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ABSTRACT

Porphyry systems, the most important reserves of Cu and Mo with significant Au, are genetically

linked to the emplacement of hydrous and oxidized intermediate to acidic magmas, in response to

temporal and geochemical evolution of crust in orogenic terranes. In this study, comprehensive

whole-rock and zircon geochemical and isotopic datasets of intermediate to acid igneous rocks
were integrated to characterize the crustal evolution and metallogeny of porphyry deposits in the

Central Asian Orogenic Belt (CAOB).

The ore-forming porphyries of Cu 6 Au 6 Mo and Mo deposits have higher but largely overlapped

DFMQ (the proxy for oxygen fugacity) with those of the barren igneous rocks. However, the ore-

forming porphyries of Cu 6 Au 6 Mo deposits are characterized by distinctly higher whole-rock V/

Sc and zircon Eu/Eu* (both are proxies for water content) than barren rocks. Furthermore, the V/Sc
ratios positively correlate with the Cu tonnages of calc-alkali porphyry Cu deposits, suggesting that

magmatic water contents may yield the first-order control on metal endowment. The general de-

crease of V/Sc from the Paleozoic to Mesozoic, combined with the negative correlation of V/Sc with

K2O and SiO2, also indicates the gradual evolution of crust in CAOB clearly controls the end mem-

bers of porphyry-type systems (i.e., Cu–Au and Mo deposits). The crustal residence age (TRes, the

time difference between Nd depleted-mantle model age and the crystallization age) of c. 500 Ma

from the Nd isotopes is proposed as the threshold distinguishing porphyry Cu 6 Au 6 Mo (TRes <

500 Ma) and Mo deposits (TRes > 500 Ma) in the CAOB.

The coupled zircon Hf isotopes and crustal thickness reveal that the fundamental crustal archi-

tecture in the eastern and western CAOB had been built by the Late Permian and Late

Carboniferous, respectively, highlighted by the converging trends of eHf(t) commencing at

c.250 Ma in the eastern segment and c.300 Ma in the western segment of CAOB, indicating

reworking and homogenizing of juvenile crust after collision. In the eastern CAOB, porphyry Cu
6 Au 6 Mo deposits were formed by juvenile materials in thin island arcs, while porphyry Mo

deposits were formed by reworked materials in the thickened orogenic crust after c.250 Ma. In

the western CAOB, porphyry Cu deposits in the Balkhash region during the Late Carboniferous

were formed in thickened continental crust (generally > 40 km), genetically linked to the culmin-

ation of world-wide magmatic addition rates (MARs) triggered by accelerated production of the

juvenile crust, in contrast to the porphyry Cu 6 Au 6 Mo deposits formed in thin island arc

(generally < 40 km) during the Early Paleozoic.
This study tests the zircon DFMQ as proxy for fO2, and zircon Eu/Eu* and whole-rock V/Sc ratios

as proxy for water content. It highlights that whole-rock V/Sc ratio is a favorable index for the
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Cu tonnages of porphyry Cu 6 Au 6 Mo deposits, and that the distinct porphyry-type mineral-

ization in the CAOB is controlled by the crustal evolution reflected by crustal composition and

thickness.

Key words: magmatic water content; crustal evolution; porphyry systems; Central Asian Orogenic
Belt

INTRODUCTION

The porphyry-type deposits presently contain the

world’s major Cu and Mo reserves, as well as a signifi-

cant amount of Au (Cooke et al., 2005; Seedorff et al.,

2005; Sillitoe, 2010), and are genetically linked to por-

phyry intrusions originated from magma chambers in

the upper crust that exsolve S- and metal-rich, aqueous

fluids at 5–10 km depth mainly in convergent margins

(Candela & Piccoli, 2005; Seedorff et al., 2005; Richards,

2009). Although the variable metal endowment in PCDs

remains a subject of debate, it is widely accepted that

the causative intrusions are characterized by high oxy-

gen fugacity (fO2) and water content, which are critical

for maximizing the metal concentrations of the

exsolved aqueous phase (Richards, 2003; Annen et al.,

2006; Loucks, 2014; Lu et al., 2015). The oxidized mag-

mas can extract Cu and Mo from the reservoirs during

melting (Mungall, 2002; Jugo, 2009; Lee et al., 2012)

and further assimilate sulfides during ascent (Sillitoe,

2010; Wilkinson, 2013). The high fO2 of magma is con-

jectured to suppress the segregation of Cu as magmatic

sulfide from magma, which otherwise may sequester

Cu before its partitioning into the aqueous phase from

melt (Sillitoe, 2010), and also make Mo occur mainly as

Mo6þ, thus preventing the substitution of Mo4þ for Ti4þ

in Ti-bearing minerals such as ilmenite and titanite

(�Cerny et al., 2005).

On the contrary, recent studies have raised doubt on

the role of high oxidation state on porphyry-type min-

eralization (Chiaradia, 2014; Matjuschkin et al., 2016;

Zhang & Audétat, 2017; Du & Audétat, 2020). For ex-

ample, sulfide phases are widely reported in the crustal

cumulates, resulting from the enhanced stability of sul-

fide species in deep- to mid-crustal cumulates even for

relatively oxidized (NNO þ 2) magmas. Although sulfide

saturation could be detrimental to ore-forming poten-

tial, the concentration of metals by sulfide melt may be

a highly effective mechanism for metal enrichment, as

long as the sulfide phases are accessible to subsequent

exsolved ore-forming fluid (Halter et al., 2005;

Wilkinson, 2013; Chen & Wu, 2020). The recent sulfide

pre-enrichment model has inevitably challenged the im-

portance of a highly oxidized PCD ore-forming magma

(Chen & Wu, 2020). Traditional PCD metallogenic mod-

els propose that the magma needs to maintain a high

oxidation state to avoid the early formation of the sul-

fide phase that scavenges ore-forming elements

(Jenner et al., 2010). However, isolated sulfide phases

are common in the xenoliths of lower crustal cumulates

(Richards, 2009; Hou et al., 2017). Sulfide droplets in the

melt inclusions represent the components of the upper

crustal magma chamber (Nadeau et al., 2010), suggest-

ing that the sulfide saturation in the magma may be a

common phenomenon and not detrimental to copper-

ore-forming potential (Du & Audétat, 2020).

High water contents favor the high-pressure satur-

ation of the aqueous phase in magma so as to extract

the ore metals efficiently (Rohrlach & Loucks, 2005;

Sillitoe, 2010; Loucks, 2014). The zircon, a mineral re-

sistant to hydrothermal alteration or weathering, have

been widely applied to investigate crustal evolution

(Spencer et al., 2014; Spencer et al., 2019; Hawkesworth

et al., 2019), as well as newly proposed magmatic oxy-

barometer of DFMQ values based on trace elements

(Loucks et al., 2020). The high whole-rock V/Sc and zir-

con Eu/Eu* ratios, reflecting the advanced crystalliza-

tion of hornblende relative to titanomagnetite and

suppression of early plagioclase crystallization in hy-

drous magmas, respectively, have also been proposed

to indicate the high water content of magma (Loucks,

2014; Lu et al., 2016; Lu et al., 2019).

Recent studies have put forward that crustal evolu-

tion controls the temporal-spatial distribution of por-

phyry deposits in orogens, e.g. in the Neo-Tethyan

orogen in Iran and Pakistan, where the matured mag-

matic arc system results in evolved, volatile-rich mag-

mas at the late stage of the arc’s history in each region,

and, therefore, have higher mineralizing potential than

the prior arc magmatism (Richards et al., 2012). In add-

ition, crustal thickness has an important impact on mag-

matic evolution and porphyry Cu mineralization, since

the Cu sulfides accumulated at the bottoms of the thick-

ened crust may get re-melted to release the metals for

the formation of subsequent porphyry-type deposit

(Richards, 2009; Chiaradia, 2014).

The CAOB, one of the largest accretionary orogenic

systems in the world, went through horizontal and verti-

cal crustal growth, accompanied by extensive crust-

mantle interaction, and formed a series of world-class

porphyry Cu and Mo deposits, e.g. Kounrad Cu–Au,

Aktogai Cu–Mo–Au, Kal’makyr Cu–Au, Oyu Tolgoi Cu–

Au, Caosiyao Mo, and Daheishan Mo deposits (Jahn,

2004; Seltmann et al., 2014; Xiao et al., 2009b; Gao

et al., 2018). However, there still lacks a comprehensive

understanding of to what extent the high water content

and fO2 of the ore-forming magma depend on each

other, and their impact on the metal endowments of

porphyry Cu deposits. Moreover, the effect of crust evo-

lution, indicated by crustal composition and thickness,
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on the temporal distribution of porphyry deposits and

mineralizing types (e.g. Cu–Au, Cu–Mo, and Mo)

remains unclear. Therefore, this paper synthesizes the

recent data to characterize the fO2, water content, Nd

isotopes, zircon Hf isotopes and crustal thickness of

intrusions from porphyry-type deposits, in comparison

to barren igneous rocks in the CAOB, in order to provide

the long-term and large-scale overview of the distribu-

tions of porphyry-type deposits with respect to the evo-

lution of magmas with increasing crust evolution in the

CAOB.

GEOLOGICAL BACKGROUND

The CAOB, extending from the Ural mountains east-

wards to the Pacific coast, is bounded by the Russian

craton to the west, the Siberian craton to the north, the

Tarim and North China cratons to the south (Fig. 1), and

mainly formed by subduction and accretion of juvenile

materials spanning from the Neoproterozoic to the

Mesozoic (Sengör et al., 1993; Jahn, 2004; Yakubchuk,

2004; Windley et al., 2007; Xiao et al., 2009b; Wilhem

et al., 2012). The CAOB consists of fragments of ancient

microcontinents and a variety of juvenile tectonic units,

such as island arcs, oceanic islands, seamounts, ophio-

lites, and accretionary complexes, preserving various

orogenic components, including the Japan-, Mariana-,

and Alaskan–Aleutian-type arc systems, as well as the

active marginal sequences of cratons (Xiao et al., 2010;

Xiao & Santosh, 2014). The CAOB is dominated by the

growth and consumption of the Paleo-Asian Ocean

(PAO), which was opened in the Neoproterozoic and

possibly closed in the Middle Triassic (Wilhem et al.,

2012). Two key areas have been well documented in the

CAOB, i.e. the Kazakhstan orocline in the west and the

Tuva–Mongol orocline in the east (Sengör et al., 1993;

Xiao et al., 2010). The Kazakhstan orocline, comprising

North Xinjiang in China and Kokchetav-Balkhash in

Kazakhstan, is characterized by interactions between

the Siberian, East European, and the Tarim cratons in

the Late Proterozoic to the Early Mesozoic, while the

Tuva–Mongol orocline, comprising Inner Mongolia in

China, Mongolia and South Russia, is characterized by

convergence in the Early Mesozoic of the Siberian cra-

ton, the Mongolia–Gobi block, and the North China cra-

ton, as well as the overprinting by the Mongol–Okhotsk

and the circum-Pacific orogenesis (Xiao et al., 2010).

The magmatism in the CAOB is characterized by the

widely exposed granitoids with positive eNd(t) values,

accompanied by multiple phases of alkaline rocks and

lesser volumes of mafic–ultramafic magmatism (Han

et al., 1999; Jahn et al., 2000; Wang et al., 2017). The

massive granitoids occupy a total area more than 8�7
million km2, clustering into three major periods (i.e.

Cambrian–Ordovician, Carboniferous–Permian, and

Jurassic) and six peaks of zircon ages at c.500, 430–370,

330–300, 290–260, 210–170 and 145–110 Ma (Li et al.,

2013; Wang et al., 2017). The granitoids peaking at

500 Ma mainly occur in the northwest CAOB and were

formed in subduction and subsequent microcontinen-

tal-collision settings (Jahn et al., 2004; Wu et al., 2011),

while the granitoids of 430–370 Ma predominately occur

in the northwest and south CAOB, and were formed by

accretion and collision (Han et al., 2006; Long et al.,

2011; Wang et al., 2017). The Carboniferous granitoids

in the north and northwest CAOB were formed by post-

Fig. 1. Simplified tectonic map of the Central Asian Orogenic Belt (Jahn et al., 2000; Jahn, 2004).
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accretion magmatism, whereas those in the south

CAOB were emplaced in an arc setting (Geng et al.,

2009; Tong et al., 2015; Wang et al., 2017). The Permian

granitoids (290–270 Ma) were formed in various set-

tings, including collisional, post-collisional, and intra-

plate settings (Wang et al., 2017; Xiao et al., 2009a). The

Mesozoic granitoids are mainly present in eastern

CAOB (Fig. 2) formed in varying settings (including

intraplate, post-orogenic, and continental arc settings)

related to three tectonic regimes, namely the consump-

tions of the PAO, Mongol–Okhotsk Ocean, and Paleo-

Pacific Ocean (Mazukabzov et al., 2010; Wu et al., 2011;

Xiao et al., 2009a; Li et al., 2013; Gao et al., 2018).

Three porphyry-type mineralizing provinces from the

Early Ordovician to the Late Cretaceous are identified in

the CAOB (Fig. 2), i.e. the Kazakhstan Cu 6 Au 6 Mo,

the Mongolia Cu 6 Au 6 Mo and the Northeast China

Cu 6 Au 6 Mo and Mo metallogenic provinces

(Yakubchuk et al., 2012; Seltmann et al., 2014; Gao

et al., 2018; Shen et al., 2018). The porphyry-type depos-

its in Kazakhstan cluster at c.490–440 Ma and c.330–

295 Ma, related to the subduction and accretion of

Paleozoic arc systems in the western PAO, in contrast to

those in Mongolia culminating at c.375 Ma and

c.240 Ma, which are controlled by the evolution of the

Gurvansayhan island arc in the PAO and the Selenge

continental arc of Mongol–Okhotsk ocean, respectively

(Shen et al., 2018). In the Northeast China metallogenic

province, the porphyry Cu deposits are represented by

the Duobaoshan Cu–Au–Mo deposit at c.480 Ma in the

Xing’an arc and the Wunugetushan Cu–Mo deposit at

c.180 Ma in the Debugan collisional zone (Shen et al.,

2018). The porphyry Mo deposits in NE China recorded

three distinct geodynamic events; i.e. the Triassic

deposits distributed along the Xilamulun fault are

related to post-collisional crustal extension following

the final closure of the PAO; the Jurassic deposits are

controversially linked to flat-slab subduction of the

Paleo-Pacific oceanic plate or to subduction, collision,

and post-collision related to the closure of the Mongol–

Okhotsk Ocean; the Cretaceous deposits are attributed

to the slab rollback of Paleo-Pacific oceanic plate and

lithospheric thinning in Northeast China (Wu et al.,

2011; Chen et al., 2017; Shu et al., 2016).

DATA COMPILATION

In order to compare the ore-bearing intrusions of por-

phyry-type deposits with the immense volumes of bar-

ren magmatic rocks, the whole-rock elemental and Nd

isotopic data, as well as zircon U–Pb dates of intermedi-

ate to acid igneous rocks in the CAOB, were compiled

together with their GPS coordinates. The selection crite-

ria for acceptable whole-rock geochemical data are loss

on ignition (LOI) < 3�5 wt % to exclude the interference

of hydrothermal alteration, and the Eu/Eu* < 1�3 or

Al2O3 < 20 wt % to exclude conspicuous crystal cumu-

lates, which leaves c.3870 acceptable analyses. Zircon

trace-elemental and Hf isotopic data of intermediate to

silicic magmatic rocks with available coordinates in the

CAOB were also compiled from the literature. The com-

piled zircon Lu–Hf isotopic dataset includes approxi-

mately 12 900 analyses from 800 rock samples.

Supplementary Data Tables 1–3; supplementary data

Fig. 2. Distribution map of the magmatic crystallization age for c.5000 intermediate to acidic igneous rocks spanning from (a) the
Paleozoic to (b) Mesozoic–Cenozoic in the CAOB. Geochronological samples are shown together with the major porphyry Cu and
Mo deposits. Note that Mesozoic-Cenozoic rocks (< c.250 Ma) are mainly distributed in the eastern CAOB (east of 98˚ E highlighted
by the vertical dashed line).
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are available for downloading at http://www.petrology.

oxfordjournals.org present the complete dataset. The

deposit-size criteria in this study for the porphyry Cu–

Au and Cu–Mo deposits are based on the metal

reserves and grades, with details provided in

Supplementary Data Document and Supplementary

Data Table 5.

DISCUSSION

Porphyry Cu mineralization correlated with

magmatic water content and oxygen fugacity
As illustrated in Figure 3, the whole rock Eu/Eu* ratios

demonstrate a broad positive correlation with V/Sc

ratios, with the majority of ore-bearing intrusions of

porphyry Cu 6 Mo 6 Au deposits characterized by V/Sc

� 10 and Eu/Eu* � 1 in both eastern and western CAOB,

which is consistent with the trend for global porphyry

Cu deposit (Loucks, 2014; Lu et al., 2015). The whole-

rock V/Sc and Eu/Eu* have been widely used as the

proxy for the water content of magma, since high mag-
matic water contents (> 4 wt %) in melt will result in

early fractionation of hornblende but suppression of

plagioclase crystallization at crustal depths (Richards,

2011; Loucks, 2014).

Recent research has proposed zircon Eu/Eu* (mainly

proxy for water content) as the best fertility indicator for

PCDs in both Archean and Phanerozoic terranes (Lu

et al., 2016; Lu et al., 2019). A new magmatic oxybarom-
eter has been formulated by Loucks et al. (2020) to esti-

mate fO2 of magma, which uses trace-elemental Ce, Eu

and Ti in zircon and excludes the large temperature in-

fluence on these ratios by considering the Ti content of

the zircons. The plots of calculated zircon Eu/Eu* and

DFMQ values against whole-rock V/Sc demonstrate that

the ore-forming intrusions for porphyry Cu 6 Mo 6 Au

deposits have distinctly higher V/Sc ratios (>10) than

the barren igneous rocks (Fig. 4), highlighting the critic-
al role of high magmatic water content in the formation

of porphyry Cu 6 Mo 6 Au deposits. Zircon Eu/Eu*

>0�4 generally distinguishes the ore-forming intrusions

from barren ones (Fig. 4a), while DFMQ for porphyry-

type deposits are largely overlapped with those in bar-

ren magmatic rocks (Fig. 4b).

The Eu/Eu* of zircon can be influenced by crystalliza-

tion of REE-bearing phases (Loader et al., 2017; Lu et al.,
2019), such as prior or concurrent crystallization of

plagioclase will decrease the Eu/Eu* in zircon, while

crystallization of titanite and hornblende will lead to ele-

vated Eu/Eu* and low Ta contents (< 0�2 ppm) in zircon.

However, most zircons in the CAOB have high Ta con-

tents (> 0�2 ppm; Supplementary Data Table), indicating

the minimal influence of titanite. As such, the elevated

Eu/Eu* in ore-forming porphyries reflects suppression
of plagioclase crystallization due to high magmatic

water content (Fig. 4a; Lu et al., 2019). The zircon DFMQ

values, which are calculated employing the thermo-

dynamic calibration and expected to be a robust param-

eter for oxidation state of magma, also demonstrate the

largely overlap between ore-forming and barren mag-

matic rocks. This may suggest that the high magmatic

fO2 is not the first-order controlling factor but only one

of the prerequisites for forming porphyry-type deposits
in the CAOB.

In order to further clarify the effect of magmatic

water content on the metal endowment, the median val-

ues of V/Sc from ore-forming porphyries are plotted

against Cu tonnage of porphyry Cu deposits for which

whole-rock V/Sc values are available in the CAOB and

the world (Fig. 5a), which are further classified into calc-

alkalic and alkalic groups based on whole-rock SiO2 vs
K2OþNa2O diagram (Fig. 5b). As illustrated by the

dashed lines in Fig. 5a, the porphyry Cu deposits in the

CAOB define an exponential correlation between V/Sc

Fig. 3. Whole-rock Eu/Eu* and V/Sc ratios for igneous rocks in
CAOB. The rocks from western CAOB are shown in (a) a com-
parative boxplot of whole-rock Eu/Eu*, (b) binary plot of Eu/
Eu* vs V/Sc, and (c) comparative box plot of whole-rock V/Sc.
The rocks from eastern CAOB are shown in (d) comparative
box plot of whole-rock Eu/Eu*, (e) binary plot of Eu/Eu* vs V/
Sc, and (f) comparative box plot of whole-rock V/Sc. The
Mesozoic magmatism in eastern CAOB are divided into five
groups according to their spatial and temporal distributions be-
cause the eastern CAOB went through the impact of three tec-
tonic regimes, including the consumption of the Paleo-Asian
Ocean closed up at c.250 Ma, the Mongol–Okhotsk Ocean
closed up at c.170 Ma, and rollback of the Paleo-Pacific Ocean
at c.130 Ma (Wu et al., 2011; Shu et al., 2016; Chen et al., 2017).
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Fig. 4. Whole-rock V/Sc vs (a) zircon Eu/Eu* and (b) DFMQ for available barren igneous rocks and ore-forming porphyries in the
CAOB, with corresponding medium 6 1 standard deviation of zircon analyses from each sample plotted. The DFMQ values are cal-
culated following the approach of (Loucks et al., 2020).

Fig. 5. Relationship of Cu tonnage with (a) whole-rock V/Sc and (c) zircon Eu/Eu* of ore-forming porphyries from CAOB as well as
representative global porphyry deposits. The whole-rock Na2OþK2O vs SiO2 (Middlemost, 1994) and whole-rock V/Sc vs zircon Eu/
Eu* of ore-forming porphyries are also shown in (b) and (d), respectively. The Bingham, Grasberg, Cadia, Yulong and Skouries por-
phyry Cu deposits are classified as alkalic group, while other deposits belong to the calc-alkalic group. Note that Cu tonnages are
positively correlated with whole-rock V/Sc ratios for worldwide calc-alkalic porphyry Cu deposits, which define the fitting line (gray
dashed line) similar to that derived from porphyry Cu deposits in the CAOB (blue dashed line). Whole-rock V/Sc ratios are positively
correlated with zircon Eu/Eu* for both barren rocks and calc-alkalic PCDs, with the latter characterized by higher V/Sc and Eu/Eu*
ratios (Fig. 5d). Data sources are provided in Supplementary Data Table 4.
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and Cu tonnage with R2 of 0�82, and global calc-alkalic

porphyry Cu deposits, including Batu Hijau, El Teniente,

El Salvador, El Abra and Collahuasi, etc, define the simi-

lar fitting line defined by CAOB deposits, which inde-

pendently tests the robustness of such correlation

between V/Sc and Cu tonnage (Fig. 5a). By contrast, the
alkalic porphyry Cu deposits (e.g. Bingham, Grasberg,

Cadia, Yulong, and Skouries) are exceptions, which are

off the CAOB fitting line and display overall low V/Sc

ratios, suggesting V/Sc ratio is not suitable proxy for

magmatic water contents of alkalic intrusions given that

elevated K2O in alkalic melt would destabilize amphi-

bole and decrease the whole-rock V/Sc ratios

(Cawthorn, 1976; Loucks, 2014). To the best of our

knowledge, this is the first time to quantify the correl-
ation between magmatic water content proxied by

whole-rock V/Sc ratio and metal endowment of por-

phyry Cu deposits. The exponential correlation between

V/Sc and Cu tonnage suggests high water content

yields a first-order control on forming giant porphyry

Cu deposits, a suggestion reinforced by the positive

correlation between zircon Eu/Eu* and whole-rock V/Sc

(Fig. 5d). Furthermore, the positive correlation between
whole-rock V/Sc could be potentially applied to using

detrital zircon to footprint the fertile magmatism in large

areas. Zircon Eu/Eu* values are not directly correlated

with Cu tonnage (Fig. 5c), which combined with the de-

viation of porphyry copper deposits from the fitting line

in Fig. 5a suggest that other factors may also influence

the deposit size.

The high water contents of the parental magmas are
interpreted to promote the mineralization potential via

efficient metal extraction from the magma (Rohrlach &

Loucks, 2005) and the formation of stockwork structures

into which ore-forming fluids are focused (Zhang &

Audétat, 2017). The high water content of ore-forming

magma results from either the inheritance from pre-

sumably a mantle wedge that has been metasomatized

by fluids derived from dehydration of subducting slabs
(James, 1981; Leeman, 2001; Plank et al., 2013) or the

evolution of magma chamber in lower or upper crust

which is recharged with numerous batches of mafic or

andesitic magma ascending from mantle wedge or

lower crustal depth and forms ore-forming porphyries

on the roof (Richards, 2003; Candela & Piccoli, 2005;

Wilkinson, 2013; Lee et al., 2014). Previous modeling

has described the compositional evolution of magma

chambers experiencing simultaneous recharge, evacu-
ation, and fractional crystallization (REFC), which is

characterized by pronounced evolution towards enrich-

ments of highly incompatible components, including

H2O and CO2 (Lee et al., 2014). Some researches put for-

ward that the volume of magma chamber should be

100–200 km3, based on the estimation of tonnages of

porphyry Cu deposits and the average concentrations

of ore-forming metals in the parental magma chamber
(Zhang & Audétat, 2017). Above all, this study empha-

sizes the critical role of water content in the magma

chamber during the formation of porphyry Cu 6 Mo 6

Au deposits, which is enhanced in long-lived magma

chamber with low rates of evacuation and high mass

proportion of recharge (Lee et al., 2014). Besides, the

notably low V/Sc ratios for porphyry Mo deposits

(Fig. 4), however, do not indicate corresponding low

magma water content but the influence of magmatic

evolution of Mo-rich magma, which will be discussed in

subsequent section.

Controlling of the end-members of porphyry-
type deposits
The ore-barren magmatic rocks in the CAOB are charac-

terized by a gradual decrease of V/Sc from the Paleozoic

to the Mesozoic, despite the obviously higher ratios in

porphyry Cu 6 Mo 6 Au deposits (Fig. 3c,f). The experi-

mental evidence showed that the elevated content of

K2O present as the molecular component of orthoclase

in the melt would destabilize the molecular component

of amphibole, thus resulting in the magma experiencing

obvious magnetite-induced depletion of V (Cawthorn,

1976; Loucks, 2014; Halley, 2020). Consequently, the

whole-rock V/Sc will decrease with the evolution of

magma, a trend supported by the negative correlation

of V/Sc with K2O and SiO2 in magmatic rocks of the

CAOB (Fig. 6). This is consistent with the observation

from South America by Halley (2020), who attributes

the descending V/Sc ratios with decreasing Sc and

increasing SiO2 to the fractional crystallization of mag-

netite, given that the ion V4þ has a stronger affinity for

magnetite than Sc3þ in oxidized magmas. Therefore, it

is interpreted that it is high K2O and SiO2 in magma of

porphyry Mo deposits rather than extremely low water

content that account for the low V/Sc ratios in porphyry

Mo deposits. In fact, the parental magmas in porphyry

Mo deposits have high water contents (Audétat & Li,

2017; Shu et al., 2019), which is also supported by high

zircon Eu/Eu* (>0�3) of porphyry Mo deposits (Lu et al.,

2016). In the Junggar region of the western CAOB, geo-

chemical data have shed light on the regional evolution

from a juvenile oceanic arc composition characterized

by low SiO2, K2O and Rb, and high MgO contents to-

wards continental crust composition characterized by

high SiO2, K2O and Rb, and low MgO contents (Tang

et al., 2019). Therefore, the gradual decrease of V/Sc

ratios of magmatic rocks through time may have indi-

cated the gradual evolution of crust in CAOB.

The control by the evolutionary process of crust on

end members of porphyry-type systems in the CAOB is

supported by elevated crustal residence age of por-

phyry Mo deposits relative to porphyry Cu 6 Au 6 Mo

deposits (Fig. 7). The residence time (TRes), also called

crustal incubation time (Wang et al., 2011), is the time

difference between primitive crust formation dated by

Nd-depleted-mantle model age and the crystallization

age. The TRes could serve as an ideal index for the crust-

al evolutionary processes in juvenile-material-domi-

nated Central Asian Orogenic Belt, namely, how long

the materials have existed since being extracted from
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the mantle before forming analysed igneous rocks. The

TRes of porphyry Cu deposits is mainly below 500 Ma in

contrast to the porphyry Mo deposits generally above

500 Ma (Fig. 7), a trend consistent with the observed

higher epsilon Nd and Hf values of porphyry Cu depos-

its relative to porphyry Mo deposits in the CAOB (Gao

et al., 2018). The TRes of 500 Ma may represent the lower

limit of the time interval for crustal material experienc-

ing the evolution from the extraction of the mantle to

the collisional event. Therefore, it is proposed TRes of

500 Ma as the threshold to distinguish between por-

phyry Cu and Mo mineralization in the CAOB.

Moreover, the TRes for the ore-forming intrusions of

porphyry Cu deposits is generally greater than 130 Ma

(Fig. 7), which might be considered the lower limit for

the residence age of porphyry Cu deposits, much

shorter than that of the porphyry Mo deposits (TRes

lower limit of c.500 Ma) in the CAOB. Above observa-

tions of the formation of porphyry Cu deposits in more

primitive crust in contrast to porphyry Mo deposit in the

more evolved crust in CAOB are consistent with the dis-

tribution of Cu and Mo mineralized intrusive suites in

eastern Australia (Blevin et al., 1996) and Tibet (Hou

et al., 2015). Furthermore, it is also consistent with ear-

lier work by Thompson et al. (1999), who proposed that

Cu–Au mineralization is associated with chemically pri-

mary magmas, whereas Sn and Mo-rich deposits are

associated with highly evolved magmas experiencing

advanced fractional crystallization (Thompson et al.,

1999).

The crustal evolution could be constrained by crustal

residence age, i.e. as immature crust evolves to mature

state, the crustal thickness gradually increases, accom-

panied by increasing crustal residence age, which sug-

gests the decrease of the proportion of juvenile material

(Chiaradia, 2015). Such process is interpreted to control

the transition of mineralization types from Cu–Au to

Cu–Mo end-members. As crust thickens, the enhanced

sulfide cumulate will sequester more Au than Cu from

the parental magma if the cumulus sulfide is character-

ized by immiscible sulfide liquid rather than monosul-

fide solid solution when sulfide saturation is attained at

high temperature and low pressure (Richards, 2009; Li

& Audétat, 2013; Rottier et al., 2019), which could

Fig. 6. Binary plots for (a) whole-rock V/Sc vs K2O and (b) V/Sc vs SiO2 of the igneous rocks in the CAOB. Grouped mediums are cal-
culated at intervals of 1�5 wt % for SiO2 and 0�3 wt % K2O, respectively. Note that grouped medians for all data show the negative
correlation of V/Sc with K2O and SiO2, highlighted by the transparent arrows. Porphyry Cu deposits are mainly distributed above
the trend arrows, in contrast to porphyry Mo deposits having much wider V/Sc range.

Fig. 7. Binary plots for crustal residence age (TRes, Ma) from whole-rock Nd isotopes vs whole-rock V/Sc (a) and whole-rock Eu/Eu*
(b) for porphyry Cu and Mo deposits in the CAOB. Note the TRes for porphyry Mo deposits above 500 Ma and porphyry Cu deposits
above 130 Ma, respectively.
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explain the preferential occurrence of Cu–Au in thin

crust. Another explanation may be that magma em-

placement in shallow crust may be optimized for high

gold precipitation efficiency, which is supported by the

Monte Carlo simulations for typical Au-rich porphyry

Cu deposits (Chiaradia, 2020). Alternatively, tectonic re-

gime (contraction vs. extension) could also control the

formation of porphyry Cu–Mo and Cu–Au deposits in

subduction zone. For example, in central Andes, the

contractional events related to flattening of subducted

slabs in southern Peru, northern and central Chile trig-

ger crustal thickening and the formation of Cenozoic

porphyry Cu–Mo (Skewes & Stern, 1994; Kay et al.,

1999; Perelló et al., 2012), while the porphyry Cu–Au

deposits in the Maricunga-El Indio belt are generated

where coeval volcanism was active, implying more ex-

tensional tectonic conditions than Cu–Mo deposits (Kay

et al., 1994; Sillitoe, 2000; Sillitoe & Perelló, 2005). Such

trends are interpreted to result from thin crust in exten-

sional regime favouring porphyry Cu–Au deposits

emplacing at shallow crustal depths, in contrast to thick

crust in contractional regime favouring porphyry Cu–

Mo deposits emplacing at deep crustal depths

(Murakami et al., 2010). In subsequent magmatic-hydro-

thermal process, Au is precipitated at a high rate since

fluids exsolved from these shallow-level magmas, while

Cu and Mo are precipitated at greater confining pres-

sure at deep crustal depths (Murakami et al., 2010;

Chiaradia, 2020). Above interpretations are consistent

with the general evolutionary history of crust, because

a long-term and large-scale secular transition process is

required for transforming primary thin oceanic arcs to

evolved thick continental crust, which reinforces that

crustal evolution controls the end-members of por-

phyry-type deposits.

Influence of crustal properties on porphyry
deposits
Zircon is a robust and refractory mineral that can sur-

vive multiple recycling events, and incorporate U, Th

and Hf but exclude Pb in its crystal structure, making it

an important archive to record juvenile magma addition

and crustal reworking during geodynamic evolution

(Collins et al., 2011; Spencer et al., 2014; Dhuime et al.,

2017). Therefore, zircon Hf isotopes are ideal for clarify-

ing the influence of crustal history on porphyry-type

deposits. The zircon epsilon Hf values from the

Paleozoic to Mesozoic together with the changing

whole-rock La/Yb ratios (possibly a crude proxy for

crustal thickness) are constructed for the western

(Fig. 8a, c) and eastern (Fig. 8b, d) CAOB, respectively.

The western segment of CAOB In the western CAOB,

the zircon eHf(t) values from the Cambrian to Silurian

(c.540–420 Ma) have a wide range of c.-15 to þ15

(Fig. 8a), suggesting magma derivation from both ju-

venile and ancient sources (Sun et al., 2009). However,

the minimum eHf(t) progressively increased from the

Devonian to the Late Carboniferous (420–300 Ma),

indicating that the crustal composition became increas-

ingly juvenile, typical in extensional accretionary oro-

gen (Kemp et al., 2009). At c.300 Ma, eHf(t) shifted to

negative values of c.-10, indicating continental collision

(Smits et al., 2014), which is consistent with the closure

of the west segment of South Tianshan Ocean at the
end of Late Carboniferous (Fig. 8a), a conclusion

derived from the age of granite dike crosscutting the

high pressure–low temperature Chinese South

Tianshan metamorphic belt, the microfossils from the

ophiolitic mélanges, and the stitching granitic plutons

in the suture zone (Gao et al., 2011; Han et al., 2011).

From c.300 to 250 Ma in eastern CAOB, the eHf(t) exhib-

ited a converging trend with downward and upward

shift of maximum and minimum values, respectively,
which is similar to those of Paleoproterozoic magma-

tism in North Australian Craton (Iaccheri et al., 2018)

and Paleozoic magmatism in peri-Laurentia (Henderson

et al., 2018), indicating decreased reworking of ancient

crust and homogenizing during post-collisional stage

(Henderson et al., 2018; Iaccheri et al., 2018). There is

another shift of eHf(t) to c.-10 at c.250 Ma, indicating col-

lision with another continent (Smits et al., 2014).
The two eHf(t) shifts at c.300 Ma and 250 Ma can shed

new light on the existing debate on the final closure

time of PAO in the western CAOB, i.e. the Late

Carboniferous (Gao et al., 2009; Han et al., 2011) or the

Late Permian to Middle Triassic (Xiao et al., 2009a; Xiao

et al., 2015). According to this study, the shift of eHf(t) at

c.300 Ma is represented by samples from the Chinese

Altay–East Junggar collage and Tianshan range, while
the shift at c.250 Ma is recorded by samples from the

Tianshan range adjacent to the northern margin of the

Tarim craton (Fig. 2). Moreover, the notable conver-

gence of eHf(t) commencing at c.300 Ma in western

CAOB (Fig. 8a) indicates the gradual homogenization of

crust by reworking since the Late Carboniferous.

Nonetheless, the crustal thickness continued to in-

crease after the Late Carboniferous until the Late
Permian at an average rate of c.0�3 km/Ma (Fig. 8c), indi-

cating the amalgamation of the Tarim craton and the

southern margin of CAOB. Therefore, it is proposed that

closure of the branch of the western PAO, such as the

west segment of the South Tianshan Ocean, occurred

in the Late Carboniferous and shaped the fundamental

architecture of the crust. However, the final closure of

the western branch of PAO occurred at the boundary of

Permian and Triassic, when the Tarim craton collided
with the South margin of CAOB, resulting in the peak of

crustal thickness at c.250 Ma (Fig. 8c). Such interpret-

ation is supported by the reported evidences for the

Triassic termination of final amalgamation of western

CAOB, namely, the closure of east segment of South

Tianshan Ocean and North Tianshan Ocean, including

Permian ophiolites (Song et al., 2015), the newly-recog-

nized North Tianshan intra-oceanic arc amalgamated
with the Yili–Central Tianshan arc by the Middle-Late

Triassic as revealed by the change of detrital zircon

province (Bai et al., 2020), the Kangurtag suture zone
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recording the final closure of the North Tianshan Ocean

via two-way subduction suggested by the mélange and

detrital zircons in turbiditic sandstones (Chen et al.,

2019). Also worth noting are coupled decreases in eHf(t)

values (Fig. 8a) and crustal thickness (Fig. 8c) during the

380–350 Ma, suggesting the mixture between mantle-

derived magma and old continental crust under exten-

sional setting induced by subduction initiation of the

South Tianshan Ocean (Han et al., 2015; Bao et al.,

2018).

The porphyry Cu 6 Au 6 Mo deposits that formed in

the Early Paleozoic were emplaced in thinner crust (gen-

erally < 40 km) of island arcs relative to those formed in

the crust generally thicker than 40 km during the Late

Paleozoic in Balkhash region, the most significant por-

phyry Cu field in western CAOB (Fig. 8c). The Late

Paleozoic metallogenic event clusters into c.330–300 Ma

approaching the closure of the north branch of PAO.

Such a period is interpreted as one of the four

Phanerozoic global high magmatic addition rates

(MARs), during which the island and continental arcs in

several unrelated regions worldwide synchronously

produced higher volumes of magma (> 1000 km2/Ma)

than normal (Ducea et al., 2015). The MARs peak of the

CAOB is in the Carboniferous, speculated to be linked to

global accelerated production of the juvenile crust

(Ducea et al., 2015), which favors forming large-sized

magma chambers and hydrous ore-forming magmas in

magmatic arcs (Zhang & Audétat, 2017), thus might ac-

count for the massive formation of porphyry Cu depos-

its in the Balkhash region during the Carboniferous.

Besides, the conspicuous link of porphyry Mo deposits

to post-subduction setting suggests that the crustal

reworking may favour the formation of large-sized and

long-lived magma chamber, and consequent emplace-

ment of mineralization intrusions in deep level charac-

terized by slow rates of crystallization, all of which are

considered as the favourable controlling factor on

Fig. 8. Zircon epsilon Hf vs crystallizing age from igneous rocks in (a) western CAOB and (b) eastern CAOB; crustal thickness vs age
of igneous rocks in (c) western CAOB and (d) eastern CAOB. Note that only one pulse of porphyry Mo mineralization is present in
(d) after filtering of crustal thickness proxy. The inset in (d) illustrates the varying crustal thickness in eastern CAOB during the
Mesozoic. The thicknesses of crust were calculated by La/Yb ratios of each sample (Profeta et al., 2015), using the same filter criteria
as in Profeta et al. (2015), with details listed in Supplementary Data Document. The red solid line in the middle of the two transpar-
ent fields in (a) and (b) are the moving averages with the fields denoting standard deviations. Grouped medians are calculated at
intervals of 5 Ma for age. In Western CAOB, the increasing crustal thickness from the Carboniferous to Permian roughly described
in an average rate of c.0�3 km/Ma (c), is accompanied by the decreasing epsilon Hf values, suggesting the gradual evolving process
from thin juvenile to thick ancient crust. In Eastern CAOB, the abrupt shift of eHf(t) values at c.250 Ma (b) is coupled with a peak for
crustal thickness (d), which marks the closure of eastern Paleo-Asian Ocean.
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forming porphyry Mo deposits (Audétat & Li, 2017;

Shinohara et al., 1995).

The eastern segment of CAOB The eHf(t) at 400–

250 Ma displays an inverted ‘U-shaped’ array, which is

remarkably similar to that of 1700–1200 Ma magmatism

in central Australia (Smits et al., 2014), reflecting the

transition from a continental arc to an extensional,

accretionary orogen, followed by terminal continental

collision (Fig. 8b). The shift of eHf(t) from negative to

positive values at 400–370 Ma suggests the transition of

crustal reservoir from ancient (represented by negative

eHf(t) values) to juvenile (represented by positive eHf(t)
values) compositions via the massive addition of juven-

ile materials such as in arcs (Sun et al., 2009). In accord-

ance with the progressive rejuvenation of crust during

c.400–370 Ma, the Oyu Tolgoi porphyry deposit, the

largest Cu–Au deposit in the CAOB, was formed in the

Gurvansayhan island arc dominated by juvenile materi-

als in South Mongolia (Shen et al., 2018). Conversely,

the notable shift of eHf(t) from positive to the negative

values at c. 270–250 Ma suggests the transition of juven-

ile to ancient crustal composition through the massive

addition of old/reworked material due to collision, con-

sistent with the generally accepted closure time of the

Paleo-Asian Ocean basin in the eastern CAOB (Wu

et al., 2011). This is in accordance with the accepted in-

terpretation of final closure of PAO in eastern CAOB at

the Permian–Triassic (Xiao et al., 2015), which is sup-

ported by the geological evidences such as Late

Carboniferous to the Middle Permian Andean-type ac-
tive magmatic arc (Zhang et al., 2009), Permian cherts

(Xie et al., 2014), the Permian deformed and recrystal-

lized granitic–granodioritic porphyries (Lin et al., 2014),

blueschists with Triassic protolith ages (Chu et al.,

2013), and Triassic syn-collisional crust-derived granite

(Li et al., 2007). A similar pattern has also been reported

in the Tibetan orogen, where the magmatic zircon

grains show depleted mantle-type positive eHf(t)

throughout the Mesozoic but shift markedly to negative

values at c.55 Ma, a trend recording the subduction of

Himalayan sediment to the southern Lhasa terrane

driven by India–Asia collision(Chu et al., 2011).

The long-lasting debate on the contrasting roles of

juvenile and reworked materials in the crustal gener-

ation in the eastern CAOB can be clarified by the not-

able convergence of eHf(t) during the Mesozoic as
highlighted by the pale green trapezoid in Figure 8b.

Similar to the converging trend at 300–250 Ma in west-

ern CAOB, such eHf(t) array is interpreted to record the

homogenization of crust by the mixture between the an-

cient and juvenile crustal materials, accompanied by

the progressive destruction of existing ancient crustal

materials during crustal reworking (Collins et al., 2011).

It further reveals that no significant injection of juvenile

material to the evolving crust during the Mesozoic, a

process otherwise would inevitably increase eHf(t) to

values close to the evolutionary line of the depleted

mantle (Fig. 8b). Given that the collected Hf isotopic

data generally covered the eastern CAOB, it’s therefore

concluded that the fundamental architecture and com-

positions of the crust beneath the eastern segment of

CAOB had been completed by c.250 Ma, marked by the

closure of Paleo-Asian Ocean, while the overprints of

the Mongol–Okhotsk Ocean and Paleo-Pacific Ocean

regimes predominantly reworked the existing juvenile

crustal materials. In general, after the closure of Paleo-

Asian Ocean along the Solonker suture zone in eastern

CAOB at c. 250 Ma, magma resources from the Middle

Triassic to the Cenozoic experienced gradual mixing be-

tween the juvenile and ancient crustal materials via

reworking the crust formed in previous subduction-ac-
cretion process. Similarly, after the closure of west

Tianshan suture zone in western CAOB at c.300 Ma, the

subduction-accretion process was terminated and

magma resources from the Early Permian to the

Triassic originate from gradual mingling of melt derived

from the juvenile and ancient materials in the crust, as

illustrated by the convergent of upper and lower limits

of eHf(t) with decreasing age (Fig. 8a).

The crustal thickness in the eastern CAOB demon-

strates a gradual increase commencing at c. 350 Ma,

with the peak occurring at c.250 Ma (Fig. 8d), recording

the collision between the eastern CAOB and the North

China craton. The porphyry Cu–Au deposits were

formed in thin crust (generally < 40 km) of island arcs

preceding the thickening event, while the porphyry Cu–

Mo and Mo deposits were mainly formed in the thick

crust (generally > 40 km) after c.250 Ma. The porphyry
Cu–Mo deposits (e.g. the Erdenet, Wunugetushan,

Badaguan, and Taipingchuan Cu–Mo deposits) in the

eastern CAOB were produced by the subduction of

Mongol–Okhotsk Ocean in the Mesozoic (Gao et al.,

2018; Shen et al., 2018), an interpretation reinforced by

the increasing crustal thickness forming these Cu–Mo

deposits (Fig. 8d), in keeping with the closure of the

Mongol–Okhotsk Ocean in the Middle Jurassic (Wu

et al., 2011; Shu et al., 2016; Chen et al., 2017).

As outlined by the inset in Fig. 8d, the three pulses of

porphyry Mo deposits in Northeast China are also

tracked by the evolution of crustal thickness of eastern

CAOB with time. The first pulse was related to exten-

sion following the collision between eastern CAOB and

North China craton (Shu et al., 2016), supported by the

decreasing crustal thickness during the Triassic (c.250–
200 Ma). The debate on the triggers for the second pulse

in the Jurassic, i.e. the flat-slab subduction of the Paleo-

Pacific plate (Shu et al., 2016) or the consumption of the

Mongol–Okhotsk Ocean (Chen et al., 2017), may also be

resolved because the crust thickness gradually

increases during the Early to Middle Jurassic (c.200–

160 Ma) then decreases during the Middle to Late

Jurassic (c.160–140 Ma; seeing the inset in Figure 8d),

consistent with the subduction and post-subduction of

the Mongol–Okhotsk Ocean (Chen et al., 2017). The

third pulse was formed by the lithospheric thinning

resulted from slab rollback of the Paleo-Pacific Ocean,
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generally consistent with the decreasing crustal thick-

ness during the Cretaceous (Shu et al., 2016; Chen

et al., 2017).

CONCLUSIONS

The distinctly higher zircon Eu/Eu* and whole-rock V/Sc

ratios of the ore-forming porphyries for Cu 6 Au 6 Mo

deposits compared to ore-barren igneous rocks, sug-

gest the control by dissolved water content in magma

on mineralizing potential, which is further quantified by

an empirical formula of the V/Sc ratios and Cu tonnages

of porphyry Cu deposits. The high water contents of

parental magma may reflect magma chambers in the

upper crust supplying large amounts of water and met-

als to promote the tonnages of porphyry Cu deposits.

The generally decreasing V/Sc from the Paleozoic to

Mesozoic in the CAOB indicates the gradual evolution

of crust from the juvenile oceanic arc to continental

crust, favorable for forming porphyry Cu and Mo depos-

its, respectively. The crustal residence age (TRes) of

c.500 Ma is proposed as the threshold distinguishing

porphyry Cu and Mo deposits in the CAOB, with the

TRes above 500 Ma favoring porphyry Mo mineraliza-

tion, which could be applied to assess whether a certain

target region is favorable for porphyry Cu or Mo

mineralization.

The basic architecture of crust in the western and

eastern CAOB had been built by c.300 Ma and c.250 Ma,

respectively, with the subsequent geological evolution

solely reworking and homogenizing the juvenile crust.

In the eastern segment, porphyry Cu 6 Au 6 Mo depos-

its originated from juvenile materials in thin island arcs,

while porphyry Mo deposits were formed by reworked

materials in the thickened orogenic crust after c.

250 Ma. In the western segment, porphyry Cu 6 Mo 6

Au deposits in the Balkhash region were formed in the

thickened continental crust (generally > 40 km) during

the Late Carboniferous, in contrast to the porphyry Cu

6 Au deposits formed in thin island arc (generally <

40 km) during the Early Paleozoic.
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