
thus might be appropriate for the crustal assimilation, as confirmed by
themagmamixingmodelling (Fig. 10). Actually, the significant increase
of Th concentrations coupled with increasing εNd(t) in the quartz mon-
zonite also supports such assimilation (Fig. 13b), since the Ordovician
carbonates not only have high εNd(t) values but also are enriched in
Th concentrations (high up to 16 ppm, average N 4 ppm, Liu and
Wang, 1996), distinct from the low εNd(t) and low Th features (com-
monly b4 ppm, Polat et al., 2006;Wang et al., 2009) of the TTG gneisses.
Based on the above results, two steps of crustal involvement probably
occurred in the Zibo high-Mg diorites (Fig. 14). Firstly, mafic melts
derived from the SCLM assimilated ancient middle to upper crustal
materials more or less during ascent (step 1), generating the least



Fig. 15. Plots of MgO vs.SiO2 (a), TFeO vs. SiO2 (b), CaO vs. SiO2 (c), MgO vs. Mg# (d), TFeO vs. TiO2 (e) and CaO vs. δEu (f) for the Zibo and Laiwu high-Mg diorites. Symbols as in Fig. 9.
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contaminated gabbroic diorite and the more contaminated
monzodiorite. Secondly, the above melts stored at somewhere of the
upper crust and assimilated the Paleozoic sedimentary materials (step
2), especially the carbonates, giving rise to the quartz monzonite
(Fig. 14). Considering the quartz monzonite was highly mineralized,
the assimilation of sedimentary rocks probably played an important
role for the Fe mineralization.

Compared with the Zibo rocks, the Laiwu high-Mg diorites have
much lower εNd(t) values (Fig. 10), indicating that more crustal mate-
rials should have participated in these rocks. Lower crust seems to be
the dominant component responsible for the crustal involvement, as
shown by the modelling suggesting that N40% upper crustal materials
would be required to generate the isotopic compositions of the Laiwu
intrusions (Fig. 10), the amounts of which are unreasonably high for
high-Mg dioritic melts. Alternatively, just ∼30% lower crustal materials
are needed for the least contaminated Jiaoyu monzodiorite. These
amounts of lower crustalmaterials are corroborated byOs isotopic com-
positions. Chen et al. (2013) used Os isotopic compositions tomodel the
generation of high-Mg diorites in the Zibo and Laiwu areas, concluding
that 9%–40% lower crust-derived felsic melts were involved into the
SCLM-derived basaltic melts, especially for the rocks with intermediate
compositions. Lower crustal involvement can occur in the mantle
source through lower crust delamination (e.g., Xu et al., 2008; D.B.
Yang et al., 2012), or in the magma chamber through magma mixing
(e.g., Chen et al., 2013). Because the Laiwu intrusions are located closely
to the Zibo intrusions (b80 km), it is inferred that they shared the same/
similarmantle source. If it is true, then the lower crust delamination can
be precluded, because it is highly impossible that the delamination just
occurred in the Zibo area but not in the Laiwu area within such a close
distance. Considering all the Laiwu intrusions have similar εNd(t) values
(Fig. 10), the lower crustalmaterialsmight be generally homogenized in
themagma chamber. It has been suggested that a homogeneousmagma
chamber can be generated throughMASH processes (melting, assimila-
tion, storage and homogenization, Hildreth and Moorbath, 1988), in
which underplated mafic magma mixing with crust-derived melts at
the lower crust is invoked (Hildreth and Moorbath, 1988; Richards,
2003). However, the sole involvement of lower crust cannot explain
the obvious increase of (87Sr/86Sr)i in the Jinniushan and Kuangshan in-
trusions. Because the (87Sr/86Sr)i shows a strong trend to the middle-
upper crust (Fig. 10), some middle-upper crustal materials might have
also been assimilated, especially in the more felsic Kuangshan monzo-
nite. The Kuangshan monzonite has higher εNd(t) than the more mafic
Jiaoyu monzodiorite (Fig. 10), and its εNd(t) increases with decreasing
MgO and increasing Th (Fig. 13c and d). These features are almost
the same as in the Zibo quartz monzonite, implying that carbonates
might have also been assimilated in the Kuangshan monzonite. The
assimilation is evidenced by the much higher CaO contents
(7.2–10.7 wt%) and CaO/SiO2 ratios (0.12–0.18) in the Kuangshan
intrusion than in the more mafic Jiaoyu and Jinniushan intrusions
(CaO = 4.2–6.1 wt%, CaO/SiO2 = 0.07–0.12) (Table 1 and Fig. 15c).
As a result, two steps of crustal involvement probably also occurred
in the Laiwu high-Mg diorites (Fig. 14). Firstly, lower crustal mate-
rials were involved into the mantle-derived mafic melts through
magma mixing or MASH processes in the magma chamber at the
lower crust (step 1), producing the nearly homogeneous parental
magmas of the Laiwu intrusions. The parental magmas were
contaminated bymiddle-upper crustal materials more or less during
ascent (step 2), generating the Jiaoyu, Jinniushan and Kuangshan
intrusions, respectively. Typically, carbonates were assimilated
into the Kuangshan intrusion. The Jiaoyu intrusion was least
contaminated by the middle-upper crustal materials but might
experience more fractional crystallization than the Jinniushan
intrusion (Figs. 10 and 13c).

Based on the above results, the assimilation of sedimentary rocks
(mainly carbonates) seems to be crucial for the generation of the ore-
forming intrusions. It has been observed that in skarn environments
stoping of carbonate rocks and related decarbonation reactions can
greatly elevate the CO2 contents of silicate melts (Meinert et al., 2005).
In addition, the presence of CO2 in melts can strongly promote H2O to
be partitioned into fluids (Holloway, 1976). The assimilation of
carbonates in this study thus might have contributed to generate the
ore-forming fluids.



Table 2
EPMAmajor element data (wt%) of amphibole from the Zibo and Laiwu high-Mg diorites.

Sample Spot SiO2 Al2O3 TiO2 FeO MnO MgO CaO Na2O K2O SrO F Cl Total Species T (°C) P (MPa) H2Omelt (wt%)

Zibo gabbroic diorite
13ZB01 2 50.9 4.86 1.44 9.25 0.19 17.5 11.1 1.25 0.45 0.21 – – 97.1 Magnesio-ferri-hornblende 756 61.8 3.07

6 51.5 4.36 1.14 9.38 0.20 17.6 11.4 1.09 0.37 0.12 – – 97.2 Magnesio-ferri-hornblende 742 54.8 3.23
9 52.9 4.11 1.02 8.96 0.26 17.4 11.0 0.99 0.36 0.20 – – 97.3 Magnesio-hornblende 727 51.3 3.58

13ZB05 5 50.4 4.00 0.82 11.7 0.21 16.6 11.5 1.27 0.41 – 0.46 0.03 97.4 Actinolite 768 50.8 3.17
13ZB14 2 51.1 5.30 1.39 9.66 0.22 16.8 11.3 1.22 0.42 0.19 – – 97.7 Magnesio-ferri-hornblende 757 68.5 3.87

13 49.7 5.45 1.28 10.8 0.18 16.6 11.1 1.31 0.45 0.21 – – 97.1 magnesio-ferri-hornblende 770 71.8 3.44
14 51.1 4.73 1.35 10.4 0.17 17.0 11.1 1.08 0.46 0.16 – – 97.5 Magnesio-ferri-hornblende 750 59.7 3.20

Zibo quartz monzonite
13ZB51 3 53.5 3.51 1.04 8.85 0.30 17.5 11.5 1.28 0.37 0.15 0.31 – 98.2 Actinolite 712 44.2 2.94

60 52.2 3.50 0.71 9.29 0.30 17.1 12.1 1.80 0.35 – 0.43 0.02 97.7 Actinolite 734 45.1 2.65
62 53.4 3.19 0.49 6.96 0.07 19.1 12.5 1.36 0.31 – 0.55 0.05 97.9 Actinolite 730 41.3 2.49
65 51.7 3.97 1.03 9.47 0.31 16.7 11.7 1.75 0.36 – 0.41 0.00 97.4 Actinolite 737 50.6 2.97

13ZB55 1 51.7 3.19 0.64 10.4 0.41 18.0 12.0 1.25 0.31 – – 0.12 97.9 Actinolite 784 41.7 2.55
4 52.0 3.71 0.62 10.2 0.49 18.0 11.3 1.43 0.40 – – 0.02 98.2 Actinolite 791 47.2 2.44

Laiwu Kuangshan monzonite
13LW05 1 51.4 4.42 1.00 9.44 0.22 17.9 11.3 1.26 0.36 0.17 0.46 – 97.8 Magnesio-ferri-hornblende 750 55.4 3.01

5 51.2 4.57 1.03 9.75 0.29 17.7 11.2 1.11 0.39 0.14 0.43 – 97.8 Magnesio-ferri-hornblende 750 57.3 3.21
8 50.9 5.01 1.26 9.80 0.20 17.3 11.0 1.48 0.41 0.12 0.56 – 98.0 Magnesio-ferri-hornblende 757 63.9 3.12
13 51.1 5.15 1.25 9.34 0.27 17.5 11.2 1.52 0.41 0.12 0.55 – 98.3 Magnesio-ferri-hornblende 763 65.8 3.18

Laiwu Jiaoyu monzodiorite
13LW15 7 49.4 5.56 1.03 13.9 0.36 15.0 10.8 1.48 0.48 0.08 0.24 – 98.4 Magnesio-ferri-hornblende 761 73.7 3.77

10 51.2 4.43 1.00 13.0 0.45 15.3 10.8 1.02 0.39 0.12 – – 97.7 Magnesio-ferri-hornblende 730 56.0 3.86
12 50.4 4.66 0.79 13.7 0.48 14.9 10.5 1.23 0.36 0.21 – – 97.3 Magnesio-ferri-hornblende 729 59.7 3.94
14 50.6 4.51 0.71 13.3 0.39 14.9 11.0 1.26 0.38 0.19 0.17 – 97.3 Magnesio-ferri-hornblende 722 57.9 4.01

13LW16 304 51.4 4.09 1.12 14.0 0.44 14.0 11.3 1.16 0.48 – – 0.06 98.1 Magnesio-ferri-hornblende 707 52.2 4.04
318 51.2 4.08 0.89 13.7 0.39 14.6 11.3 1.22 0.48 – – 0.07 97.9 Magnesio-ferri-hornblende 713 52.0 3.69
329 51.3 4.05 1.08 13.7 0.36 14.1 11.4 1.34 0.50 – – 0.08 97.9 Actinolite 711 52.0 3.80
334 50.1 4.92 1.29 14.0 0.34 14.1 11.4 1.58 0.59 – – 0.08 98.4 Magnesio-ferri-hornblende 744 64.1 3.51

Laiwu Jinniushan monzodiorite
13LW57 209 47.2 8.23 0.68 13.1 0.23 15.4 10.8 1.82 0.43 – – – 97.9 Magnesio-ferri-hornblende 828 139 4.85

215 48.5 6.83 0.60 12.2 0.24 15.3 11.8 1.81 0.42 0.04 0.12 0.00 97.8 Pargasite 805 102 4.48
220 47.3 7.29 0.52 12.7 0.00 16.2 11.7 1.73 0.33 – – 0.00 97.8 Magnesio-ferri-hornblende 835 112 4.30
226 48.0 6.80 1.12 12.2 0.27 15.3 12.0 1.72 0.51 0.03 0.16 – 98.0 Magnesio-hastingsite 816 101 4.03
235 46.8 7.77 1.43 11.8 0.17 14.9 11.4 2.23 0.57 0.05 – – 97.2 Pargasite 842 131 3.99
237 48.9 6.40 0.64 12.1 0.23 15.8 11.5 1.77 0.50 0.05 – – 97.8 Magnesio-ferri-hornblende 794 90.8 3.79
240 49.8 6.84 0.66 10.8 0.28 15.9 10.9 1.58 0.44 0.16 – – 97.4 Magnesio-ferri-hornblende 780 100 4.88

The nomenclature of amphibole is based on the International Mineralogical Association (IMA) classification (Hawthorne et al., 2012) and calculated using an excel spreadsheet from
Locock (2014). The T, P and H2O contents are calculated using the method of Ridolfi et al. (2010). “–” indicates that the concentration is lower than the detection limit.
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5.2. The role of fractional crystallization

As mentioned before, both the Zibo and Laiwu high-Mg diorites
show wide variations in major elements (Table 1 and Fig. 15), which
can be partly explained by the crustal involvement. However, since frac-
tional crystallization is one of the most commonmagmatic processes in
mafic to felsic evolution of genetically associatedmagmas, the variations
might have also been affected by the fractional crystallization. From
mafic to more felsic high-Mg diorites in this study, the major elements
commonly show poor correlations or do not show well correlated rela-
tionships that can be reasonably explained by fractional crystallization
(Fig. 15). This implies that the more felsic high-Mg diorites, especially
the most felsic strongly mineralized rocks, could not be evolved from
themafic high-Mg diorites through continuous fractional crystallization.
Crustal involvement seems to play more important role for generating
different types of high-Mg diorites. Nonetheless, within an individual
rock, fractional crystallization likely played a role. The MgO, TFeO and
CaOwithin an individual rock commonly showwell-correlated negative
relationships with SiO2 (Fig. 15a–c), combinedwith other covariant dia-
grams such as MgO vs. Mg#, TFeO vs. TiO2 and CaO vs. δEu (Fig. 15d–f),
suggesting that fractional crystallization of mafic minerals such as py-
roxene, amphibole, plagioclase and Fe-Ti oxides occurred in most of
the rocks.

Notably, in both the Zibo and Laiwu high-Mg diorites, the Mg#
values decrease steadily from the most mafic ore-barren rocks to the
lessmafic rocks, but increase drastically to themost felsic strongly min-
eralized rocks (Fig. 15d). The drastic increase of Mg# values cannot be
resulted from crustal contamination, because both the lower and
upper crusts in the study region have much lower Mg# values (b50,
Gao et al., 1998). In a normal fractional crystallization process, the
Mg# values commonly decrease due to the fractionation of mafic min-
erals which more quickly scavenges Mg from the magmas, as indicated
by the positive correlation betweenMgO andMg#within an individual
rock (Fig. 15d). It is noted that the highMg# feature of the stronglymin-
eralized rocks is mainly due to the drastic decrease of TFeO with steady
decrease of MgO (Fig. 15a, b, d). This indicates that an efficient extrac-
tion of Fe from the ore-formingmagmas occurred. Fractional crystalliza-
tion of Fe-oxideminerals (such asmagnetite and ilmenite) is effective in
removing Fe from the magmas (Toplis and Carroll, 1995). However,
large-scale fractional crystallization of Fe-oxide minerals is not sup-
ported by the petrographic evidence showing minor Fe-oxide minerals
(magnetite ± ilmenite) in both the mafic and felsic intrusions. In addi-
tion, the whole-rock TFeO contents remain stable with increasing SiO2

within the strongly mineralized rocks (Fig. 15b), clearly precluding
the significant fractional crystallization of Fe-oxide minerals. Therefore,
a process beyond fractional crystallization might have occurred. Exper-
imental studies showed that chloride liquid is one of themost important
Fe-carriers at themagmatic-hydrothermal conditions (commonly com-
plexed as FeCl2,Whitney et al., 1985; Simon et al., 2004; Bell and Simon,
2011), which can effectively transport Fe from the magmas into the



Table 3
Whole-rock Sr-Nd-Pb isotopic compositions of the Zibo and Laiwu high-Mg diorites.

Sample Age
(Ma)

Rb
(ppm)

Sr
(ppm)

87Rb/86Sr 87Sr/86Sr (2σ) (87Sr/86Sr)i Sm
(ppm)

Nd
(ppm)

147Sm/144Nd 143Nd/144Nd (2σ) (143Nd/144Nd)i εNd(t) TDM
(Ma)

(208Pb/204Pb)i (207Pb/204Pb)i (206Pb/204Pb)i

Zibo gabbroic diorite
13ZB01 131.6 45.5 679 0.1938 0.705169 0.000007 0.704807 5.81 28.0 0.1254 0.512247 0.000002 0.512139 −6.4 1559 37.1148 15.3526 17.1427
13ZB05 131.6 41.3 670 0.1783 0.705060 0.000008 0.704726 6.44 30.1 0.1293 0.512297 0.000005 0.512186 −5.5 1541 37.0874 15.3481 17.1101
13ZB07 131.6 39.0 704 0.1605 0.705175 0.000013 0.704875 5.97 29.1 0.1241 0.512250 0.000007 0.512144 −6.3 1530
13ZB14 131.6 34.3 694 0.1429 0.704999 0.000011 0.704732 5.49 25.7 0.1294 0.512203 0.000007 0.512305 −5.4 1529

Zibo monzodiorite
16ZB16 131.3 69.7 564 0.3575 0.706642 0.000007 0.705974 5.43 26.5 0.1239 0.512087 0.000003 0.511980 −9.5 1803 37.3173 15.3672 17.1232
16ZB29 131.3 63.8 676 0.2730 0.706462 0.000008 0.705952 5.94 27.7 0.1296 0.512137 0.000005 0.512026 −8.6 1835 37.6734 15.4439 17.5855
16ZB30 131.3 64.6 703 0.2658 0.706262 0.000007 0.705761 6.64 31.8 0.1391 0.512125 0.000005 0.512005 −9.0 2092 37.7537 15.4416 17.6291

Zibo quartz monzonite
13ZB48 129.7 64.1 647 0.2865 0.706586 0.000012 0.706058 4.12 24.0 0.1039 0.512163 0.000006 0.512075 −7.7 1371
13ZB51 129.7 44.0 604 0.2107 0.706081 0.000007 0.705692 5.75 33.5 0.1038 0.512139 0.000003 0.512051 −8.2 1402 37.3636 15.4041 17.4104
13ZB55 129.7 89.6 524 0.4945 0.706831 0.000009 0.705919 4.02 21.4 0.1138 0.512161 0.000011 0.512064 −7.9 1510 37.0594 15.4466 17.3078
13ZB56 129.7 81.7 665 0.3552 0.706240 0.000009 0.705585 3.70 20.5 0.1092 0.512143 0.000012 0.512051 −8.2 1468

Laiwu Kuangshan monzonite
13LW03 129.3 15.4 689 0.0645 0.707625 0.000010 0.707507 34.3 175 0.1189 0.511761 0.000012 0.511661 −15.8 2228 37.1146 15.3265 16.8834
13LW04 129.3 27.5 748 0.1064 0.707418 0.000007 0.707223 3.69 20.7 0.1077 0.511774 0.000002 0.511683 −15.4 1976 37.1927 15.3469 16.9861
13LW07 129.3 50.5 593 0.2467 0.707906 0.000011 0.707452 3.53 16.8 0.1270 0.511819 0.000013 0.511711 −14.8 2334
13LW09 129.3 25.2 790 0.0923 0.707588 0.000007 0.707418 4.70 28.9 0.0983 0.511757 0.000002 0.511674 −15.6 1838 37.1695 15.3463 16.9619

Laiwu Jiaoyu monzodiorite
13LW10 131.0 45.0 686 0.1898 0.707178 0.000008 0.706824 5.04 25.8 0.1181 0.511750 0.000003 0.511649 −16.0 2226 36.5266 15.2590 16.6090
13LW15 131.0 41.8 583 0.2073 0.706721 0.000013 0.706334 5.46 27.0 0.1227 0.511782 0.000010 0.511677 −15.5 2286
13LW16 131.0 39.4 638 0.1787 0.706621 0.000007 0.706288 4.36 22.5 0.1171 0.511758 0.000002 0.511657 −15.8 2193 36.3061 15.2045 16.3342
13LW17 131.0 49.6 568 0.2528 0.706730 0.000010 0.706259 4.40 23.6 0.1130 0.511749 0.000011 0.511652 −16.0 2117

Laiwu Jinniushan monzodiorite
13LW54 130.1 33.7 228 0.4277 0.708128 0.000008 0.707338 3.27 16.0 0.1235 0.511795 0.000003 0.511690 −15.2 2284 37.5290 15.4181 17.5168
13LW55 130.1 40.9 380 0.3114 0.707569 0.000010 0.706994 3.04 14.4 0.1276 0.511813 0.000012 0.511704 −15.0 2362
13LW56 130.1 33.0 325 0.2938 0.707668 0.000007 0.707125 3.16 15.3 0.1248 0.511802 0.000003 0.511696 −15.1 2306 37.1950 15.4054 17.5966
13LW57 130.1 34.5 405 0.2466 0.707514 0.000012 0.707058 3.40 16.7 0.1232 0.511817 0.000010 0.511712 −14.8 2239
13LW58 130.1 30.0 346 0.2510 0.707519 0.000010 0.707055 3.58 18.1 0.1199 0.511801 0.000011 0.511699 −15.1 2188

Chondrite Uniform Reservoir (CHUR) values (87Rb/86Sr= 0.0847, 87Sr/86Sr= 0.7045, 147Sm/144Nd= 0.1967, 143Nd/144Nd= 0.512638) are used for the calculation. λRb= 1.42 × 10−11 year−1, λSm=6.54 × 10−12 year−1 (Lugmair and Harti, 1978).
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Fig. 16. Plots of LREE vs. U + Th (a) and TZr vs. U + Th (b) for zircons from the Zibo and Laiwu high-Mg diorites.
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magmatic-hydrothermal fluids (Simon et al., 2004; Bell and Simon,
2011). Because more felsic magmas have much lower solubilities of Cl
and H2O (Webster, 2004), the strongly mineralized rocks in this study
might have suffered significant exsolution of hydrosaline liquids,
which scavenged Fe from the melts and thus elevated the Mg# values
of the residual magmas. This process was probably enhanced by the
assimilation of carbonates, since carbonates have remarkable effect on
promoting H2O to be partitioned into fluids (Holloway, 1976; Meinert
et al., 2005). The lowest H2O contents in the strongly mineralized
rocks confirm the above fluid exsolution, as discussed below.
5.3. The physicochemical conditions

Physicochemical conditions, such as water content (H2O), tempera-
ture (T), pressure (P) and oxygen fugacity (fO2), commonly play a
significant role in whether a magma can generate mineralization or
not (Richards, 2011, 2013). Ridolfi et al. (2010) proposed a powerful
method which uses the compositions of amphibole to calculate the
H2Omelt, T and P conditions of calc-alkaline rocks. The high-Mg diorites
in this study are mainly calc-alkaline and most of them contain abun-
dant amphiboles (except the Zibo monzodiorite), suitable for applying
this method. The calculated results show that in the Zibo area the H2O
contents decrease from the most mafic ore-barren gabbroic diorite
(3.1–3.9 wt% H2O) to the most felsic strongly mineralized quartz mon-
zonite (2.4–3.0 wt% H2O), while in the Laiwu area such trend occurs
from the mafic ore-barren Jinniushan (3.8–4.9 wt% H2O) and Jiaoyu
monzodiorites (3.5–4.0 wt% H2O) to the more felsic strongly mineral-
ized Kuangshan monzonite (3.0–3.2 wt% H2O) (Table 2). The Laiwu
intrusions have higher H2O contents than those of the Zibo intrusions.
In addition, both the strongly mineralized rocks have the lowest H2O
contents. This trend is also confirmed by thewhole-rock loss on ignition
(LOI), which shows that in the Zibo area the quartz monzonite
(0.66–0.94, averaging at 0.77) has lower LOI than those of the gabbroic
diorite (0.72–0.94 averaging at 0.85) and the monzodiorite (0.64–1.18,
averaging at 0.99) while in the Laiwu area the LOI is much lower in the
Kuangshan monzonite (0.86–1.56, averaging at 1.14) than in the
Jinniushan (1.84–2.96, averaging at 2.20) and Jiaoyu (1.36–1.88, averag-
ing at 1.54) monzodiorites (Table 1). Because the LOI can roughly
represent the volatiles in the rocks, the above trend suggests less
volatiles being available in the strongly mineralized intrusions. This is
meaningful because it likely indicates efficient fluid exsolution
from the magmas that subsequently contributed to generate the ore-
forming fluids. High H2O contents in the parental magmas seem to be
favorable for Fe mineralization, as supported by the much larger scale
Fe mineralization induced by the more hydrous Laiwu intrusions.
Ti-in-zircon thermometer (TZr) is a simple and robust thermometer
which has beenwidely applied to estimate the temperatures of igneous
and metamorphic rocks in recent years (e.g., Watson et al., 2006;
Baldwin et al., 2007; Ferry and Watson, 2007; Fu et al., 2008). By using
the revised Ti-in-zircon thermometer (logTizircon(ppm) = 5.711–4800
/ TZr(K)− logαSiO2

+ logαTiO2
) (Ferry andWatson, 2007), the calculated

TZr temperatures in the Zibo gabbro diorite, monzodiorite and quartz
monzonite are 788± 18 °C, 818 ± 24 °C and 744± 13 °C, respectively,
whereas in the Laiwu Jinniushan, Jiaoyu and Kuangshan intrusions are
721 ± 56 °C, 690 ± 29 °C and 740 ± 18 °C (Supplementary Table S2),
respectively. The temperatures are lower in the Laiwu intrusions than
in the Zibo intrusions, and no systematic trend occurs from the mafic
to the more felsic intrusions. This seems to contradict the common
observation that mafic rocks have higher TZr than those of the felsic
rocks (Valley et al., 2006; Fu et al., 2008). Actually, in addition to the
TiO2 and SiO2 activities of the melts, other factors such as pressure,
subsolidus resetting of Ti compositions, non-Henry's Law substitution
of Ti in zircon, disequilibrium crystallization from melts and growth of
zircons in late melts with evolved hydrous composition, may also affect
the apparent temperature of the Ti-in-zircon thermometer (Fu et al.,
2008; Claiborne et al., 2010). It is noted that the remarkably low and
widely varied TZr temperatures in the Laiwu Jinniushan and Jiaoyu
monzodiorites are accompanied by the highest H2O contents, indi-
cating that the Ti contents in zircon grains might be disturbed by
the hydrous conditions. This can be supported by the zircon
geochemistry. In the Zibo and Laiwu zircons, the U + Th and LREE
concentrations are positively correlated and are much more
enriched in the Laiwu zircons (Fig. 16a). In addition, the U + Th
concentrations increase drastically as the TZr decreases to be low
(b750 °C) (Fig. 16b). This phenomenon has been identified in other
igneous rocks worldwide, such as in the Spirit Mountain batholith,
Nevada (Claiborne et al., 2006, 2010). In the Spirit Mountain batho-
lith, the U, Th and LREE concentrations in zircons increase sharply
while the TZr falls to approximately 725 °C. It was interpreted to be
a consequence of increased rate of crystallization for a given
decrease in T as the system approaches eutectic-like conditions.
Other studies also proved that zircon grains crystallized from
hydrous melts can give much lower TZr comparable to the solidus
temperatures (Harrison et al., 2007; Fu et al., 2008). The drastic
increase of U, Th and LREEs in this study begins at about 750 °C
(Fig. 16b), higher than that of the Spirit Mountain batholith. Because
the high-Mg diorites are more mafic than the Spirit Mountain batho-
lith, the eutectic-like conditions might be achieved at higher temper-
atures (~750 °C). The widely varied TZr in the high-Mg diorites well
confirms the hydrous features of the host magmas, but it seems to
be not a good thermometer for the hydrous conditions.
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To further constrain the P-T conditions, other thermobarometer
needs to be invoked. Also using the compositions of amphibole, based
on the method of Ridolfi et al. (2010), the T and P conditions of the
high-Mg diorites are calculated. The results show that the Zibo gabbroic
diorite and quartz monzonite are characterized by 753± 15 °C and 748
± 32 °C, respectively. For the Laiwu intrusions, the temperatures are
814 ± 22 °C, 727 ± 18 °C and 755 ± 6 °C in the Jinniushan, Jiaoyu
and Kuangshan intrusions, respectively (Table 2). These temperatures
are broadly consistent with those obtained from the Ti-in-zircon ther-
mometer, but more concentrated at ~750 °C. Except for the Jinniushan
monzodiorite, the other rocks show similar temperatures. No system-
atic difference occurs between the ore-barren and ore-bearing intru-
sions. For the crystallization pressure, also except for the Jinniushan
monzodiorite (91–139 MPa), the other rocks have similar pressures
(41–74 MPa) (Table 2). All the pressures are quite low, indicating that
the high-Mg diorites were probably emplaced at very shallow crustal
levels. The wide involvement of upper crustal materials confirms the
shallow emplacement. Actually, the shallow emplacement is also sup-
ported by the extreme crustal extension of the eastern NCC during the
early Cretaceous (e.g., Wu et al., 2005; Mao et al., 2011; Li et al., 2015;
Pirajno and Zhou, 2015), which has been considered to be induced by
the remarkable upwelling of the asthenosphere (Chen et al., 2006;
Tang et al., 2013). Because the ore-barren and ore-bearing intrusions
do not show systematic difference in P-T conditions, the Fe mineraliza-
tion might not be significantly controlled by the P-T factors.

All the high-Mgdiorites have accessorymineral ofmagnetite, similar
to the oxidized granitoids (Takagi and Tsukimura, 1997). Based on the
redox classification scheme of Blevin (2004), the high Fe2O3/FeO ratios
of these rocks indicate that they are moderately to strongly oxidized
(Fig. 17a), consistent with the features of plutons associated with Fe
skarn depositsworldwide (Fig. 17b). It seems that the stronglymineral-
ized intrusions are less oxidized than the ore-barren intrusions
(Fig. 17a). Because oxide mineralogy and partitioning data amongmin-
eral phases can provide amore detailed assessment ofmagmaoxidation
state than do by whole-rock chemical analyses (Frost, 1991; Meinert
et al., 2005), we use the elements sensitive to oxygen fugacity, such as
V and Ti in magnetite, to further constrain the oxidation states of the
host magmas. Vanadium has a range of possible oxidation states (such
as V3+, V4+, V5+, Toplis and Corgne, 2002; Bordage et al., 2011), the
partitioning of which between magnetite and melt strongly depends
on oxygen fugacity, and also on melt alumina saturation index (ASI)
as well as temperature (T) to some extent (Arató and Audétat, 2017).
According to the method of Arató and Audétat (2017) (logDV

mgt/melt =
0.3726× 10,000 / T(K)+2.0465×ASI-0.4773×ΔFMQ-2.1214), the cal-
culated ΔFMQ in the Zibo high-Mg diorites increases slightly from the
Fig. 17. Plots of log (Fe2O3/FeO) vs. TFeO (a) and Fe2O3/(Fe2O3 + FeO) vs. SiO2 (b) for the Zibo
respectively. In (a), the boundary between themoderately reduced andmoderately oxidized fie
Zn, Mo, Au, W and Sn skarn plutons are also shown (Meinert et al., 2005). Symbols as in Fig. 9
most mafic ore-barren gabbroic diorite (2.91–3.33, averaging at 3.14)
to the less mafic moderately mineralized monzodiorite (3.24–3.41, av-
eraging at 3.35), but decreases obviously to themost felsic stronglymin-
eralized quartz monzonite (2.70–3.0, averaging at 2.86). For the Laiwu
high-Mg diorites, the ΔFMQ also increases from the most mafic ore-
barren Jinniushan monzodiorite (2.86–3.21, averaging at 3.02) to the
less mafic ore-barren Jiaoyu monzodiorite (3.68–3.96, averaging at
3.87), but decreases drastically to the most felsic strongly mineralized
Kuangshan monzonite (2.56–3.11, averaging at 2.77). Both the strongly
mineralized intrusions have the lowest ΔFMQ, indicating that they are
less oxidized. This is confirmed by the Ti contents in magnetite. Experi-
ments have shown that Ti in magmatic magnetite is mainly controlled
by oxygen fugacity and temperature, the contents of which commonly
become lower at higher oxygen fugacities or lower temperatures due
to the exsolution of ilmeniteSS (hematite-ilmenite solid solution,
Fe2O3-FeTiO3) or Ti partitioning into silicate minerals (e.g., Buddington
and Lindsley, 1964; Spencer and Lindsley, 1981; Toplis and Carroll,
1995; Lattard et al., 2005). In the Zibo high-Mg diorites, the Ti contents
(wt% TiO2) of magnetite decrease slightly from the gabbroic diorite
(0.16–0.77, averaging at 0.34) to the monzodiorite (0.14–0.34, averag-
ing at 0.20), but increase drastically to the quartz monzonite
(19.8–29.0, averaging at 23.8). In the Laiwu intrusions, the Ti contents
decrease from the Jinniushan monzodiorite (0.08–1.72, averaging at
0.99) to the Jiaoyu monzodiorite (0.10–1.64, averaging at 0.47), but in-
crease obviously to the Kuangshan monzonite (3.08–5.76, averaging at
4.49) (Supplementary Table S4). Both the strongly mineralized intru-
sions have the highest Ti contents in magnetite. Based on the phase di-
agram of fO2-T-X for the magnetite-ulvöspinelSS (Fe3O4-Fe2TiO4 solid
solution) and coexisting hematite-ilmeniteSS (Fe2O3-FeTiO3 solid solu-
tion) (Buddington and Lindsley, 1964; Spencer and Lindsley, 1981), in
combination with the crystallization temperatures of the host magmas
(727–814 °C), the stronglymineralized intrusions are clearly character-
ized by lower oxygen fugacities. Becausemagnetite will crystallize early
in the magma if the oxygen fugacity is very high (Toplis and Carroll,
1995), the ore-forming magmas in this study might benefit from the
lower oxygen fugacities due to the magnetite crystallization being sup-
pressed in the early magmas, facilitating the Fe to be scavenged by the
late exsolving magmatic-hydrothermal fluids.

5.4. Implications for Fe mineralization

Meinert (1995) summarized the major and trace elements data for
plutons related to Fe, Au, Cu, Zn,W,Mo, and Sn skarn deposits, conclud-
ing that plutons associated with Fe and Au skarns are more mafic, Au
and Sn skarn plutons are more reduced, and Cu, Zn and Mo skarn
and Laiwu high-Mg diorites. (a) and (b) are from Blevin (2004) and Meinert et al. (2005),
lds approximates the FMQ buffer curve (Blevin, 2004). In (b), the average values of Fe, Cu,
.
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plutons are more oxidized than average skarn plutons. The high-Mg di-
orites in this study are mafic to intermediate with derivation mainly
from the lithospheric mantle, showingmajor elements close to the plu-
tons related to Fe skarns worldwide (Fig. 17b). This indicates that
magma composition rather than tectonic setting is more crucial for
the Fe mineralization. It can be easily understood that mantle-derived
maficmelts aremore enriched in Fe, which basically facilitate to provide
ore-forming metals.

Although mantle components seem to be indispensable for the Fe
mineralization, it is noted that numerous mantle-derived high-Mg dio-
rites were generated at the eastern NCC, but only some of them formed
economic Femineralization. This implies that other factors beyondman-
tle components should have also worked. Paleozoic sedimentary rocks
were typically assimilated into the strongly mineralized intrusions in
this study, which seem to contribute a lot to the Fe mineralization. The
Paleozoic sedimentary rocks are composed mainly of carbonates with
some interbedded shales, sandstones and evaporitic rocks. The involve-
ment of carbonates, which can significantly increase the CO2 contents of
themelts, might have promoted the H2O to be partitioned into the fluids
(Holloway, 1976; Meinert et al., 2005). This process was favorable for
generating ore-forming fluids due to the efficient fluid exsolution, as in-
dicated by the fact that the strongly mineralized intrusions have the
lowest H2O contents. The evaporitic rocks, which are enriched in chlo-
rides, also seem to play a role. It is noted that the strongly mineralized
intrusions have the remarkably highMg# values (69–84), which cannot
be explained by factional crystallization or crustal contamination. Alter-
natively, because Fe is highly complexed and transported by chlorides at
magmatic-hydrothermal conditions (mainly as FeCl2, Whitney et al.,
1985; Simon et al., 2004; Bell and Simon, 2011), scavenging of Fe by
Cl-richfluidswould be themost feasibleway to increase theMg# values
in the more felsic magmas. If it is true, the perfect source providing
abundant Cl would be the chlorides in the evaporitic rocks. Therefore,
the assimilation of evaporitic rocksmight have contributed to effectively
scavenge Fe from the magmas into the magmatic-hydrothermal fluids.
In addition, because Fe will be partitioned into Fe-oxides
(e.g., magnetite and hematite) or silicate minerals if the oxygen fugacity
of the melts is too high or too low (Toplis and Carroll, 1995), a suitable
oxygen fugacity is required to keep the Fe in themelts and subsequently
facilitate the Fe to be scavenged by fluids. The strongly mineralized in-
trusions in both the Zibo and Laiwu areas show lower oxygen fugacities
than the more mafic ore-barren intrusions, implying that reduction of
the oxidizedmagmas occurred. The shales interbeddedwith the carbon-
ates in the study region are commonly coal-bearing or black shales (Wei
et al., 2011), assimilation of which would lead to the reduction of the
magmas. It is thus inferred that assimilation of shales occurred and con-
tributed to generate the suitable oxygen fugacities in the ore-forming
magmas. In conclusion, the involvement of Paleozoic sedimentary
rocks created favorable physicochemical conditions for Fe extraction
and transportation from the magmas into the fluids, which thus seems
to be crucial for the Femineralization. Actually, involvement of sedimen-
tary rocks into intrusions contributing to generate Fe skarn deposits has
been widely identified in other places, such as in the Handan-Xingtai
area of central NCC (e.g., Zhang et al., 2014; Wen et al., 2017) and the
Middle-Lower Yangtze River Metallogenic Belt of SCB (e.g., Hou et al.,
2010, 2012; Mao et al., 2012). This not only supports the conclusion of
this study, but also indicates that upper crustal involvement might al-
ways be crucial for generating Fe skarn mineralization.

5.5. Geodynamic significance

HMAs have been commonly considered to occur in arc settings with
the derivation mainly frommetasomatized mantle wedge or slab melts
interacting with mantle peridotite. However, in this study, the high-Mg
diorites were co-developedwith I- to A-type granites, alkaline rocks, bi-
modal volcanics, mafic dike swarms, carbonatite dikes, metamorphic
core complexes and rift basins (Ren et al., 2002; Wu et al., 2005;
Pirajno et al., 2009; Windley et al., 2010; Pirajno and Zhou, 2015),
which occurred within an intracontinental extension. This suggests
that the HMAs can be produced at various tectonic settings beyond
the arc settings. More importantly, since the high-Mg diorites in this
study have little relationshipswith the oceanic slabmelts, the classic ge-
neticmechanisms for theHMAs need to be reevaluated.Maficmelts de-
rived from an anciently metasomatized and recently hydrated SCLM
interactingwith various continental crustal materials is the basic mech-
anism for the generation of the high-Mg diorites in this study. The for-
mation processes indicate remarkable crust-mantle interactions,
including the mantle hydration by deeply subducted oceanic slab and
the crustal assimilation by underplating mafic melts. These significant
crust-mantle interactions might be attributed to the unique
geodynamic regime of the eastern NCC during the Mesozoic. Geophysi-
cal investigations have shown that asthenospheric upwelling occurred
in the eastern NCC since the late Mesozoic, especially along the Tan-Lu
fault (Chen et al., 2006). The upwelling not only led to the extreme ex-
tension of the lithosphere, but also promoted the large-scale mafic un-
derplating and the subsequent interaction with various crustal
materials. Asthenospheric upwelling can be caused by deep subduction
of oceanic slab, as exampled by the upwelling flows in the big mantle
wedge above the stagnant Pacific slab in the mantle transition zone be-
neath the northeastern Asian continent (Xu et al., 2011; Liu et al., 2017;
Zhao et al., 2017). It is thus inferred that the Paleo-Pacific Oceanic Plate
had also subducted deeply into the transition zone beneath the eastern
NCC (Windley et al., 2010), which released great amounts of water into
themantle (Komiya andMaruyama, 2007;Windley et al., 2010), induc-
ing the remarkable upwelling of the asthenosphere. In addition, it has
been identified that the Paleo-Pacific Plate abruptly changed its subduc-
tion direction during the early Cretaceous (Maruyama et al., 1997; Sun
et al., 2007), which could also assist the crustal extension and astheno-
spheric upwelling (Sun et al., 2007). Therefore, the large-scale astheno-
spheric upwelling induced by the deep subduction of the Paleo-Pacific
Plate into the transition zone is considered as the major geodynamic
mechanism responsible for the wide development of high-Mg diorites
and the associatedmineralizations in the eastern NCC. This geodynamic
regime is thus different from those in typical arc settings.

6. Conclusions

Based on the detailed comparisons in geochronology, geochemistry,
isotopic compositions and physicochemical conditions between the
ore-barren and ore-bearing high-Mg diorites from the Zibo and Laiwu
areas in the eastern NCC, the genesis of the high-Mg diorites as well as
the crucial factors controlling the Fe mineralization were investigated,
leading to the following conclusions:

(1) The high-Mg diorites were emplaced at the early Cretaceous
(130–132 Ma), generally coeval with the remarkable litho-
spheric thinning in the eastern NCC.

(2) The high-Mg diorites were mainly derived from an anciently
metasomatized and recently hydrated SCLM, but contaminated
by various crustal materials. The Zibo gabbroic diorite was least
contaminated and denotes the primitive melts from the SCLM.
About 20% middle-upper crustal materials were assimilated
into the Zibo monzodiorite and quartz monzonite during
magma ascent, whereas at least 30% lower crustal materials
were involved into the Laiwu Jiaoyu, Jinniushan and Kuangshan
intrusions through magma mixing. Paleozoic sedimentary rocks
(e.g., carbonates) were particularly assimilated into the strongly
mineralized intrusions.

(3) The strongly mineralized intrusions have the lowest H2O con-
tents, the highestMg# values and the lowest fO2,whichwere at-
tributed to the assimilation of sedimentary rocks. The
assimilation promoted fluid exsolution and metal extraction
from the melts, being crucial for generating ore-forming fluids.
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(4) The high-Mg diorites were produced within an intracontinental
extension. The crustal extension was mainly resulted from the
asthenospheric upwelling, which might be induced by the stag-
nant Paleo-Pacific Oceanic Plate in the transition zone beneath
the eastern NCC.
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