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Abstract: Multiple stages of igneous rocks occur in the recently discovered Nianzigou Mo deposit in
Chifeng, Inner Mongolia, which can provide insights into the late Mesozoic geodynamic evolution of
the southern Da Hinggan Range. The mineralization age is similar to the age of local granites, but
there are few detailed studies of the tectonic setting during Cu-Mo mineralization in this area. The
Nianzigou Mo deposit is located close to the northern margin of the North China Craton and in the
eastern Central Asian Orogenic Belt and is a typical quartz-vein-type Mo deposit in the Xilamulun
Mo ore belt. The granite in this deposit has high SiO,, Al,O3, K»0O, and Na,O contents, and low
MgO, CaO, and Fe,O3' contents. The granite is characterized by enrichments in large-ion lithophile
elements and depletions in high-field-strength elements and, in particular, Sr, Ti, and P. The granite
has high contents of rare-earth elements, is enriched in light rare-earth elements, and has marked
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negative Eu anomalies. The granite is an alkaline and calc-alkaline and metaluminous A-type granite.
The zircon U-Pb ages of the monzogranite and granite porphyry are 157.2 + 0.3 and 154.4 £ 0.4 Ma.
The model age obtained by Re-Os isotopic dating is 154.3 &= 1.7 Ma, indicating that molybdenite

Leng, Y;; Xin, J. Geochronology and mineralization also occurred during the Late Jurassic period. Given that the molybdenite Re contents
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are 7.8-24.9 ppm (average = 16.8 ppm), the ore-forming materials of the Nianzigou Mo deposit had
Nianzigou Granites and Associated . . .
a mixed crust-mantle source, but were mainly derived from the lower crust. Based on the geology
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and geochemistry, we propose that the Nianzigou Mo deposit formed in a postorogenic extensional
tectonic setting associated with the southward subduction of the Mongol-Okhotsk oceanic plate.
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Mo deposit
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The eastern margins of the cratons in China contain an extraordinary mineral endow-
ment, related to the tectonic setting and processes in this region [1-6]. Vast Mo ore resources
occur along the margin of the North China Craton (NCC). The Yan-Liao Mo ore belt in
the NCC and the East Qinling Mo ore belt along the southern margin of the NCC are two
renowned Mo ore belts, and account for >60% of the proven Mo reserves in China [7-12].
Therefore, studies of the ore-controlling factors and specific Mo mineralization mechanisms
in these deposits are important for future exploration and exploitation.

Northeast China is located in the eastern Central Asian Orogenic Belt (CAOB, Figure 1a),
with the NCC to the south and Siberian Craton to the north. A number of porphyry Cu-Mo
deposits of late Paleozoic to Mesozoic ages have been discovered in recent years, such as the
Chehugou, Yuanbaoshan, Jiguanshan, and Nianzigou deposits. Their mineralization ages
vary between 260 and 130 Ma, and are similar to those of nearby granites [13-23]. To date,
there have been no detailed studies on the origins, structures, mineralization mechanisms,
and tectonic settings of Cu-Mo deposits in this area.
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Figure 1. (a) Schematic map of the Central Asian Orogenic Belt. (b) Tectonics subdivisions of
northeastern China and location of the North China Craton (NCC) and the Central Asian Orogenic
Belt. (c) Regional geological map of the geological setting and the locations of major Mesozoic Mo
deposits (modified after Shu et al., 2015) [10].

Mesozoic granites associated with Mo deposits are widely distributed along the
northern margin of the NCC in northeast China and in the Da Hinggan Range (Figure 1c).
One important question is why most Mo deposits formed during the Cretaceous period in
the Da Hinggan Range, but are older (Triassic-Jurassic) near the margin of the NCC. Due
to the limited occurrences of igneous rocks, the tectonic setting of the northern margin of
the NCC at this time remains poorly understood.

In this study, biotite monzogranite and granite porphyry in the Nianzigou Mo deposit
were collected for zircon U-Pb dating as well as the gathering of molybdenite Re-Os isotope
age data to better constrain the relationship between magmatism and Mo mineralization.
This paper focuses on the ore-bearing granite and ore body in the ore belt, and combined
with the complex tectonic evolution from the Late Paleozoic to early Mesozoic periods in
the northern margin of NCC, we understand the characteristics, genesis, and geodynamic
background of this series of copper molybdenum deposits, as well as the metallogenic
specificity of granite and copper molybdenum deposits.

2. Geological Setting

The Nianzigou Mo deposit is located 25 km to the northwest of Chifeng City, Inner
Mongolia. It is located in the CAOB between the Siberian Craton and NCC (Figure 1c).
Northeastern China is generally considered to be in the eastern CAOB, which consists
of several microcontinental fragments (Figure 1b) [15,17]. The Da Hinggan Range has
experienced successive tectonic events (i.e., orogenies) that were mainly controlled by
the evolution of the Paleo-Asian Ocean during the Paleozoic, Mongol-Okhotsk Ocean
during the late Paleozoic to late Mesozoic periods, and Paleo-Pacific Ocean during the late
Mesozoic period [24-26]. The fault structures in the study area mainly trend east-west
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and (north)-northeast—(south)-southwest. In addition, there are some small secondary
faults. The Xilamulun Fault is a significant fault in the northern part of this area that
trends east-west. This fault is considered to represent the suture between the North
China and Siberian cratons [27-30]. The fault extends southward to the NCC, where it is
called the Wendurmiao-Wengniute Caledonian accretionary belt, and northward to the
Erlian-Hegenshan structural belt, where it is called the Variscan accretionary belt in the
southern Da Hinggan Range. The east-west trending Chifeng—Kaiyuan Fault is a major
fault in the southern part of this area and is a compressive torsional fault. This fault is
considered to be the boundary between the NCC and the Tianshan-Xingmeng fold belt.
North of the fault is the Xingmeng orogenic belt.

In this region, magmatism has occurred during the Hercynian, Indosinian, and Yan-
shanian events (e.g., Devonian-Carboniferous magmatism for the Hercynian event, Triassic
to Early Jurassic magmatism for the Indosinian event, and Jurassic to Early Cretaceous
magmatism for the Yanshanian event). The Hercynian igneous rocks are mainly syenogran-
ite, quartz diorite, and granodiorite; the Indosinian igneous rocks comprise mainly granite
porphyry and monzogranite; and the Yanshanian igneous rocks are mainly biotite granite,
monzogranite, granodiorite, and granite porphyry. These three stages of magmatism were
mainly intruded as batholiths, stocks, and dikes. The Yanshanian igneous rocks are gener-
ally better exposed, and exhibit some zoning in terms of their spatial distribution. In general,
the Yanshanian igneous rocks are linearly distributed along both sides of the Xilamulun
and Chifeng-Kaiyuan faults (Figure 1b). In recent years, mineral exploration has discov-
ered that some granites are closely related to Cu-Mo mineralization in this region [28-31].
A-type granite plutons in this region were associated with lithospheric thinning and were
derived from the lower crust [26,32]. The magmatism also had a close temporal and spatial
relationship with Mo mineralization in the southern Da Hinggan Range.

3. Ore Deposit Geology

The Nianzigou Mo deposit is located in the southern Da Hinggan Range mineralization
belt (Figure 1c). The main rock types exposed in this region are Mesozoic intrusive rocks
and Quaternary sediment. The Paleozoic Baoyintu Group epimetamorphic rocks are poorly
exposed (Figure 1c). The regional faults that trend nearly east-west control the distribution
of igneous rocks.

Magmatism in the Da Hinggan Range mineralization belt is of Indosinian and Yan-
shanian ages and is closely related to Mo mineralization. The nearby Chehugou Cu-Mo
and Kulitou Mo deposits formed in the Indosinian age [32], and the Jiguanshan Mo deposit
formed in the Yanshanian age [33]. The exposed outcrop area of the Yanshanian medium- to
coarse-grained biotite monzogranite in the Nianzigou Mo deposit is around 120 km?. The
distribution of outcrops is generally controlled by regional northeast-southeast-trending
faults. The Archean Jianping Group comprises amphibolitic gneiss, biotite amphibolite,
and amphibolite, which are exposed around the biotite monzogranite. The mafic volcanic
rocks of the Cretaceous Yixian Formation (K;y) comprise volcanic rocks, volcanic breccias,
agglomerates, and tuffs. Cenozoic basalts also crop out in this region.

The ore-bearing rock unit is oval-shaped in plan view, with dimensions of around
20 km from east to west and around 15 km from north to south. Granite porphyry and
lamprophyre dikes occur in the biotite monzogranite (Figure 2). The monzogranite is light
gray-brown in color, medium- to fine-grained with an irregular grain size, and massive in
structure (Figure 3a,b). The monzogranite consists of quartz, plagioclase, K-feldspar, and
biotite, along with accessory titanite, ilmenite, and magnetite.

The monzogranite has been intruded by granite porphyry and lamprophyres along
the northeastern side of the mining area. These secondary intrusives are 100-1200 m in
length, 3-8 m in width, and trend north-northwest-south-southeast and dip 60-80° to the
west. The granite porphyries are dark gray in color, porphyritic, and massive. They consist
mainly of quartz, plagioclase, and K-feldspar, which have undergone intense alterations
including sericitization and carbonatization of plagioclase (Figure 3c,d). The lamprophyres
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are dark grayish green in color, porphyritic, and massive. They consist mainly of biotite,
amphibole, plagioclase, and pyroxene, which have also been strongly altered, including
chloritization of biotite and amphibole, and kaolinization and carbonatization of plagioclase
(Figure 3d,e).
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Figure 2. Geological sketch map of the host granite and the Nianzigou Mo deposit. (a) Deposit
location, (b) ore vein distribution (modified after Chen et al., 2008) [16].

Archaean metamorphic strata

Molybdenum orebodies occur along mineralized alteration zones and are linearly
distributed along fracture and fault zones within and at the margins of the monzogranite.
The mineralized-related alteration includes mainly silicification, sericitization, and potassic
types. Silicification produced white, solid quartz veins and veinlets, and disseminated
pyroxene. Sericitization occurred in the rocks surrounding the orebodies, where sericite
occurs with K-feldspar and, in some cases, fine-grained molybdenite. Potassic alteration
formed automorphic crystals of red K-feldspar in the rocks surrounding the orebodies and
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is associated with sericite and fine-grained molybdenite. The mineralization occurs mainly
as Mo-rich veins (at depth) and is accompanied by Cu-Mo mineralization in the upper part
of the deposit.

L " (Silicification [

Figure 3. Photos and photomicrographs of representative granite from the Nianzigou district. (a) Bi-
otite monzogranite, (b) Biotite monzogranite under cross-polarized light; (c¢) Granite porphyry dyke,
(d) Granite porphyry dyke under cross-polarized light; (e) Diorite porphyrite dyke, (f) Diorite por-
phyrite dyke under cross-polarized light. Kfs = K-feldspar, P1 = plagioclase, Bt = biotite, Q = quartz,
Amp = amphibole.

4. Samples and Analytical Methods

Seven fresh granitic rock samples, including monzogranite and granite porphyry, were
collected from the mining area, 118°39'00” E, 42°26’00” N. The monzogranite and granite
porphyry samples were used for zircon U-Pb dating. Seven samples were selected for
whole-rock analyses. Six molybdenite samples were selected for Re-Os isotopic analyses.
The petrographic characteristics of the samples are presented in Figure 3.

4.1. Zircon U-Pb Dating

Zircon crystals were separated at the Yantuo Geologic Service Co. Ltd., Langfang,
China. Zircons were separated by magnetic and heavy liquid methods after the samples
were crushed. Euhedral-subhedral zircon crystals with no cracks and inclusions were
handpicked under a binocular microscope. Internal structures in the zircon crystals were
imaged by cathodoluminescence (CL) techniques.

Zircon U-Pb dating and trace-element analysis were carried out by laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) at Shangpu Geologic Analysis
Service Co. Ltd., Wuhan, China. Analyses were conducted using an Aurora M90 ICP-MS
coupled to a New Wave UP 213 LA system. The samples were analyzed with a laser beam
diameter of 30 um, ablation rate of 10 Hz, and laser energy density of 2.5 J/cm?. The carrier
and make-up gases were He and Ar, respectively [34,35]. Age calibrations were undertaken
using the standard zircon reference material 91,500. Zircon trace-element contents were
quantified by using SRM610 as the external standard, with Si as an internal standard. The
methods reported in Andersen [36] were used for common Pb correction. The isotope ratios
and elemental contents were calculated using the ICP-MS-DATECAL program. Concordia
plots and weighted-mean ages were calculated using Isoplot (Version 3.0, [37]). Zircon
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U-Pb isotopic and trace-element data are presented in Supplementary Tables S1 and S2,
respectively.

4.2. Molybdenite Re-Os Dating

Six molybdenite samples were collected for Re-Os dating. Molybdenite was magneti-
cally separated and handpicked under a binocular microscope to ensure a purity of >99%.
The Re-Os isotope analyses were carried out at the Re-Os Isotope Laboratory, National
Research Center of Geoanalysis, Chinese Academy of Geological Sciences (CAGS), Beijing,
China. Detailed procedures have been described in Du et al. [38]. Data quality was assessed
by analyses of the JDC standard certified reference material GBW04436. The molybdenite
Re-Os model ages were calculated as follows: t = A~ In (1 + 180s/187Re)], where A is the
187Re decay constant (1.666 x 10~ yr—1). Isoplot/Ex version 3.0 [37] was used to calculate
the Re-Os isochron age. The Re-Os isotopic data are listed in Supplementary Materials
Table S3.

4.3. Whole-Rock Major- and Trace-Element Geochemistry

The least-altered rock samples were crushed, cleaned with deionized water, and
powdered to 200 mesh in an agate mill. Sample processing and major- and trace-element
analyses were undertaken at the State Key Laboratory of Geological Processes and Mineral
Resources, China University of Geosciences, Beijing, China. Major-element compositions
were determined by X-ray fluorescence (XRF) spectrometry. Trace-element compositions
were determined using an Agilent 7500a ICP-MS. The analytical precision was < £ 5%
for major elements and < £ 10% for trace elements, which was constrained by analyses of
the international standards BHVO-2 and BCR-2, and national standards GBW07103 and
GBWO07104. The major-element data are presented in Supplementary Materials Table S4.

5. Results
5.1. Zircon U-Pb Ages

Nearly all zircon grains from samples N3-1 (monzogranite) and N2-4 (granite por-
phyry) are transparent and euhedral-subhedral, showing magmatic oscillatory growth
zonation in cathodoluminescence (CL) images (Figure 4).
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Figure 4. Cathodoluminescence (CL) images of the Nianzigou granite.

Twenty analyses were undertaken on zircons from both the monzogranite and granite
porphyry. The obtained data and concordia ages are presented in Supplementary Materials
Table S1. The zircon Th and U contents vary considerably. The granite porphyry sample has
zircon Th contents of 114-626 ppm, U contents of 104691 ppm, and Th/U = 0.69-2.13. The
monzogranite sample has zircon Th contents of 293-1494 ppm, U contents of 450-1380 ppm,
and Th/U = 0.45-1.29. The Th and U data are typical of magmatic zircon [39-41].

The granite porphyry sample yielded 20 reliable 2°°Pb /233U ages of 150.0 & 2.4 to
160.0 + 2.4 Ma, with a weighted-mean age of 154.4 + 0.4 Ma (MSWD = 0.29). In a
206pp /238U-207Pb /235U concordia diagram (Figure 5a), the U-Pb isotopic data fall on or plot
close to the concordia, indicating that the zircons were not affected by later thermal events.
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Figure 5. U-Pb concordia diagrams showing the LA-ICP-MS zircon dating results of the Nianzigou
monzogranite (a), and granite porphyry (b).

The monzogranite sample yielded 16 reliable 2°°Pb/?%U ages of 155.0 & 1.1 to
160.0 £ 1.5 Ma, with a weighted-mean age of 157.2 + 0.3 Ma (MSWD = 2.8), which in-
dicates that its emplacement occurred in the Late Jurassic period. These U-Pb isotopic data
are also concordant (Figure 5b). The granite porphyry age is younger than the monzogran-
ite age, which is consistent with the granite porphyry having intruded the monzogranite,
indicating that the results are robust and that the ages of the igneous rocks in the Nianzigou
Mo deposit are ca. 155 Ma.

5.2. Molybdenite Re-Os Dating

To examine the relationship between magmatism and Mo mineralization in the Ni-
anzigou deposit, it is necessary to obtain geochronological data for the mineralization.

The Re and common Os concentrations are 7839-24,930 and 12.62-40.37 ng/g, re-
spectively (Supplementary Materials Table S3). Six molybdenite samples show consis-
tent Re-Os model ages, ranging from 152.7 £ 2.1 to 155.5 £ 2.5 Ma, and yield a well-
constrained '¥"Re!®”Os isochron age of 154.3 + 1.7 Ma (MSWD = 1.4). Using the ISO-
PLOT/Ex program [36], the data yielded an isochron age of 154.34+1.7 Ma and an initial
1870s of —0.06 & 0.21 ng/g, and a weighted-mean age of 153.93 4 0.89 Ma (MSWD = 0.65)
(Figure 6).

159
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Figure 6. Weighted mean ages (a) and isochron Re-Os ages (b) of molybdenites from the Nianzigou
Mo deposit.

5.3. Whole-Rock Geochemistry

The SiO; contents of four biotite monzogranites are 69.24-72.67 wt% (average = 71.23 wt%),
and these samples are silica-oversaturated. Al;O3 contents vary from 12.89 to 13.58 wt%
(average = 13.33 wt%). The Na,O, KO, and total alkali contents are 3.73-4.07, 3.99-4.70, and
7.90-8.43 wt%, respectively. The MgO, CaO, and Fe,O5t contents are 0.61-1.59, 1.14-2.15,
and 2.28-4.64 wt%, respectively. The SiO; and Al,O3 contents of the granite porphyry
are 73.10 and 13.08 wt%, respectively. The Na,O and K,O contents are 3.68 and 4.66 wt%,
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respectively. The MgO, CaO, and Fe,O3! contents are 0.65, 1.40, and 2.54 wt%, respectively,
and are slightly lower than those of the biotite monzogranites. The SiO; contents of samples
N3-1 (granite porphyry) and N3-4-1 (biotite monzogranite) are very high (>80 wt%), and
obviously different from the other samples. Given the SiO; content, N3-1 maybe a different
intrusion from the other granite porphyry.

Trace-element data are presented in Supplementary Materials Table S2, and chondrite-
normalized REE and primitive-mantle-normalized trace-element patterns are shown in
Figure 7a. The total REE (XREE) contents of the analyzed monzogranites are high, with
2REE = 183.59-258.15 ppm (average = 213.89 ppm). Total light REE (XLREE) contents
are 171.65-239.15 ppm (average = 198.47 ppm), and total heavy REE (XHREE) contents
are 12.81-19.00 ppm (average = 15.42 ppm). (La/Yb)y ratios vary from 13.74 to 16.08
(average = 14.77) and the monzogranites have moderate negative Eu anomalies (Eu/Eu* =
0.63-0.70; average = 0.67). The granite porphyry has ZREE = 103.34 ppm, XLREE = 97.08
ppm, 2HREE = 6.26 ppm, (La/Yb)y = 16.66, and Eu/Eu* = 0.63. The biotite monzogranites
and granite porphyry have similar REE patterns, which are LREE-enriched. All five samples
exhibit obvious negative Eu anomalies, indicating significant fractional crystallization of
plagioclase or K-feldspar during magma ascent. The biotite monzogranites and granite
porphyry are enriched in large-ion lithophile elements (LILEs), such as Rb, Ba, Sr, and K,
and depleted in high-field-strength elements (HFSEs), such as Nb, Ta, and Ti (Figure 7b).
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Figure 7. Primitive mantle-normalized trace-element spider diagram (a) and chondrite-normalized
rare-earth-element pattern (b) for the Nianzigou granite (Sun and McDonough, 1989) [40].

6. Discussion
6.1. Classification of the Nianzigou Granite

A-type granites are typically alkaline and anhydrous, and formed in extensional
tectonic settings [21]. A-type granites generally have higher HFSE contents (Zr + Nb +
Ce + Y > 350 ppm), Ga/Al ratios (10,000 x Ga/Al > 2.6), total alkali contents (Na,O +
K,0 > 8 wt%), and FeO'/MgO ratios (>4.0) than other granite types [22]. The Nianzigou
monzogranite is alkaline—calc-alkaline (Figure 8a,c), and has high 10,000 x Ga/Al ratios
(3.14.8), K;0 + Na,O contents (8.9-9.4 wt%), and Zr + Nb + Ce + Y contents (350-600 ppm)
(Figure 8¢,d). The monzogranites also have higher FeO!/MgO ratios (4-12; Figure 8b) than
the I-type (average = 2.2), M-type (average = 2.3), and S-type (average = 2.3) granites [22].
Most samples of the Nianzigou monzogranite plot in the A-type field in discrimination
diagrams.

On a SiO, versus (NayO + K,O) classification diagram both the biotite monzogranite
and granite porphyry plot in the granite field (Figure 9a), which is consistent with the
hand-sample and thin-section observations. On an A/CNK versus A/NK diagram, most of
the samples plot in the metaluminous field (Figure 9b). In other magmatic discrimination
diagrams (Figure 9¢,d), all the samples plot in the high-K calc-alkaline field.
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Figure 8. Major element diagrams for the Nianzigou granite. (a) Total alkalis versus silica diagram
(after Middlemost [41]). (b) A/NK vs. A/CNK diagram (after Pearce [42]). (c) Na,O + K,O-CaO
vs. SiO, diagram (after Peccerior [43]). (d) FeO!/(FeOt + MgO) vs. silica diagram (after Frost and
Frost [44]).

6.2. Source and Petrogenesis of the Nianzigou Monzogranite

There are three petrogenetic models for the origins of A-type granites: (1) differentia-
tion of mantle-derived alkaline basalts [45,46]; (2) partial melting of various crustal sources;
and (3) mixing between mantle-derived magma and crustal melts [22,47-49].

The Nianzigou A-type monzogranite has high SiO; contents (69.24%-73.10%) and low
Mg# values (0.16-0.34), which indicate that it was not derived from the mantle (mantle-
derived alkali silicic magmas have Mg# = 0.47-0.76) [46]. In addition, no coeval mafic—
intermediate rocks have been found in this area [50], implying that the Nianzigou monzo-
granite was not formed by fractional crystallization of a mantle-derived magma.

Melting of metasedimentary rocks is an unlikely origin for the Nianzigou monzo-
granite, because it has lower initial 8 Sr/86Sr ratios (0.7069-0.7091) than metasedimentary
rock-derived A-type granites (>0.715) [51,52]. Moreover, A-type granites derived by melting
of metasedimentary rocks are peraluminous, whereas the Nianzigou A-type monzogranite
is metaluminous to weakly peraluminous (A /CNK = 0.98-1.07, Figure 9b). Oxidized and re-
duced A-type granites can be discriminated in a FeO!/(FeO! + MgO) versus Al,O5 diagram
(Figure 10a) [53]. The Nianzigou A-type monzogranite has compositional characteristics
that differ from those of reduced A-type granites (Figure 10a), which indicates that they
were not derived from differentiated tholeiitic sources. The geochemical characteristics
of the biotite monzogranite and granite porphyry are similar, and these rocks only have
different occurrences.
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Figure 9. Plots of K,O + Na,O vs. 10,000 x Ga/Al (a), FeOt/MgO vs. 10,000 x Ga/Al (b), Nb vs.
10,000 x Ga/Al (c), Zr vs. 10,000 x Ga/Al (d) classification diagrams for the Nianzigou granite (after
Whalen et al. [22]).
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Figure 10. (a) Plots of Al,O3 vs. FeO!/(FeO! + MgO) (after Dall’Agnol and de Oliveira, 2007 [53]).
(b) Rb/Ba vs. K/Rb. (c) SiO; vs. CaO. Data sources for charnoclitic rocks derived from A-type granite
were after Landenberger and Collins, 1996; Zhao et al., 2008; Ji et al., 2019b [47,48,54]. (d) SiO; vs.
molar (NayO + K,0)/Al,O3 (tonalite-granodiorite-derived melt compositions and dates of A-type
granites and calc-alkaline granitoids were after Patifio Douce [49]).
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6.3. Tectonic Setting

Although the origins of A-type granites are controversial, it is generally accepted
that they form in postorogenic and/or anorogenic settings characterized by lithospheric
extension [22]. It is difficult to distinguish postorogenic and anorogenic tectonic settings
using A-type granites [23].

Patifio-Douce [49] noted that calc-alkaline rocks can form silica-rich A-type granites
by dehydration melting of biotite in the upper crust (<4 kbar). A-type granites form at low
pressures and shallow depths (<15 km). The melting of tonalite at <0.8 GPa can generate
A-type granites [22], with low Al;O3 and high Y, Nb, and HREE contents, and marked
negative Eu and Sr anomalies.

Studies of Mesozoic granites that are widely distributed along the northern margin
of the NCC, and in northeast China and the Da Hinggan Range have concluded that
most are A-type granites. Liu et al. [55] suggested that the Mesozoic granites along the
northern margin of the NCC are the result of strong crust-mantle interactions during
and after a continental collision event that transitioned to an intraplate anorogenic stage.
Lin et al. [56] proposed that during closure of the Mesozoic Paleo-Asian Ocean, magma
generated by the partial melting of alkaline mafic rocks promoted the partial melting of
pre-existing lower crust or that differentiation of mantle-derived basaltic magma occurred
during underplating. Other studies have suggested that the A- and some I-type granites
were formed by decompression melting of the asthenospheric mantle due to lithospheric
thinning after a collisional orogeny, and that these magmas experienced relatively little
crustal contamination. Alternatively, during lithospheric extension, underplating of mantle-
derived mafic magma caused melting of the juvenile lower crust or was contaminated by
ancient lower crust [31].

On Y/Nb versus Rb/Nb (Figure 11a) and Nb-Y-Ce ternary (Figure 11b) diagrams,
the data plot in the postorogenic field, similar to Late Jurassic-Early Cretaceous A-type
granites from the northern margin of the NCC. This result, and the similar major- and
trace-element features of the studied samples and Mesozoic A-type granites from the
northern margin of the NCC and in northeast China, suggest they have a similar origin.
Previous studies have shown that, after the early Mesozoic period, the northern margin of
the NCC entered a postorogenic stage. We speculate that during postorogenic lithospheric
extension, the crust-mantle transition zone underwent decompression melting, generated
primitive magma, and this magma then experienced crustal contamination, which formed
the A-type Nianzigou granites. The obvious difference in the Nd isotopic compositions
between the studied granites and those located farther east may be because the study
area is closer to the NCC and was contaminated by older continental crustal materials.
Chen et al. [27] reported that the (3Sr/8Sr); ratios of the ore-bearing Nianzigou granite
are low (0.70516-0.70519), its enq4(t) values are negative (—3.8 to —7.4), and its Pb isotopic
compositions are characteristic of the lower crust [16].

In general, the variation of Sr and Nd isotopes can reflect the assimilation of the
crustal component during magma ascent. The coexistence of assimilation and fractional
crystallization (AFC) can lead to an increase in the SiO, content and the (®7sr/8Sr); value
and a decrease in the eng(t) value during the magma evolution [48]. Therefore, the linear
relationship between the Sr and Nd isotopes and the SiO; content can reflect the AFC
process. Adjacent to the Chehugou deposit area, the positive correlation between the SiO,
content and the (8Sr/%8r); value and the negative correlation between the SiO; content
and the eng(#) value indicate that the assimilation of the crust occurred during magma
evolution.

Based on the trace-element tectonic discrimination diagram for granites of Pearce
et al. [42] the Nianzigou monzogranite had a within-plate tectonic setting (Figure 11). The
thick subcontinental lithospheric mantle of the cold buoyant cratons helped to preserve
some of the world’s oldest porphyry-skarn and epithermal mineral deposits. The available
geochemical and isotopic data suggest that the ore-forming porphyries were produced



Minerals 2022, 12, 791

12 0f 15

by partial melting of juvenile lower crust that resulted from basaltic underplating in an
intracontinental extensional setting.
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Figure 11. Discrimination diagram of the granite tectonic environment. Nb vs. Y diagram (a) and Ta
vs. Yb diagram (b). Diagrams after Pearce et al. [42]). Fields for syncollision (COLG), volcanic-arc
(VAG), withinOplate (WPG), and ocean-ridge (ORG) granites are indicated.

A-type granites can be further subdivided into the A; and A, groups: the former is
typically related to an anorogenic setting, and the latter is associated with a postorogenic
tectonic setting. All the granitic rocks belong to the A; type, indicating a postorogenic
tectonic setting related to the Mongol-Okhotsk orogeny. Moreover, a large number of
rift basins (e.g., the Erlian basin in the western area, the Songliao basin in the eastern
area, Figure 1b) and bimodal volcanic rocks and A-type granites from the Late Jurassic
to Early Cretaceous periods are widespread on both sides of the Da Hinggan Range [31].
These geological observations, together with the geochemical signatures, provide robust
evidence of the postorogenic extensional tectonic setting. Combined with the spatial
distribution of the different types of deposits and volcanic intrusive rocks, the rift basins,
and the tectonic deformation styles in the Late Jurassic period, which constitute a typical
basin-range structure formed in the postorogenic tectonic setting, we suggest that the Late
Jurassic Mo polymetallic mineralization and related granites formed in an extensional
environment linked to the postorogenic collapse of the Mongol-Okhotsk orogeny between
the Mongolia—North China block and the Siberia Block.

6.4. Timing of Magmatism and Mineralization

Molybdenum deposits and granites related to mineralization in the Xilamulun min-
eralization belt (i.e., the Chifeng area), along the northern margin of the NCC, have ages
that are mainly concentrated in three periods: (1) 260-220 Ma [33], such as the Chehugou
Cu-Mo and Yajishan Mo deposits; (2) 180-150 Ma, such as the Nianzigou Mo deposit; and
(3) 140-120 Ma, such as the Xiaodonggou Mo deposit. Given the tectonic history of the
northern margin of the NCC, it is speculated that these three stages of mineralization were
related to a collisional orogeny, postorogenic extension, and intracontinental extension,
respectively. The mineralization periods of 180-150 and 140-120 Ma are similar to the
mineralization ages of the Yan-Liao Mo-(Cu) deposits from the northern margin of the
NCC. However, no Mo mineralization of the late Permian to early Triassic age has been
found in the Yan-Liao area, which may be because this area is closer to the interior of the
NCC. The late Permian to early Triassic mineralization may be related to the closure of the
Paleo-Asian Ocean and subsequent collisional orogeny. The age of the Nianzigou granite in
the study area is 157 Ma, and studies of this deposit may provide further insights into the
important Late Triassic to Late Jurassic (180-150 Ma) Mo mineralization along the northern
margin of the NCC.
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7. Conclusions

(1) The granites in the Nianzigou Mo deposit yielded zircon U-Pb ages of 157.2 &+ 0.3 and
154.4 £ 0.4 Ma.

(2) The granites in the Nianzigou Mo deposit are A-type and characterized by high SiO,
and K,O contents; enrichments in LILEs; marked depletions in Ba, Sr, P, and Ti; and
small depletions in Ta and Nb. The granites have 10,000 x Ga/Al ratios of 3.1-4.8 and
show marked negative Eu anomalies.

(3) Rhenium-Os isotopic dating of six molybdenite samples from the Nianzigou Mo
deposit yielded model ages of 152.7-155.5 Ma (average = 153.9 Ma), which are similar
to the zircon U-Pb ages of the host monzogranite and granite porphyry.

(4) During the Late Jurassic period, northeast China began to transform from the Mongol-
Okhotsk to the Paleo-Pacific tectonic regimes. The Nianzigou Mo deposit formed in a
postorogenic extensional tectonic setting or during larger-scale lithospheric thinning
during Early Yanshanian subduction of the Paleo-Pacific Plate beneath the NCC.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/min12070791/s1, Table S1: U-Pb isotopic dating result for zircons from the the Nianzigou
granite, Table S2: trace-element (ppm) compositions of the Nianzigou granite, Table S3: Re-Os isotopic
dating result for molybdenite from the Nianzigou granite, Table S4: major-element oxides (wt.%) of
the Nianzigou granite.
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