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Abstract

Whether giant porphyry ore deposits are the products of single short-lived magmatic-
hydrothermal events or multiple events over a prolonged interval is a topic of considerable debate.
Previous studies, however, have all been devoted to porphyry Cu and Cu-Mo deposits. In this paper,
we report high-precision isotope dilution-negative-thermal ionization mass spectrometric (ID-N-
TIMS) molybdenite Re-Os ages for the newly-discovered, world-class Chalukou porphyry Mo
deposit (reserves of 2.46 Mt @ 0.087 wt.% Mo) in northeast (NE) China. Samples were selected
based on a careful evaluation of the relative timing of the different vein types (i.e., A, B and D veins),
thereby ensuring that the suite of samples analyzed could be used to reliably determine the age and
duration of mineralization.

The molybdenite Re-Os geochronology reveals that hydrothermal activity at Chalukou involved
two magmatic-hydrothermal events spanning an interval of 6.92 + 0.16 m.y.. The first event (153.96
+0.08/0.63/0.79 Ma, molybdenite ID-N-TIMS Re-Os age) was associated with the emplacement of
a granite porphyry dated at 152.1 £ 2.2 Ma (zircon LA-ICP-MS U-Pb ages), and led to only minor
Mo mineralization, accounting for <10% of the overall Mo budget. The bulk of the Mo (>90 %)
was deposited in less than 650 Ka, between 147.67 £ 0.10/0.60/0.76 and 147.04 £ 0.12/0.72/0.86
Ma (molybdenite ID-N-TIMS Re-Os ages), coincident with the emplacement of a fine-grained
porphyry at 148.1 £ 2.6 Ma (zircon LA-ICP-MS U-Pb ages). The high-precision Re-Os age
determinations presented here show, contrary to the finding of a number of studies of porphyry Cu
and Cu-Mo systems, that the giant Chalukou porphyry Mo deposit primarily formed in a single,
short-lived (<650 Ka) hydrothermal event, suggesting that this may also have been the case for other

giant porphyry Mo deposits.

Introduction
In recent years, numerous studies have been devoted to determining the age and duration of
magmatic-hydrothermal processes in porphyry ore systems, e.g., the El Teniente Cu-Mo porphyry
deposit, Chile (Maksaev et al., 2004; Spencer et al., 2015), the Tibetan Qulong porphyry Cu-Mo
deposit, China (Lietal., 2017a, b), and the Bajo de 1a Alumbrera porphyry Cu-Au deposit, Argentina
(von Quadt et al., 2011). As multiple intrusions are common in porphyry systems, many of these

studies have suggested that giant porphyry Cu deposits form over long periods of time as the
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products of multiple, albeit short-lived (<100,000 years), magmatic-hydrothermal events separated
by long intervals of quiescence (e.g., Carten et al., 1988; Cathles et al., 1997; Mathur et al., 2000;
Cook et al., 2005; Braxton et al., 2012; Deckart et al., 2012, 2014; Weis et al., 2012; Stein, 2014;
Mercer et al., 2015; Spencer et al., 2015; Weis, 2015). Some studies, however, have called on a
single magmatic event of limited duration to explain the mineralization (von Quadt et al., 2011;
Buret et al., 2016). Thus, whether all or even most giant porphyry deposits are the products of
multiple mineralizing events associated with multiple intrusions (e.g., repetitive A-B-D veins) or
single events related to a single intrusion remains unclear. This is particularly the case for giant
porphyry Mo deposits, which have been the subject of far fewer detailed geochronological studies
than porphyry Cu or Cu-Mo deposits (Selby and Creaser, 2001; Spencer et al., 2015).

With recent advances in radiometric dating methods, e.g., isotope dilution-negative-thermal
ionization mass spectrometric (ID-N-TIMS) molybdenite Re-Os geochronology (Creaser et al.,
1991; Selby and Creaser, 2001; Stein et al., 2001, 2003; Dilles et al., 2003; Morelli et al., 2010;
Deckart et al., 2012; Lawley and Selby, 2012; Stein, 2014; Li et al., 2017b; Chang et al., 2017; Zhai
et al., 2019a, 2020), it is now possible to obtain high-precision (%o level) ages of individual vein
types and establish a robust temporal relationship for the different vein stages that constitute
porphyry deposits (e.g., Creaser et al., 1991; Selby and Creaser, 2001; Markey et al., 2007; Selby et
al., 2007; Chiaradia et al., 2009a, b, 2013, 2014; Spencer et al., 2015; Chang et al., 2017).
Consequently, we can now rigorously assess whether a particular porphyry deposit formed during a
single magmatic-hydrothermal event or was the product of multiple such events.

The newly-discovered Chalukou porphyry Mo deposit in northeast (NE) China, with reserves of
more than 2.46 million metric tons (Mt) Mo at an average grade of 0.087 wt.% Mo (Fig. 1; Nie et
al., 2011; Li et al., 2014, 2019; Liu et al., 2014b), is one of the World’s largest Mo deposits (for
example, Climax contains 2.2 Mt Mo, Audétat, 2015, and Henderson contains 1.2 Mt Mo, Seedorff
and Einaudi, 2004) and thus an excellent subject for a study designed to determine whether a giant
porphyry Mo deposit can form in a single mineralizing event. This deposit is located in the Great
Hingan Range metallogenic belt, which also hosts numerous porphyry Mo(-Cu), skarn Fe,
epithermal Au-Ag and polymetallic (Ag-Pb-Zn) vein deposits (Dai et al., 2006, 2009; Chen et al.,
2012,2017; Zhai et al., 2014, 2017, 2019b; Gao et al., 2016; Shu et al., 2016). Observations of drill

core show that the Chalukou Mo mineralization is mainly hosted by local granite porphyry, quartz
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porphyry, and fine-grained porphyry, all of which experienced intense hydrothermal alteration (Nie
etal., 2013; Lietal., 2014). In principle, any or even all of these intrusions could have released the
fluids that formed the deposit. Thus, it is necessary to reconstruct the vein paragenesis, determine
the relationships of the different mineralized vein types to the different intrusions, and undertake
high precision dating of the different intrusions and associated molybdenite-quartz veins. Although
several geochronological studies have been conducted at Chalukou (Lietal., 2014; Liu et al., 2014b;
Zhang and Li, 2017; Duan et al., 2018), these studies did not establish the relative chronology of
the molybdenite-quartz veins that were dated and were restricted to samples from the deepest part
(>700 m) of the deposit, thereby limiting their application in quantitatively interpreting the history
of mineralization.

In this study, we made use of detailed drill core logging and thin section petrography to relate the
different vein types and associated alteration to specific intrusions, LA-ICP-MS zircon U-Pb
analyses to determine the ages of the three intrusions, and high-precision ID-N-TIMS molybdenite
Re-Os analyses to determine the ages of the different mineralized veins. Based on the results of this
study, we were able to interpret the absolute age and duration of Mo mineralization in the Chalukou
deposit and propose that the bulk of the Mo mineralization is temporally related to the emplacement
of the fine-grained porphyry. Consequently, we are able to show that multiple mineralization events
were, indeed, not responsible for the formation of this giant Mo deposit. Instead, most of the Mo

mineralization was due to the emplacement of a single intrusion and formed in <650 Ka.

Ore Deposit Geology

The Chalukou porphyry Mo deposit is located 80 km north of Jiagedaqi in Heilongjiang province
(E123° 49" 15" to E123° 56’ 30" and N51° 08’ 15” to N51° 11’ 00”), NE China. Geologically, this
part of China comprises the Erguna, Hingan, Songliao, and Jiamusi blocks (Fig. 1A; Wang et al.,
2011; Wuetal.,, 2011; Meng et al., 2011) and has undergone three stages of tectonic evolution since
the Proterozoic (Fu et al., 2011; Nie et al., 2011, 2013), involving the Paleo-Asian Ocean, the
Mongol-Okhost Ocean, and the Paleo-Pacific Ocean, respectively (Wu et al., 2005, 2011; Wilde,
2015; Zhou et al., 2018). During the Paleozoic, the tectonics of NE China were dominated by the
southward subduction of the Paleo-Asian Ocean, and several microcontinental blocks, namely the

Lesser Hingan, Jiamusi and Songliao blocks, were assembled along the Xilamulun fault (Chen et
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al., 2017). In the Mesozoic, subduction of the Mongol-Okhotsk and Paleo-Pacific oceanic plates led
to the emplacement of large volumes of granitic rocks and the development of a number of NE-
striking faults. These granites, which include early Jurassic magmatic-arc granites and late Jurassic
to early Cretaceous highly fractionated granites, formed large batholiths (Liu et al., 2017; Duan et
al., 2018). The continental basement of NE China is exposed mainly at Liaoning and Hebei
provinces, and is composed of Precambrian metamorphic rocks including amphibolites, schists, and
marbles.

Numerous porphyry, skarn, and quartz vein-type Mo(-Cu) deposits have been discovered in NE
China (Fig. 1B; Nie et al., 2007; Chen et al., 2012, 2017; Qin et al., 2017). This includes at least 78
Mo-bearing deposits (Chen et al., 2017) with a total Mo reserve of 10.5 Mt, among which the
Chaluku deposit is the largest (2.46 Mt Mo @0.087 wt.%). Other notable deposits in NE China are
the Caosiyao porphyry Mo deposit (2 Mt Mo @0.08 wt.%, Wang et al., 2017), the Daheishan
porphyry Mo-Cu deposit (1.09 Mt Mo @0.066 wt.%, Wang et al., 2009) and the Luming porphyry
Mo deposit (0.8 Mt Mo @0.088 wt.%, Hu et al., 2014). Owing to extensive dating of these deposits,
the Mo mineralization has been shown to have developed during four distinct periods, i.e., 250-200,
200-160, 160-130, and 130-110 Ma (Chen et al., 2017). The 250-200 Ma Mo mineralization is
mainly distributed in the northern part of the North China Craton (NCC) and is thought to be related
to granites produced as a result of collision between the NCC and Siberia Craton (Chen et al., 2012,
2017; Wilde, 2015). The subduction of Mongol-Okhotsk and Paleo-Pacific plates led to the granitic
magmatism responsible for the 200-160 and 160-130 Ma Mo mineralization, respectively (Chen et
al., 2017). However, widespread late Jurassic arc magmatic rocks in the northern Great Hingan
Range indicate that the subduction of the Mongol-Okhotsk Ocean may have lasted until 130 Ma
(Duan et al., 2018). This was followed by roll-back of the Paleo-Pacific oceanic plate, which
produced an extensional tectonic setting and is associated with felsic magmatism that is related to
the known Mo mineralization dated between 130 to 110 Ma (Wu et al., 2005, 2011).

The Chalukou deposit is associated with granites that were emplaced during subduction of the
Mongol-Okhotsk oceanic plate and has been subdivided into eastern and western exploration zones,
which are separated by the Duobukuer River (Fig. 2A; Xiong et al., 2015). Exploration, however,
has focused mainly on the eastern zone, which hosts the bulk of the currently known Mo resource

(Mengetal., 2011). The Chalukou Mo mineralization in this zone is hosted by fine-grained porphyry,
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granite porphyry, quartz porphyry, monzogranite and breccia pipes of Jurassic age and Lower
Ordovician volcanic rocks comprising rhyolite, rhyolitic tuff, dacite and andesite (Fig. 2B). The
main hosts to the mineralization, however, are the Ordovician volcanic rocks, which are also the
host to the granite porphyry, quartz porphyry and fine-grained porphyry (Fig. 3A). Cretaceous
diorite and monzonite porphyry dikes also were emplaced in the Ordovician volcanic rocks. The
other rocks in the eastern exploration zone are late Jurassic to early Cretaceous rhyolite and
Neoproterozoic quartz-chlorite schist, meta-sandstone, quartz-biotite schist, and minor marble (Fig.
2B). A set of ring fractures centered on the late Jurassic to early Cretaceous rhyolite predated the
mineralization and NE- and NW-striking faults post-dated it (Fig. 2A). The Mo mineralization has
been subdivided into a thin, upper low-grade (<0.06 wt.% Mo) zone and a lower, high-grade (0.08—
0.53 wt.%) zone (Nie et al., 2011; Zhang and Li, 2017), which passes upwards into a zone of
subordinate Pb-Zn epithermal mineralization. The western exploration zone is underlain mainly by
monzogranite and late Jurassic to early Cretaceous rhyolite. Quartz diorite is also exposed in this
zone.

Intrusive rocks in the district have been subdivided into three distinct stages based on detailed
drill core logging, namely pre-ore monzogranite, syn-ore fine-grained porphyry, granite porphyry
and quartz porphyry, and post-ore quartz monzonite porphyry and diorite porphyry (Figs. 2B, 3A).
The pre-ore monzogranite forms a batholith, which is exposed over an area of > 80 km? to the
northwest and southeast of the deposit (Nie et al., 2011; Liu et al., 2014a, 2015). In addition,
monzogranite is observed at depths of > 600 m below the southeast part of the Chalukou deposit,
where it intruded Ordovician volcanic rocks (Fig. 3A). The monzogranite is cut by fine-grained
porphyry and quartz monzonite porphyry, which are not exposed on the surface.

The granite porphyry and quartz porphyry were emplaced in the Ordovician volcanic rocks and
monzogranite batholith as dikes or small stocks with widths ranging from 3 to 80 m, whereas the
fine-grained porphyry, which is exposed only at a depth of 600 m below the surface, is a mushroom-
shaped intrusion that reaches a maximum width of 1000 m in the center of the Ordovician volcanic
rock unit (Fig. 3A). Mineralogically, the granite porphyry is composed of phenocrysts (2-5 mm) of
quartz (~12 vol.%), K-feldspar (~10 vol.%), and plagioclase (~4 vol.%) and minor biotite in a matrix
(~75 vol.%) of quartz and plagioclase. Accessory minerals include zircon, titanite and magnetite.

The quartz porphyry is compositionally similar to the granite porphyry and consists mainly of quartz
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(~10vol.%) and lesser proportions of plagioclase phenocrysts (1-3 mm, ~15 vol.%) in a matrix (~85
vol.%) of quartz and minor plagioclase. The fine-grained porphyry is composed of 1-2 mm diameter
phenocrysts of K-feldspar (~5 vol.%), and quartz (< 1 vol.%) in a groundmass (~95 vol.%)
dominated by quartz containing minor K-feldspar and plagioclase. The accessory minerals are
magnetite, zircon and apatite. Unidirectional solidification textures (USTs) are observed in the
apical part of the fine-grained porphyry intrusion, and are interpreted to record the transition from

magmatic to hydrothermal conditions (Jin et al., 2014).

Previous geochronology

Previous studies have applied both zircon U-Pb (LA-ICP-MS) and molybdenite Re-Os (ICP-MS)
methods to constrain the timing of magmatism and Mo mineralization at Chalukou (e.g., Nie et al.,
2011; Lietal., 2014; Liu et al., 2014b; Liu et al., 2017; Zhang and Li, 2017). Zircon U-Pb dating of
the granite porphyry yielded weighted mean 2°°Pb/**¥U ages ranging from 154.0 + 1.0 to 149.0 +
4.6 Ma (Li et al., 2014; Liu et al., 2014b; Zhang and Li, 2017; Duan et al., 2018). The quartz
porphyry has been dated at between 148.0 + 2.0 and 147.3 + 1.5 Ma (Li et al., 2014; Liu et al.,
2014b) and the fine-grained porphyry at between 148.0 £ 1.0 and 147.9 £ 1.3 Ma (Li et al., 2014;
Liu et al., 2014b), both using zircon U-Pb geochronology. These age results reveal a relatively
protracted history of intrusive activity in the deposit area of ~7 m.y..

Three molybdenite Re-Os isochron ages (ICP-MS) have been reported for the Mo mineralization
at Chalukou. They are 150.0 £ 2.0, 148.0 + 1.0 and 147.0 = 1.0 Ma (Nie et al., 2011; Liu et al.,
2014b; Zhang and Li, 2017). Zhang and Li (2017) proposed a robust mineralization age of 150.0 =
2.0 Ma using the Re—Os isochron method, which is consistent with the age of the granite porphyry
(152 £2 Ma, Zhang and Li, 2017). The Mo mineralization, obviously, is much shorter compared to
the whole magmatism history (from 172 to 128 Ma, Zhang and Li, 2017). By contrast, Liu et al.
(2017) proposed a more extended mineralization history of ~7 m.y. (from 152 to 145 Ma) because
of a wide range of the Re-Os model ages as well as the intrusion ages. The age of the mineralization
is thus still unresolved as is its duration. Moreover, all the molybdenite samples analyzed by these
studies and Nie et al. (2011) were collected from the deepest part of the deposit (>700 m; e.g., from
761 to 1024 m, Liu et al., 2014b; from 737 to 1283 m, Zhang and Li, 2017), and were hosted by the

fine-grained porphyry and its volcanic host.
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In a deposit that may have a protracted mineralization history, it is inappropriate to construct an
isochron from samples obtained from different vein-types, such as it was done in previous studies
(Nie et al., 2011; Liu et al., 2014b; Liu et al., 2017). Moreover, we note that the analytical method
(ICP-MS) used in previous studies (Liu et al., 2017) may have limited their ability to resolve
multiple mineralization events due to its lower precision compared to the ID-N-TIMS method used
in this study. They also did not establish the relative chronology of the molybdenite-quartz veins
that were dated (Nie et al., 2011; Liu et al., 2014b; Zhang and Li, 2017). The previously reported
molybdenite Re-Os model ages for the Chalukou deposit range between 150 + 2 and 145 £ 2 Ma,
implying that molybdenite mineralization occurred in a protracted timeframe (Nie et al., 2011; Liu
etal., 2014b; Liuetal., 2017; Zhang and Li, 2017). In the present study, we reconstruct the temporal
evolution of the Chalukou hydrothermal system by establishing the relative timing of the different
vein types from cross-cutting relationships and determining their absolute ages using high-precision
ID-N-TIMS Re-Os radiometric analyses. We also evaluate the temporal relationships of the veins
to their spatially-associated intrusions. By doing so, we are able to rigorously address the question
of whether or not the Chalukou deposit was the product of a single protracted mineralizing event

involving multiple intrusions.

Hydrothermal alteration

Five types of alteration, potassic, silicic, sericitic, argillic and propylitic, affected the rocks of the
Chalukou deposit (Fig. 3B). On surface, the altered rocks cover an area of ~ 3 km?, but this increases
to more than 8 km? at a depth of 600 m. The Mo mineralization is closely associated spatially with
potassic and sericitic alteration of the granite porphyry and fine-grained porphyry.

Potassic alteration, manifested mainly as the replacement of plagioclase by K-feldspar, was
developed in two zones, one of which was related to emplacement of the granite porphyry (~400 m
depth) and the other to the fine-grained porphyry (>600 m depth) (Fig. 3B). Both zones of potassic
alteration are developed in these intrusions as well as the Lower Ordovician volcanic rocks and both
are associated with high grade Mo mineralization. Moreover, in both zones, the alteration is most
intense where the granite porphyry and fine-grained porphyry are in contact with the volcanic rocks
(Fig. 3B). Potassically altered rocks are characterized by the assemblage K-feldspar - quartz -

molybdenite + minor biotite + magnetite + anhydrite + fluorite. Silicic alteration is restricted to the
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apex of the fine-grained porphyry. In contrast, sericitic and argillic alterations are widespread. Rocks
subjected to sericitic alteration contain the fine-grained assemblage muscovite - quartz -
molybdenite + pyrite = minor fluorite, whereas argillic alteration was identified by the assemblage
quartz - illite - calcite + pyrite = minor galena + sphalerite + chalcopyrite. These alteration facies
resulted from the emplacement of the fine-grained porphyry and both overprint potassic alteration.
Propylitic alteration (epidote - chlorite £ calcite) is mainly observed in the Neoproterozoic

metamorphic rocks and Lower Ordovician volcanic rocks (Fig. 3B).

Vein Classification

On the basis of crosscutting relationships and mineralogy, two separate stages of Mo
mineralization and more than 10 distinct vein types have been recognized in the Chalukou deposit
(Table 1). There was an early stage of minor Mo mineralization related to the emplacement of the
granite porphyry and a later main stage of Mo mineralization associated with the emplacement of
the fine-grained porphyry (see below). These two stages were both succeeded by Pb-Zn
mineralization (see also Jin et al., 2014 and Li et al., 2019).

In describing the veins, we have used the nomenclature of Gustafson and Hunt (1975) and Sillitoe
(2010) in which the A veins are quartz veins with minor to no sulfide content, the B veins are quartz
veins with potassic alteration haloes that host the molybdenite mineralization, and the D veins refer
to quartz-pyrite veins with sericite selvages. In the following descriptions, the numbers 1 and 2
indicate the relative timing of different generations of the same vein-type and the letters E and M
are used as subscripts to identify veins associated with the early and main stage mineralization,

respectively.

The earliest veins are barren Alg quartz veins hosted by granite porphyry at shallow depth (<400
m) and are <5 mm wide (Fig. 4A, B). The Blg veins are also hosted by granite porphyry, contain
the assemblage quartz + molybdenite + pyrite, and are surrounded by potassic alteration haloes.
Molybdenite is usually concentrated at the margins of the veins. The Blg veins crosscut the Alg
veins (Fig. 4A), confirming that they formed later than the Alg veins. (Fig. 4A). They are crosscut
by A2 veins (Fig. 4C), which contain K-feldspar, quartz and disseminated molybdenite. The
youngest veins hosted by granite porphyry are molybdenite-dominant B2g veins that contain minor

proportions of quartz. In contrast to the B1 veins, they have sericitic alteration haloes (Fig. 4D).
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Both the Alg and A2¢ veins are truncated by B2g veins, however, crosscutting relationships between

B1g and B2g veins were not observed.

The barren Ay veins are hosted by fine-grained porphyry, which have the assemblage quartz +
minor fluorite + minor pyrite. The Am veins are surrounded by potassic alteration envelopes (Figs.
4E, 5A), and cut numerous USTs in the apex of the fine-grained porphyry (Fig. 4E), which are
interpreted to represent a magmatic-hydrothermal transition. These A veins are thicker than the Ag
veins, ranging in width from 3 to 10 mm. The Blm and B2y veins are hosted mainly by the fine-
grained porphyry and also by the volcanic rocks. They contain the assemblage quartz + K-feldspar
+ molybdenite + minor pyrite (Fig. 5), and are the main Mo-bearing veins in the ore deposit (Jin ct
al., 2014). The molybdenite is usually concentrated along the margins of the Bly (Fig. 5A) or in
sutures at their centers (Fig. 5B), whereas the B2y veins are extremely thin (< 2 mm) and Mo-
dominant (Fig. 5C, D). Some B2 veins that contain breccia fragments of granite porphyry and the
early-formed quartz-molybdenite veins cut the Am veins (Fig. 41). The late Dy veins contain pyrite
+ quartz £ fluorite and minor chalcopyrite, molybdenite, sphalerite and galena and have well-
developed sericitic alteration haloes. These veins crosscut all the other veins described above (Fig.
4G, H) and therefore post-dated the main stage of Mo mineralization. Rare quartz +
magnetite/hematite veins (Fig. 4F) are observed at depth in the deposit (>1000 m), but their

relationship with the other vein types is unclear.

Sampling and analytical methods

Zircon LA-ICP-MS U-Pb dating

Samples of granite porphyry, quartz porphyry, fine-grained porphyry and diorite porphyry were
collected from underground workings and drill core of the eastern exploration zone for zircon LA-
ICP-MS U-Pb dating. Zircon separation and cathodoluminescence (CL) imaging were carried out
by the Hongxin Geological Exploration Technology Service Co., Ltd., Langfang, China. The
samples were crushed and broken to a grain-size of ~100 um. Zircon grains were separated using
magnetic and heavy liquid separation methods and crystals were finally selected with the aid of a
binocular microscope. These crystals and the Qinghu zircon standard were set in an epoxy resin disk
and polished for analysis. The CL imaging of the polished zircon crystals was conducted on a JEOL

scanning electron microscope and was done to examine zircon textures.
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Zircon U-Pb dating was carried out in the State Key Laboratory of Geological Processes and
Mineral Resources, China University of Geosciences Beijing (CUGB). The crystals were ablated
using an excimer laser ablation system and an Agilent 7500a ICP-MS. The spot size was 30 pm and
the laser repetition rate was 10 Hz. During laser ablation, a mixture of helium and argon was used
as a carrier gas to enhance the transport efficiency of the ablated materials. The calibration of U, Th
and Pb concentrations was carried out using *’Si and NIST 610 glass as internal and reference
standards, respectively. Zircon 91500 was adopted as the external standard (Wiedenbeck et al., 1995)
to normalize isotopic fractionation and instrumental mass bias during analysis. Uranium-Pb isotope

data were calculated and plotted using Isoplot 3.0 (Ludwig, 2003).

Molybdenite Re-Os dating

Molybdenite hosted by the different vein-types at various depths in the potassic and sericitic
alteration zones was carefully selected, crushed (without direct metal contact), and handpicked
under a binocular microscope (Fig. 7). Any residual material from the silicate matrix, e.g., quartz,
was removed by loading the sample into a Savillex Teflon digestion vessel with 10 ml 32N HF and
leaving it at room temperature for 24 h (Lawley and Selby, 2012). This process was repeated until
most of the residual quartz had been digested. The molybdenite samples were then rinsed three times
with Milli-Q water (MQ) and further rinsed in ethanol to remove any remaining HF. The cleaned
samples were dried at 30 °C and further purified using a heavy liquid and handpicked under a
binocular microscope. After a final stage of cleaning in an ultrasonic bath, the mineral separate
comprised >95% molybdenite.

Molybdenite Re-Os isotopic analysis was carried out at the Laboratory for Sulfide and Source
Rock Geochronology and Geochemistry at Durham University, United Kingdom, a member of the
Durham Geochemistry Centre. The Re-Os analytical protocol followed that recommended by Selby
and Creaser (2001) and Li et al. (2017b). A weighed aliquot of molybdenite and spike solution ('3°Re
plus isotopically normal Os) was loaded into a Carius tube with 11 N HCI1 (3 ml) and 15.5 N HNOs3
(6 ml), sealed and placed in a Carius tube, and digested at 220 °C in an oven for ~24 h. Osmium
was purified from the acid medium using solvent extraction (CHCI3) at room temperature and
micro-distillation methods. The rhenium fraction was isolated by sodium hydroxide-acetone solvent

extraction and HCI-HNOj3 anion chromatography. The purified rhenium and osmium were loaded
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onto Ni and Pt filaments, respectively, and their isotopic compositions were measured using isotope
dilution-negative-thermal ionization mass spectrometry (ID-N-TIMS, Creaser et al., 1991).

The isotopic analysis was conducted on a Thermo Scientific TRITON mass spectrometer in the
Arthur Homes Laboratory at Durham University, with Re and Os isotopic compositions measured
using the static Faraday collection mode. The uncertainties in the Re and Os concentrations and Re-
Os isotope ratios were determined by propagating the spike calibration, the sample and spike weight
uncertainty, the reproducibility of Re and Os isotope standard values, as well as the blank
abundances and isotopic compositions that were run alongside the molybdenite analysis. A full
analytical protocol blank measured alongside the molybdenite analyses was 2.4 pg for Re and 0.1
pg for Os, with a '870s/!%80s ratio of 0.21 + 0.02. Molybdenite Re-Os model ages were calculated
using the equation t = In (*¥’0s/'"*’Re + 1)/A, employing a A value of 1.666x107!! £ 5.165x10 4 a™!
(Smoliar et al., 1996; Selby et al., 2007). The uncertainties of the Re-Os model age are presented
as + x/y/z (analytical uncertainty /+tracer calibration /+decay constant uncertainties). To
evaluate the accuracy and reproducibility of the molybdenite Re-Os analytical approach, we also
analyzed the NIST molybdenite reference material (RM 8599). This analysis returned an age (27.65
+ 0.19 Ma) in agreement with the recommended age (27.656 + 0.022 Ma, Markey et al., 2007;
Zimmerman et al., 2014) and ages previously determined in the Durham laboratory (e.g., Lawley

and Selby, 2012; Li et al., 2017b; Chang et al., 2017).
Results

Zircon U-Pb ages

Zircon crystals from all the samples are euhedral, colorless and transparent, and range from 50 to
250 um in length with length/width ratios between 1:1 and 4:1. The CL images show that most of
the crystals have planar or oscillatory concentric zoning and some crystals contain inherited zircon.
The results of the zircon U-Pb age determinations for the different rock samples from the Chalukou
deposit are shown in Figure 6 and reported in Table 2. Inherited zircon with domains returning older
206ph/238 ages than the rest of crystal was not considered in determining the age of the sample.
Zircon crystals from the granite porphyry (CLK157) have U and Th concentrations of 355 to 844
and 213 to 643 ppm, respectively, and Th/U ratios from 0.44 to 1.16. Nineteen concordant analyses

yielded a weighted mean 2°°Pb/***U age of 148.8 + 1.1 Ma (MSWD= 1.4; Fig. 6A). The quartz
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porphyry (CLK164) has zircon crystals containing between 59 and 749 ppm U and 51 and 943 ppm
Th. Their Th/U ratios range from 0.54 to 2.61. Eleven zircon crystals produced a concordant
weighted mean 2°°Pb/**8U age of 147.5 + 2.1 Ma (MSWD= 0.4; Fig. 6B). Zircon crystals from the
fine-grained porphyry (CLK69) contain 57 to 132 ppm U and 54 to 211 ppm Th, and have Th/U
ratios from 0.84 to 1.60. These crystals (eight) yielded a weighted mean 2°°Pb/?*®U age of 147.4 +
2.7 Ma (MSWD = 0.4; Fig. 6C). Finally, zircon crystals from the diorite porphyry (CLK176) have
U and Th contents ranging from 33 to 403 and 45 to 239 ppm, respectively, and a Th/U ratio varying
from 0.37 to 1.56. Nine zircon grains yielded a weighted mean 2°Pb/***U age of 138.9 + 2.3 Ma

(MSWD = 1.7; Fig. 6D).

Molybdenite Re-Os ages

Two samples of A veins and four samples of B veins containing 4.2 to 45.2 ppm Re were selected
for high-precision molybdenite ID-N-TIMS Re-Os age determination. The results are provided in
Table 3 and are listed with three different sets of errors. The first error contains only analytical
uncertainty which is used to compare Re-Os ages produced in this study. The second error contains
analytical and spike uncertainties which allow our data to be compared to Re-Os dates produced in
other laboratories. The third error adds the additional uncertainty of the decay constant to allow for
comparisons to other isotopic systems (e.g., U-Pb). Molybdenite from a B1g vein sample (Fig. 7A),
representative of the early Mo mineralization, returned a Re-Os model age of 153.96 +
0.08/0.63/0.79 Ma, which is significantly older than previously determined Re-Os ages for the
Chalukou deposit (147-148 Ma; Nie et al., 2011; Liu et al., 2014b). Within uncertainty, this age is
the same as a zircon U-Pb age of 154 + 1 Ma for the granite porphyry reported by Duan et al. (2018).
Later A2g and B2g veins from the early mineralizing stage yielded Re-Os dates of 150.28 =+
0.06/0.62/0.78 and 148.67 £ 0.07/0.62/0.77 Ma, respectively (Fig. 7B, C). Molybdenite in Am and
two B2m veins from the main Mo mineralization stage (Fig. 7D, E and F) yielded model ages of
147.49 + 0.09/0.60/0.76, 147.67 + 0.10/0.60/0.76, and 147.04 + 0.12/0.72/0.86 Ma, respectively,
which are identical to the Re-Os age referred to above reported by Nie et al. (2011) and Liu et al.

(2014b), though the analytical precision of our data is considerably better (Fig. 8A).
Discussion

Multiple veins formation
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Although several geochronological studies have been conducted on the Chalukou porphyry Mo
deposit, the limited characterization of dated samples and the limited precision from previous
measurements makes any determination of the exact duration of mineralization at Chalukou difficult
(Fig. 8A; Nie et al., 2011; Li et al., 2014; Liu et al., 2014b; Zhang and Li, 2017; Duan et al., 2018).
Nie et al. (2011) and Liu et al., (2014b) interpreted the age of 147 = 1 and 148 = 1 Ma to indicate
that the Chalukou deposit formed in the late Jurassic. However, the association of separate sets of A
and B veins with the granite porphyry (148.8 + 1.1 Ma) and the fine-grained porphyry (147.4 £2.7
Ma) and the crosscutting relationships among these vein types in each association (Fig. 4B, C) are
evidence that the Chalukou deposit probably was the product of more than one magmatic-
hydrothermal pulse. Zircon U-Pb ages of intrusions in the Chalukou mine area, also show that the
history of magmatic activity potentially associated with mineralization was much longer (154-147
Ma; Zhang and Li, 2017). Subsequently, Liu et al. (2017) reinterpreted the Re-Os ages for
molybdenite obtained by Nie et al. (2011) and Liu et al. (2014b) to indicate that the mineralization
was introduced over a period of 5 m.y., and thus proposed that the Chalukou deposit was the result
of a long-lived ore-forming system in which multiphase igneous activity played a crucial role.
Moreover, the early-formed quartz-molybdenite veins were brecciated and cemented by subsequent
quartz and molybdenite (Fig. 41). The quartz-molybdenite breccias have very similar mineral
assemblages and textures to the Bly veins that crosscut the Ay veins (Fig. 41), indicating that the

breccias formed later than B1y veins and probably were coeval with the B2y veins.

Magmatism and Mo mineralization

The oldest Re-Os age determined in this study is from a B1g vein (153.96 =+ 0.08/0.63/0.79 Ma,
Table 3) and is interpreted to represent the age of the early Mo mineralization (Fig. 8B). This vein,
which has a potassic alteration halo, is hosted by the granite porphyry. In principle, the early
mineralization could have been the product of fluids from the monzogranite, or the ore-hosted
granite porphyry. We propose that the early Mo mineralization is genetically associated with the
granite porphyry (Fig. 3A) instead of the monzogranite for the following reasons: (1) the
monzogranite is altered and mineralized only near its contacts with the fine-grained porphyry (Fig.
3B), and (2) the youngest zircon U-Pb age for the monzogranite is 162 + 2 Ma (Liu et al., 2014b),

making it at least 8 m.y. older than the oldest B vein (Fig. 8A). Thus, monzogranite is a pre-ore
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intrusion and was not related to Mo mineralization. The Re-Os age of 153.96 £+ 0.79 Ma is, within
the analytical uncertainty, identical to a U-Pb age of 154 + 1 Ma for the granite porphyry reported
by Duan et al. (2018) and similar to an age for this intrusion (152 + 2 Ma) reported by Zhang and
Li (2017). This indicates that the early Mo deposition was synchronous with the emplacement of
granite porphyry. The other two molybdenite samples (A2g and B2g veins) hosted by granite
porphyry yielded Re-Os model ages of 150.28 + 0.06/0.62/0.78 and 148.67 + 0.07/0.62/0.77 Ma,
respectively, which are consistent with our age of the granite porphyry (148.8 £ 1.1 Ma). These
high-precision Re-Os ages therefore indicate that the early mineralization stage took place over a
period of 5.29 = 0.11 m.y. (Fig. 8C). This prolonged duration of the early Mo mineralization stage
likely indicates more than one episode of hydrothermal activity and, given that the ages reported for
the granite porphyry (154 £ 1 to 148 = 1 Ma; Fig. 8A) cover this range, it is attractive to propose
that granite porphyry intrusion was equally prolonged and is reasonable with known lifetimes of
granite intrusions (Zhang and Li, 2017; Duan et al., 2018). Zircon U-Pb ages of the Cu-bearing
tonalite intrusion (from 218.9 £ 3.1 to 205.8 = 2.1 Ma; Kobylinski et al., 2020) also indicated a long
magmatic and mineralization history at the Gibraltar Cu-Mo deposit, Canada. Without detailed
information on the locations of the samples analyzed in previous studies, we cannot, however, rule
out the possibility that the range of ages reported for the granite porphyry is an artefact of analysis
resulting from differences in the methods employed by different groups at different laboratories.
The main stage Mo orebodies are hosted by the fine-grained porphyry and its adjacent volcanic
rocks (Fig. 3B). Molybdenite in an Ay vein and two B2y veins yielded Re-Os model ages from
147.67 £ 0.10/0.60/0.76 to 147.04 £ 0.12/0.72/0.86 Ma (Table 3 and Fig. 8B), which are identical
to the age of the fine-grained porphyry (147.4 + 2.7 Ma). All the molybdenite Re-Os ages reported
in this study for the main Mo mineralization stage veins spatially associated with the fine-grained
porphyry are consistently younger than those associated with granite porphyry. The small absolute
uncertainty in our Re-Os ages enables us to separate temporally the molybdenite hosted by the
shallowly emplaced granite porphyry from that related to the more deeply-seated fine-grained
porphyry. These data indicate that there were at least two magmatic-hydrothermal events during the
formation of the Chalukou Mo deposit, occurring at 153.96 + 0.08 and 148.67 £ 0.07 Ma, with the
majority of the Mo resource produced by magmatic-hydrothermal fluids released from the fine-

grained porphyry at 147 Ma during an interval of <650 Ka (Fig. 8C).
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Implications for giant porphyry Mo systems

The time taken to form a giant porphyry type deposit and whether it forms during a single event
or multiple events have long been debated (Mathur et al., 2000; Selby and Creaser, 2001; von Quadt
et al., 2011; Braxton et al., 2012; Deckart et al., 2012, 2014; Chiaradia et al., 2013; Stein, 2014;
Spencer et al., 2015; Buret et al., 2016). Geochronological studies have reported evidence for
multiple pulses of mineralization for magmatic-hydrothermal systems of both long (several m.y.,
e.g., Los Pelambres-El Pachon, Deckart et al., 2014; El Teniente, Spencer et al., 2015; Yulong,
Chang et al., 2017, 2018), and short duration (tens to hundreds of k.y., e.g., Qulong, Li et al., 2017a,
b). The two giant porphyry Cu(-Mo) deposits in Tibet, SW China, namely Qulong and Yulong, are
the largest and the third largest porphyry Cu deposits in China, respectively (Yang and Cooke, 2019).
Both of them are considered to have formed from multiple mineralization pulses, however, the
Qulong deposit, which has the larger Cu resource, is interpreted to have formed in 266 + 13 k.y.,
whereas the Yulong deposit formed over a duration of 5.13 £ 0.23 m.y. (Chang et al., 2017; Liet al.,
2017b). Therefore, the duration of mineralization may not be an important factor in the formation
of a giant porphyry deposit (Fig. 9A).

Many porphyry Cu deposits have experienced a relatively long intrusive history (~3 m.y., Wallace,
1995; Maksaev et al., 2004; Masterman et al., 2005; Harris et al., 2008; Kobylinski et al., 2020) and
duration of mineralization. This is also true for porphyry Mo deposits (e.g., Endako, ~3 m.y.,
Anderson et al., 1998; Henderson, ~2 m.y., Seedorff and Einaudi, 2004; Climax, ~9 m.y., Bookstrom,
1989; Wallace, 1995; Yuchiling, ~7 m.y., Li et al., 2013; Fig. 9A). It should be noted, however, that
the mineralization ages obtained from Mesozoic porphyry Mo deposits have much greater
uncertainty associated with them than those from Cenozoic deposits (Fig. 9B), which tends to
increase estimates of the duration of the Mesozoic ore systems.

The overall longevity of the Chalukou deposit (6.92 = 0.15 m.y.) implies at least two separate
magmatic-hydrothermal events as described above. It should be noted that, however, most of the
Mo ores (more than 90% to the bulk ore reserves) related to the emplacement of the fine-grained
porphyry at the Chalukou giant Mo deposit were formed at ~147 Ma within a duration of 0.63 +
0.16 Ma. Although recent detailed Re-Os dating of molybdenite has provided evidence of multiple
mineralization pulses during the formation of some giant porphyry deposits (e.g., Deckart et al.,

2014; Spencer et al., 2015; Li et al., 2017b), their contributions to the overall metal budget in
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individual ore deposits vary considerably (Chang et al., 2017). As was the case for Mo at Chalukou,
most of the Cu (> 80%) in the Yulong porphyry Cu deposit was introduced in a short period of time
(0.82 £0.24 m.y.) in a longer cycle magmatic-hydrothermal activity (5.13 £ 0.23 m.y., Chang et al.,
2017). The Cu mineralization at Bajo de la Alumbrera was even more rapid (0.029 m.y., Buret et al.,
2016) but, as at Chalukou and Yulong, was the product of a much longer-lived episode of
magmatism. Finally, we note that at the El Teniente Cu-Mo porphyry deposit Mo and Cu were
introduced separately; the Cu mineralization occurred between 6.3 and 4.6 Ma, whereas the bulk of
the Mo was introduced between 4.80 and 4.58 Ma (Spencer et al., 2015). Spencer et al. (2015)
concluded that within these time intervals for Cu and Mo there were multiple mineralization events
of roughly 100 Ka separated by barren events of much longer duration. The overarching conclusion
of these studies is that the bulk of the mineralization in porphyry systems typically takes place in
one or more events of relatively short duration separated by barren intervals time of highly variable
length.

More than 37 billion metric tons (Gt) of fluid would have been required to precipitate the main
stage mineralization in the Chalukou deposit (90% of the total 2.46 Mt Mo resource), assuming a
constant Mo concentration in the fluid (e.g., 60 ppm maximum, Audétat, 2015; Shang et al., 2020).
Given the duration of 650 Ka estimated for this hydrothermal system, this corresponds to a flux of
1.8 kg/s. The estimated flux of Chalukou is comparable to the estimated flux of 6.0 kg/s for the El
Teniente Mo mineralization (2.5 Mt over 220 Ka; Spencer et al., 2015). An important mechanism
thought to be important for formation of porphyry type deposits is the expulsion of a large amount
of fluids that may be stored at the top of the magma chamber, providing the necessary flux of fluids
required to form these deposits (Ulrich et al., 2002; Sillitoe, 2010; Buret et al., 2016). We cannot
distinguish if there are pulses shorter than few tens of k.y. based on the precision of our
measurements (Cathles et al, 1997; Weis et al., 2012; Mercer et al., 2015). However, based on the
geological and geochronological evidences for Chalukou of this study, we think that a strong case
can be made that the main stage mineralization was introduced by a single fine-grained porphyry

intrusion and that the main stage mineralization was a restricted temporal event of < 650 Ka.

Conclusions

High-precision molybdenite Re-Os age determinations reveal that there were two magmatic-
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hydrothermal events at Chalukou, an early event between 153.96 + 0.08/0.63/0.79 and 148.67 +
0.07/0.62/0.77 Ma, and a much shorter event between 147.67 + 0.10/0.60/0.76 and 147.04 +
0.12/0.72/0.86 Ma that produced the bulk of the deposit. The early event was associated with the
emplacement of several intrusions of granite porphyry, whereas the main Mo mineralizing event,
which produced over 90% of the resource, was coincident with the intrusion of a single body of
fine-grained porphyry. Most of the molybdenite was deposited in the Bly and B2y veins that
accompanied potassic alteration in the deeper part of the system (>600 m) by fluids that are
interpreted to have originated from the fine-grained porphyry. The new high-precision ID-N-TIMS
Re-Os age results reported in this contribution indicate that, although multiple hydrothermal events
may have been essential for the formation of some giant porphyry Cu and Cu-Mo deposits, the giant
Chalukou porphyry Mo deposit, the only porphyry Mo deposit, for which this issue has been
addressed, was effectively the product of a single short-lived episode (<650 Ka) of magmatic-

hydrothermal activity.
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Figure captions

Fig. 1. The regional geology of the Chalukou porphyry Mo deposit in NE China. (A) Tectonic
subdivisions of NE China (modified from Wu et al., 2011). (B) A geological map of NE China,
showing the locations of major ore deposits (modified from Chen et al., 2017). The porphyry Mo
deposits are classified as giant >500,000 tons, large 100,000-500,000 tons, medium 10,000-100,000

tons, and small <10,000 tons.

Fig. 2. (A) A geological map showing the main lithological units and faults in the Chalukou ore
district (modified from Xiong et al., 2015). (B) A geological map of the Chalukou ore deposit

(modified from Li et al., 2019).

Fig. 3. Cross sections of the Chalukou Mo deposit. (A) A cross section showing the location and
crosscutting relationships of intrusions, dikes and hydrothermal breccias (modified from Li et al.,
2014). (B) A cross section showing the distribution of the different hydrothermal alteration zones

and orebodies (modified from Li et al., 2019).

Fig. 4. Photographs showing examples and crosscutting relationships of the various vein types. (A)
A barren quartz vein (Alg vein) cut by a quartz-molybdenite vein (Blg vein) hosted in potassic
granite porphyry. (B) A quartz + molybdenite vein (A2g vein) cut by Alg veins. (C) Blg veins cut
by an A2g vein. (D) Molybdenite-dominant quartz veins (B2g vein) cutting A2g and Alg veins. (E)
Unidirectional solidification textures (USTs) cut by Am veins and quartz-molybdenite veins (Blwm
veins). (F) Quartz-magnetite-hematite veins hosted in fine-grained porphyry. (G) Bly veins cut by
a quartz-pyrite-fluorite vein (Dm vein). (H) Awm veins cut by Dy veins. (I) Vein breccia containing

fragments of Bly veins and cemented by quartz and molybdenite. All the scale bars are 1 cm long.

Fig. 5. Photographs showing the characteristics of Bly and B2y veins. (A-B) Quartz-dominant Blu
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veins with linearly distributed molybdenite along the edges or in the suture. (C) A Mo-dominant
B2w vein cut by a later B2y vein. (D) A schematic diagram showing the proportion and distribution

of quartz and molybdenite in B1ly and B2y veins.

Fig. 6. Zircon U-Pb concordia diagrams for the different igneous rocks in the Chalukou mine area.
(A) Granite porphyry. (B) Quartz porphyry. (C) Fine-grained porphyry. (D) Diorite porphyry. Also

show are the weighted mean ages and representative CL images of analysis zircon spots.

Fig. 7. Photographs showing the nature of the samples dated in this study and the corresponding Re-
Os ages. (A-C) Blg, A2k and B2k veins, respectively, in the granite porphyry. (D-F) Am and B2m
veins, respectively, in the fine-grained porphyry. Abbreviations are same as in Table 1. All the scale

bars are 1 cm long.

Fig. 8. Summary of the ages for the main magmatic-hydrothermal events at Chalukou. (A)
Previously published ages of magmatism and mineralization at Chalukou. The red bars are from this
study. Data sources: 1 = Li et al. (2014), 2 = Duan et al. (2018), 3 = Zhang and Li (2017), 4 = Liu
et al. (2017), 5 = Nie et al. (2013), 6 = Liu et al. (2014b), 7 = Nie et al. (2011). (B) ID-N-TIMS
molybdenite Re-Os age determinations for the different veins investigated in this study. (C) A

summary of U-Pb and Re-Os age data for the Chalukou Mo porphyry deposit.

Fig. 9. A summary of data on the duration of ore-forming magmatic-hydrothermal activity for
selected porphyry type deposits. (A) A diagram showing the tonnage (Cu + Mo in millions of tons,
Mt) versus the duration of magmatism and mineralization (m.y.). (B) A diagram showing the
tonnage (Cu + Mo in million tons, Mt) versus age (Ma) of the deposits considered in A. The data
are from Bookstrom (1989), Long (1995), Wallace (1995), Anderson et al. (1998), Jensen (1998),
Selby and Creaser (2001), Barra et al. (2003), Dilles et al. (2003), Maksaev et al. (2004), Seedorff
and Einaudi (2004), Markey et al. (2007), Klemm et al. (2008), Sillitoe and Mortensen (2010), Li
et al. (2013), Stein (2014), Deckart et al. (2014), Zhou et al. (2014), Spencer et al. (2015), Buret et

al. (2016), Li et al. (2017b), and Chang et al. (2017).
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Table 1. The textures, mineralogy, associated alteration and mode of occurrence of the different vein-types observed in the Chalukou porphyry Mo deposit.

Types Vein textures Mineralogy Alteration Occurrences
Early period
Barren quartz vein (0.5-3 mm); irregular or
Alg qtz, kfs - Occurring within granite porphyry and felsic-intermediate volcanic-sedimentary rocks; cut by other veins
straight walls
Thin qtz-mo veins (2-10 mm); mo abundant at Dominant vein-type in the shallow granite porphyry, rarely observed within the breccia; cuts Alg veins,
Ble qtz, mo, py, kfs kfs halos
vein margins cut by A2k veins
A2g Straight walls with minor mo (1-5 mm) qtz, mo, py kfs halos Observed at shallow level associated with the granite porphyry; cuts B1k veins
Mo dominant-veins with minor quartz; straight Commonly observed within the granite porphyry in dense stockworks; rarely observed mo-ser veins; most
B2e mo, qtz, ser ser halos
walls (1-3 mm) abundant mo-bearing vein type; cuts Alg and A2k veins
Main period
UST Thin sinuous quartz veins (2-6 mm) qtz, kfs - Occurring at depth (>800 m) at the apex of the fine-grained porphyry; cut by Am and Blwm veins
Quartz veins with irregular or straight walls (1- qtz, mt, hem,
Am kfs halos Occurring at depth associated with fine-grained porphyry; cuts USTs, cut by Blm and B2y veins
15 mm) py, fl, kfs
Blm Qtz-mo veins (2-10 mm) with straight walls; qtz, mo, py kfs halos Most commonly observed within the fine-grained porphyry and volcanic-sedimentary rocks; cuts Am veins
Fine mo veins (1-5 mm); more mo than qtz in
B2m ) mo, py, qtz, kfs kfs halos Frequently observed in the fine-grained porphyry at depths up to 1200 m; cuts Am veins
veins
Qtz-py veins with straight walls (5-40 mm); py, mo, cp, gn,
Dwm ser halos Commonly developed; cuts all the above veins

euhedral py intergrown with fl

sph, qtz, ser, fl

Abbreviations: cp = chalcopyrite, fl = fluorite, gn = galena, hem= hematite, kfs = K-feldspar, mo = molybdenite, mt = magnetite, py = pyrite, qtz = quartz, ser = sericite, sph = sphalerite



Table 2. Results of zircon LA-ICP-MS U-Pb chemical and isotopic analyses of the different igneous rocks in the Chalukou deposit

Concentrations (ppm) Isotopic ratios Ages (Ma)
Spot Th U Pb Th/U 207pp/2%ph lo 27pp/ABy lo 206pp/28y lo 207pp/2%ph lo 27pp/ABy lo 206pp/28y lo
Granite porphyry

C157-01 213.2 367.1 9.9 0.58 0.0492 0.0012 0.1575 0.0039 0.0232 0.0003 159 33 148 3 148 2
C157-02 363.9 459.2 12.9 0.79 0.0526 0.0013 0.1650 0.0039 0.0227 0.0003 312 30 155 3 145 2
C157-03 479.3 436.1 13.0 1.10 0.0524 0.0013 0.1662 0.0039 0.0230 0.0003 301 30 156 3 147 2
C157-04 479.6 538.3 15.1 0.89 0.0531 0.0012 0.1661 0.0035 0.0227 0.0003 332 25 156 3 145 2
C157-05 643.0 713.3 20.4 0.90 0.0489 0.0008 0.1567 0.0026 0.0233 0.0003 142 18 148 2 148 2
C157-06 458.6 490.8 14.2 0.93 0.0509 0.0011 0.1626 0.0035 0.0232 0.0003 234 26 153 3 148 2
C157-07 281.8 469.9 12.9 0.60 0.0518 0.0012 0.1658 0.0036 0.0232 0.0003 278 26 156 3 148 2
C157-08 317.2 584.3 15.6 0.54 0.0504 0.0010 0.1613 0.0032 0.0232 0.0003 214 23 152 3 148 2
C157-09 5333 459.0 13.9 1.16 0.0510 0.0011 0.1640 0.0035 0.0233 0.0003 240 25 154 3 149 2
C157-10 596.9 749.5 21.7 0.80 0.0515 0.0010 0.1693 0.0033 0.0238 0.0003 264 22 159 3 152 2
Cl157-11 569.9 597.7 17.2 0.95 0.0489 0.0009 0.1560 0.0028 0.0231 0.0003 142 21 147 2 147 2
Cl157-12 331.0 445.1 12.5 0.74 0.0522 0.0012 0.1664 0.0037 0.0231 0.0003 293 28 156 3 147 2
C157-13 305.4 3559 10.5 0.86 0.0500 0.0013 0.1647 0.0041 0.0239 0.0003 197 34 155 4 152 2
C157-14 403.9 512.4 14.6 0.79 0.0491 0.0011 0.1594 0.0034 0.0235 0.0003 154 27 150 3 150 2
Cl157-15 376.8 458.8 13.2 0.82 0.0491 0.0011 0.1601 0.0033 0.0236 0.0003 155 25 151 3 150 2
Cl157-16 346.6 401.9 12.0 0.86 0.0498 0.0012 0.1653 0.0038 0.0241 0.0003 186 30 155 3 153 2
C157-17 370.7 844.4 22.8 0.44 0.0505 0.0019 0.1605 0.0055 0.0230 0.0003 220 87 151 5 147 2
C157-18 496.7 533.6 15.9 0.93 0.0505 0.0011 0.1661 0.0034 0.0239 0.0003 216 24 156 3 152 2
C157-19 326.6 5279 14.8 0.62 0.0491 0.0010 0.1607 0.0032 0.0237 0.0003 154 24 151 3 151 2



Table 2. (Cont.)

Concentrations (ppm) Isotopic ratios Ages (Ma)
Spot Th U Pb Th/U 27ph/2%ph lo 27pp/ABy lo 206pp/28y lo 207pp/2%ph lo 27pp/AByU lo 206pp/28y lo
Quartz porphyry
Cl164-01 81.7 105.8 3.0 0.77 0.0496 0.0087 0.1581 0.0273 0.0231 0.0007 178 291 149 24 147 5
C164-02 98.2 106.1 32 0.93 0.0505 0.0068 0.1576 0.0210 0.0227 0.0006 216 248 149 18 145 4
C164-03 115.2 142.0 52 0.81 0.0505 0.0074 0.1622 0.0233 0.0233 0.0007 218 265 153 20 149 4
C164-04 99.2 87.7 2.8 1.13 0.0507 0.0051 0.1630 0.0161 0.0233 0.0004 228 189 153 14 149 3
C164-05 144.5 115.1 39 1.25 0.0494 0.0037 0.1599 0.0117 0.0235 0.0005 165 129 151 10 150 3
C164-06 81.9 76.6 2.4 1.07 0.0491 0.0052 0.1557 0.0162 0.0230 0.0005 152 192 147 14 147 3
C164-07 943.6 362.2 15.4 2.61 0.0505 0.0049 0.1634 0.0156 0.0235 0.0005 218 178 154 14 150 3
C164-08 735.7 749.8 29.0 0.98 0.0501 0.0065 0.1568 0.0199 0.0227 0.0006 201 236 148 17 145 4
C164-09 139.6 128.7 4.1 1.08 0.0493 0.0042 0.1549 0.0131 0.0228 0.0005 160 152 146 11 145 3
Cl164-10 55.1 59.2 1.8 0.93 0.0494 0.0107 0.1573 0.0338 0.0231 0.0008 166 340 148 30 147 5
Cl64-11 51.8 95.4 2.8 0.54 0.0524 0.0068 0.1640 0.0208 0.0227 0.0006 305 239 154 18 145 4
Fine-grained porphyry

C69-01 105.9 86.9 29 1.22 0.0505 0.0077 0.1618 0.0245 0.0233 0.0006 216 277 152 21 148 4
C69-02 84.3 88.5 2.7 0.95 0.0501 0.0058 0.1568 0.0180 0.0227 0.0005 198 215 148 16 145 3
C69-03 98.6 117.6 3.6 0.84 0.0509 0.0075 0.1641 0.0237 0.0234 0.0007 237 270 154 21 149 4
C69-04 67.0 74.6 2.3 0.90 0.0531 0.0123 0.1689 0.0387 0.0231 0.0010 332 375 158 34 147 6
C69-05 53.8 57.3 1.8 0.94 0.0530 0.0062 0.1705 0.0195 0.0234 0.0006 328 214 160 17 149 4
C69-06 153.7 1143 3.7 1.34 0.0492 0.0041 0.1576 0.0130 0.0232 0.0005 158 146 149 11 148 3
C69-07 66.6 74.1 22 0.90 0.0496 0.0088 0.1535 0.0268 0.0225 0.0008 176 290 145 24 143 5
C69-08 210.8 131.8 4.5 1.60 0.0494 0.0080 0.1615 0.0258 0.0237 0.0007 168 274 152 23 151 5



Table 2. (Cont.)

Concentrations (ppm) Isotopic ratios Ages (Ma)
Spot Th U Pb Th/U 27ph/2%ph lo 27pp/ABy lo 206pp/28y lo 207pp/2%ph lo 27pp/AByU lo 206pp/28y lo
Diorite porphyry

C176-01 71.3 61.4 1.7 1.16 0.0489 0.0031 0.1435 0.0089 0.0213 0.0004 141 105 136 8 136 3
C176-02 143.7 922 2.7 1.56 0.0487 0.0032 0.1413 0.0092 0.0210 0.0004 135 114 134 8 134 2
C176-03 140.6 348.2 8.6 0.40 0.0489 0.0012 0.1464 0.0036 0.0217 0.0003 141 33 139 3 139 2
C176-04 55.5 148.5 39 0.37 0.0473 0.0029 0.1428 0.0084 0.0219 0.0004 64 135 135 7 140 2
C176-05 93.1 61.4 1.9 1.52 0.0488 0.0035 0.1468 0.0102 0.0218 0.0004 138 120 139 9 139 3
C176-06 238.8 403.3 10.4 0.59 0.0463 0.0022 0.1368 0.0061 0.0214 0.0003 13 102 130 5 137 2
C176-07 96.6 245.1 6.1 0.39 0.0489 0.0017 0.1491 0.0051 0.0221 0.0003 141 52 141 4 141 2
C176-08 45.0 33.1 1.4 1.36 0.0488 0.0070 0.1488 0.0211 0.0221 0.0006 136 253 141 19 141 4
C176-09 1253 2259 6.0 0.55 0.0503 0.0017 0.1552 0.0051 0.0224 0.0003 208 50 146 5 143 2




Table 3. Results of Re-Os isotopic analyses of molybdenite samples from the Chalukou deposit

Vein Weight Model age
Sample No. Location type Alteration (2 Re (ppm) + 37Re (ppm) + ¥70s (ppb) + (Ma) A £ +*
16CLK-3 320m/CM9 Ble potassic 0.02 39.71 0.14 24.96 0.09 64.10 0.19 153.96 0.08 0.63 0.79
16CLK-8 320m/CM7 A2g potassic 0.02 45.22 0.17 28.42 0.11 71.24 0.23 150.28 0.06 0.62 0.78
16CLK-15 320m/CM9 B2g sericitic 0.03 25.87 0.09 16.26 0.06 40.33 0.12 148.67 0.07 0.62 0.77
16CLK-44 567m/ZK 1102 B2m potassic 0.02 43.60 0.16 27.41 0.10 67.51 0.21 147.67 0.10 0.60 0.76
16CLK-117 1085m/ZK1103 B2m sericitic 0.03 421 0.02 2.64 0.01 6.48 0.02 147.04 0.12  0.72 0.86
16CLK-125 419m/ZK 1509 Am potassic 0.02 30.06 0.11 18.89 0.07 46.48 0.15 147.49 0.09 0.60 0.76
Notes: “uncertainty including only mass spectrometry uncertainty

*uncertainty including all sources of analytical uncertainty

*uncertainty including all sources of analytical uncertainty plus decay constant
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